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PREFACE.

IN preparing this book the author has aimed to produce a laboratory
manual suitable for general electrical-engineering work such as is
covered during the Junior and Senior years in most American colleges
of engineering. The experiments described cover the principal types of
electrical machinery and auxiliary devices, as well as the most impor-
tant commercial applications of electricity. Some knowledge of physics
is assumed on the part of the student, and at least some elementary
practice in a physical laboratory; but, for completeness of treatment
severa]l experiments are described recalling to the student’s mind the
fundamental physical laws of electricity and magnetism in their simpler
practical aspects.

The arrangement of the book is such as to make each chapter as far
as possible independent; in this way the laboratory experiments may
be performed in almost any desired order, to suit the equipment at
hand and the “schedule of the class-room exercises. For the same
reason cross-references have been avoided as much as possible. Each
chapter covers one particular class of machinery or electrical relations;
the experiments of the chapter are described in an ascending
scale of difficulty or importance. For instance, the chapters on
direct-current machines and on alternators are subdivided into (1)
operating features, (2) commercial tests, and (3) a more advanced
study of the magnetic circuit and armature windings. For easy
reference, the experiments in each chapter bear the name of the
chapter. Thus, the experiments in the third chapter are numbered:
3-A, 3-B, 3-C, etc.

The laboratory schedule can be arranged, if desired, so as to cover
all the experiments of a particular chapter in succession; but the author
greatly prefers the so-called concentric disposition of the course. In
accordance with this method the Junior-year course is made up of ele-
mentary experiments selected from nearly all the chapters of the book;
the student being thus introduced to the whole domain of electrical
engineering. Then during the first term of his Senior year he performs

more advanced experiments relating to the same subjects. Finally,
iii



during the second term he is given still more special tests (again on the
same subjects) requiring & more mature understanding of the theory.*
The concentric method has marked advantages over the usual method
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with which the student is first given a thorough training in one subject,
say direct-current machinery, before he is allowed to take up the next
subject, for instance, alternating-current machinery. The principal
advantage is that the “concentric” method is more in accordance with
human nature; we always desire a bird’s-eye view of a subject
before we care to go into the details of a particular branch. In this
way the course is made more interesting and more correct from a
psychological point of view. Another advantage is that the student
is brought in contact with the same subject at least three times during
-the course, and not only is he not allowed to forget it, but he sees it
each time from a more advanced standpoint.

There are also some minor advantages of the concentric arrangement.
For instance, the student is better prepared for practical work during
the summer between his Junior and Senior years if he has handled all
classes of machinery in the Junior laboratory; he is prepared to read
electrical periodicals; he can be given more delicate apparatus in the
Senior laboratory, etc. The laboratory equipment may be utilized
much better if various sections of students are allowed to work on
entirely different subjects. However, as was mentioned above, the
book may be used with any order in which the experiments might be
performed in the laboratory. ‘

The plan followed in each chapter is this: first the particular class
of machinery is described and the practical needs for certain arrange-
ments and procedures of operation are given; then the object and the
method of each particular experiment are described in detail, and
instructions given for the manner in which data should be taken. At
the end of most experiments the requirements for the reports are stated
so that the student will not omit to take all the necessary readings
and dimensions while in the laboratory.

It is advisable to have printed data sheets for the more complicated
experiments; this will lead the student to take readings neatly and
systematically and to record the general information about the appa-
ratus. In some cases diagrams of connections and the necessary pre-
cautions to be observed should be posted near the apparatus.

Some teachers may think this is too much guidance, and that no
margin for original thinking is left the student. Experience shows,

* See also the author’s paper on “ The Concentric Method of Teaching Electrical
Engineering,” read before the annual convention of the American Institute of
Electrical Engineers, at Niagara Falls, in June, 1907.
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however, that it is advisable first to acquaint students with good and
efficient methods of experimenting; more individual freedom may be
given in more advanced stages of the work.

The author wishes to express his appreciation of the assistance
rendered to him by the instructors in the Electrical Engineering
Laboratory of Cornell University in giving him valuable suggestions
from their experience. He also wishes to acknowledge the moral sup-
port which he received from Professors R. C. Carpenter, H. J. Ryan,
and H. H. Norris in the preparation of this book. To several manu-
facturers of electrical apparatus he is under obligation for valuable
information and electrotypes.

The author is also indebted to his friend Mr. B. C. Dennison, of the
Department of Electrical Engineering of Cornell University, for reading
the manuscript and proofs. His painstaking care and unselfish interest
were of inestimable value in forwarding the publication of the book.

CorNELL UNIVERSITY, ITHACA, N.Y.,
October, 1907.






GENERAL REMARKS ON ELECTRICAL
LABORATORY WORK.

THE right attitude of mind is the most essential condition for success
in any kind of work. In application to the laboratory the thought
should be: ‘I am coming to the laboratory to get as much information
and practical experience as possible; this is for my own interest, and
I am going to use this opportunity to my best advantage.” With-
out this feeling on the part of the student, the best equipment,
instructions and instructors are of little value; it may even be said
that the results of the work depend directly upon the right attitude of
mind, and 8 man who wants to learn will find the necessary information
in spite of very adverse conditions.

In order to get the maximum benefit from a laboratory experiment
the student should (a) come to the laboratory sufficiently prepared,
(b) perform the experiment in the proper way, and (c) work up the
results intelligently. A few points of advice given below may be of
benefit to the beginner in experimental work.

I. Preparation for laboratory work. Without sufficient preparation
too much of the laboratory time is wasted in unnecessary questions,
discussions, and in guess-work; the readings are taken hurriedly, and
are likely to be unsatisfactory or incomplete. One of the results of
an insufficient preparation is that many interesting phenomena escape
attention, and those observed are not interpreted aright. Therefore,
before you come to the laboratory prepare yourself as follows:

(1) Read carefully the instructions relating to the experiment, and
if possible look up the general theory of the particular apparatus.

(2) Try to see the apparatus with which you expect to work, before
your regular laboratory time; this will help you while reading the
explanations, as the whole arrangement will be more real to you.

I. Performing the experiment. It is difficult to give general advice
good for all experiments; special precautions to be observed are given
in the corresponding instructions. A student, who is duly prepared
for the experiment, and knows what he is doing and for what purpose,
can be reasonably sure to get satisfactory results. To save time and
trouble it is well to observe the following:

(1) Be careful with the machines and instruments intrusted to your

care: Not only is it customary to charge the one at fault for the full
vii



viii GENERAL REMARKS ON LABORATORY WORK.

amount of damage, but you must remember that in many cases some
of your colleagues and friends may be deprived of the benefit of a
laboratory exercise because of apparatus having been damaged by you.

(2) Many direct-current ammeters have external shunts, and some
voltmeters have separate multipliers. Connecting into a circuit an
ammeter without its shunt, or a voltmeter without its multiplier, invari-
ably results in burning out the instrument. It is hardly possible
or even desirable to make these instruments proof against careless
handling; at any rate they represent the actual commercial practice.
The repair of a burned-out instrument is comparatively expensive, so
that the student should be careful in handling electrical measuring
instruments.

(3) Do not forget to protect the circuit from an accidental overload,
by fuses or by a circuit-breaker of proper size; also be sure that you
know exactly which switch to open in case of an emergency. When
an electric motor is a part of your apparatus, make the connections
in such a way that the motor cannot possibly run away and do damage.

(4) Some of the laboratory exercises naturally imply the use of high
voltages dangerous to life; however, in educational laboratories the
apparatus is usually arranged so that the student does not need to
handle live wires, or even come near them. An accident is possible
only as a result of gross negligence, and will be out of the question if
the student will follow this simple rule: not to touch any live parts of the
circuit, and always to open the main switch before making any changes.

(5) In coming to the laboratory, bring with you a slide-rule, an
inch-rule or tape, a speed counter, a screwdriver and a pair of pliers.
This will save you time and trouble of looking for them or borrowing
from other students. Do not forget to have a pocket-knife for skinning
off wire; a small wrench is also very useful. Provide enough clean
paper for sketches, diagrams, and notes.

(6) In taking down readings, it is advisable to use carbon paper
so as to get a copy for each partner; this saves copying. Have cross-
section paper with you, and whenever possible plot approximate curves
as soon as the complete set of readings has been taken. In this way
doubtful and contradictory results are detected at once and their cause
made clear. The more care and intelligent effort exercised in the
laboratory, the less trouble one has in the preparation of the report.

(7) In performing an experiment, start whenever possible with the
most difficult conditions: heaviest load, lowest power factor, highest
voltage, ete. This for two reasons: First, if you can get satisfactory
readings under such conditions you may be reasonably sure of being
able to take the whole curve; at any rate there is enough time to change
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the instruments, the scheme of connections, etc. Secondly, the points
at & heavy load, or under other unfavorable conditions, are usually
the most interesting to get: thus, should anything prevent your getting
the complete curve, you will still have enough data for a satisfactory
report.

(8) Should anything go wrong, an instrument be damaged a bear-
ing or a winding heat, a rheostat burn out, etc., do not try to hide the
fact, but report without delay to the instructor. We know that acci-
dents will happen, and honesty is the best policy.

(9) Always put on your data sheets serial numbers of the instru-
ments used during the experiment. This helps to locate a pos-
sible discrepancy or contradiction in the data, and will enable the
instructor to supply you with the right constant after the laboratory
period.

III. Writing up reports. The report must possess as much indivi-
duslity as possible, in order to be of any use whatever. After having
performed the experiment, discussed the problem during the recitation,
and worked out the numerical results, you certainly ought to get some
idea of the subject. All that is required of you, then, is to give the
method used and the results arrived at; if you can add to it some per-
sonal observations and remarks, so much the better. The following
points should be noted in particular:

() Make the report clear, concise, and systematic: The instructor
has many reports to read, and his time is limited. Moreover, a con-
fused or hurriedly written report is apt to prejudice the instructor’s
judgment of its value.

(2) Do not repeat in the report things already stated in the manual:
a reference to the page number is sufficient. Where, however, the text
contains the general principle only, it is well to explain its particular
application in your experiment.

(3) In most cases, definite directions are given as to how to plot
certain curves. If, however, you find that a particular point can be
best illustrated in a different way, you are most welcome to do so.
The directions are merely intended to facilitate your work, and not to
limit your original thinking and initiative.

(4) Criticisms of all kinds are highly desirable, since they greatly
increase the value of the report. Criticise anything you wish to — the
subject of the experiment, the available laboratory equipment, the
method of performing the experiment, laboratory rules, conduct of
recitations, requirements for reports, etc. All these are capable of
improvement, and the instructors are glad to have your suggestions
and remarks. In doing so you profit by developing a critical point of
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view in your specialty, while the laboratory management profits by
having its attention called to the weak points of the work. Wherever
in industrial and commercial establishments, the employees are
encouraged to give their suggestions to the management, the results
are beneficial to both parties; there is no reason to doubt the same
good results in an educational institution.

— o —, ~————————
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EXPERIMENTAL ELECTRICAL
ENGINEERING

CHAPTER 1.

MEASUREMENT OF RESISTANCES.

1. Experience shows that electrical conductors. offer a certain oppo-
sition to the passage of an electric current. It is necessary, therefore,
to apply a difference of Potential, or an electromotive force, at the ends
of the conductor to produce a flow of current in it. This is analogous
to a difference of pressure necessary at the ends of a pipe in order that
water may flow through it. It is also found that the electrical pressure
E to be applied at the ends of a conductor is proportional to the current
I desired to be produced in the conductor. In other words,

E = RI

where R is a coefficient of proportionality, called the resistance of the
conductor. This experimentally determined relation between electro-
motive force and current is called Ohm’s law. - The greater the resist-
ance R, the higher must be the electromotive force E to produce a
certain current I. In this respect electrical resistance R is analogous -
to friction between the walls of a pipe and water flowing through it;
the more this friction the higher the pressure required to produce the
same flow of water in the pipe.

The resistance of a conductor is its most important electrical feature,
and various methods have been devised for accurately measuring and
comparing resistances. The practical unit of resistance is called the
ohm. According to the definition of this unit established by an inter-
national agreement, it is represented by the resistance of a column of
mercury of a definite length and cross-section and at a definite tem-
perature. The reasons for selecting this unit, and the relation of the
ohm to the absolute or c.g.s. (centimeter-gram-second) system, possess
little interest for practical engineers. For them it is an arbitrary unit
of which the prototype is carefully preserved by the respective govern-
ments, and to which prototype secondary standards in practical use

are compared.
1



2 MEASUREMENT OF RESISTANCES. [Caar. 1

Two methods for measuring resistances are most often used in
practice:

(a) Drop-of-potential method;

(b) Wheatstone bridge.

The first method is based directly on Ohm’s law given above; the
second is a zero, or balance, method, the unknown resistance being
compared to a standard. These, and some other methods, are described
below and illustrated in application to some important practical
problems.

DROP-OF-POTENTIAL METHOD.

2. The resistance of a conductor is determined by this method as the
ratio of a voltage at the terminals of the conductor to the current pro-
duced by this voltage. The neces-
sary connections are shown in Fig, 1.
X is the unknown resistance which
is connected in series with a source
of current, such as the battery Ba.
The current strength is adjusted by
the rheostat K, and is measured
on the ammeter A. A voltmeter
Fic. 1. Measurement of resistance by is connec!,ed across the terminals

the drop-of-potential method. of the resistance X.

If E is the voltmeter reading in
volts, and a current of I amperes is read simultaneously on the
ammeter, the resistance of the conductor X = E + I (in ohms).
This is according to Ohm’s law mentioned in § 1.

Usually several readings are taken with different values of the current,
and an average calculated of the corresponding values of R. It is
important not to use too large a current which might appreciably heat
the conductor. Experience shows that the resistance of most conduct-
ors depends on their temperature; in making measurements it is there-
fore necessary to note to what temperature they refer.

As a further precaution, the current flowing through the voltmeter
must be negligible as compared to that flowing through the resistance
X; otherwise a correction may be necessary for the ammeter reading.
Suppose, for instance, that the voltmeter shows 100 volts, and the
ammeter reading be 0.5 ampere. Let the resistance of the voltmeter
itself be 10,000 ohms. At a pressure of 100 volts, the current through
the voltmeter is 100/10,000 = 0.01 ampere. Therefore, the true
current through X is 0.50 — 0.01 = 0.49 ampere, and the unknown
resistance X = 100 + 0.49 = 204 ohms.
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Employing this"method for very accurate measurements, a poten-
tiometer is used (§ 63), or a static voltmeter (§ 43) instead of an
ordinary voltmeter; with either of these no current is shunted
around X, and no correction is
necessary.

A modification of the drop-of-
potential method is shown in
Fig. 2; here a standard resist- v
ance R is used in place of the
ammeter, and the voltage drop L
is taken in succession, first across 1
R, then across X. Let the read- A /AN AANA X AN
ings be E; and E,. If the cur-
rent I has not changed during Fie. 2. Comparison of resistances, using a
the measurement, we have, voltmeter.

E
I=——.R=
R

Sl

or | Xx=RE:,

R
The voltmeter is conveniently transferred from one resistance to the
other by using flexible leads ll. The advantage of this method is that
only one instrument, instead of two, needs to be calibrated, and even
for this one instrument it is not necessary to know the actual values of
divisions on its scale, since only the ratio of the readings enters into the
result. Where extremely accurate results are required R and X are
compared by ineans of a potentiometer (see § 43).

Experiments and practical tests to be described later illustrate the
drop-of-potential method.

3. Influence of Length, Cross-Section and Material of a Con=
ductor on its Resistance. — It is found that the resistance of a con-
ductor (a) increases in proportion to its length, and (b) varies in an
inverse ratio with its cross-section. Hence, the resistance may be
expressed by the formula

R=kL (1)
q

where I is the length of a conductor, q is its cross-section, and k a
physical constant which characterizes the material of the conductor.
This again is analogous to the flow of water through a pipe: the longer
the pipe, the greater is its frictional resistance; the larger its cross-
section, the easier it is to force through it a certain quantity of water

per minute.



4 MEASUREMENT OF RESISTANCES. [CraP. 1

The constant k is called the specific resistance of the material of a
conductor. Its physical meaning is: resistance of a conductor of unit
length and of unit cross-section. The length is usually measured in
feet, the cross-section in circular mils. A circular mil is the area of a
circle having a diameter of 1 mil = 0.001 inch.

For copper, k = about 10 ohms at ordinary room temperature,
which means that the resistance of a piece of copper wire 1 ft. long and
of a cross-section of 1 circular mil is about 10 ohms. The electrical
resistance of most metals increases appreciably with temperature,
therefore, in stating a resistance, it is necessary to mention to what
temperature it refers.

4. EXPERIMENT 1-A. — Determining Influence of Length,
Cross=Section and Material of a Conductor on its Resistance. — The
purpose of the experiment is to verify the relations stated in the pre-
ceding paragraph and to determine the specific resistance k for a few
metals used in practice. The connections are shown in Fig. 1; or, if
preferred, the method shown in Fig. 2 may be used. Insert the wire
to be tested, in place of X, and adjust the current by the rheostat K.
Read the current on the ammeter, and the voltage drop across a certain
length of the wire. Use knife-edge contacts at the end of the voltmeter
leads, in order to insure a good contact and to have a definite length
of wire. Reduce the current in steps and read the corresponding
voltages.

Repeat the same experiment on wires of (a) different length, (b)
different cross-section, (¢) different materials. The metals of chief
importance in electrical engineering are: copper, aluminum, iron,
German silver, and manganin. In each case vary but one factor enter-
ing into the formula (1); keep the other factors constant. With each
sample of wire take several readings of volts and amperes in order to
eliminate possible errors and to obtain more accurate results. Do
not use large currents, which might appreciably heat the conductors
under test; unless you have a means for ascertaining the temperature
of. the conductor. When accurate results are required, conductors are
immersed in an oil-bath maintained at a definite temperature. Before
leaving the laboratory measure the lengths and the cross-sections of
the samples tested.

Report. (1) Figure out the resistances of the samples tested; this
being done by dividing volts by the corresponding amperes. 1t is best
to average the readings for each sample. A short way to do this is as
follows: plot the observed volts to amperes as abscisse on a sheet of
cross-section paper, and draw a straight line passing through the origin
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and the points thus obtained. The average resistance is then calcu-
lated from any point on this line.

(2) Show from the results of the experiment that resistances are
directly proportional to the length of a conductor and inversely pro-
portional to its cross-section.

(3) Calculate the specific resistance k for the materials tested,
using the foot and circular mil as the units.

5. Influence of Temperature on the Resistance of Conductors. —
The electrical resistance of metals increases with their temperature;
within practical limits the increase in resistance is usually assumed as
proportional to the temperature rise. For copper the resistance
increases 0.42 per cent for each degree centigrade, the resistance at 0°C.
being assumed as 100 per cent. Thus, if the resistance of a copper con-
ductor at 15 degrees C. (R;5) is 5 ohms, then, since

R,s = Ry (1 + .0042 X 15),
the resistance at 25° C. is

Rys = Ro (1 + 0042 X 25) = Ry; (H:g&:%)
Substituting the value of R;5, we find Ry5 = 5.197 ohms. A constant,
such as 0.0042, is called the temperature coefficient of a conductor; it
varies within wide limits with different substances.

Liquids have a negative temperature coefficient; their resistance
decreasing with the increase in temperature.

In solving various practical problems it is of importance to know
the temperature coefficient or per cent increase of resistance with
temperature for various substances. Thus, for instance:

(1) Resistances used as standards must be made of materials having
a negligible temperature coefficient.

(2) Some protective resistances (for instance, those used in Nernst
lamps) are made of a material whose resistance increases rapidly with
temperature. This protects the apparatus against excessive currents.

(3) Knowing the temperature coefficient of a material, temperature
rise in electrical windings may be measured more accurately than with an
ordinary thermometer; also in places where it would be impossible to
reach with a thermometer.

Iron is interesting in that its resistance increases rather slowly at
ordinary temperatures, and very rapidly when it is just beginning to
glow dull red. This is the reason for using iron for protective resistances
in Nernst lamps.

Resistance of carbon decreases with increasing temperature; therefore
carbon is spoken of as having a negative temperature coefficient. For



6 . MEASUREMENT OF RESISTANCES. [CraP. 1

this reason, the current in an incandescent lamp increases more rapidly
than the terminal voltage. This is an undesirable feature, since it
makes the lamp particularly sensitive to voltage fluctuations.

6. EXPERIMENT 1-B. —Determination of Temperature Coeffi=-
cient of Metal Conductors. —The experiment is performed in a way
similar to Experiment 1-A; the materials tested must be placed in an
oil-bath maintained at a definite temperature. The bath is heated
gradually, and readings of volts and amperes are taken as in Fig. 1
every few minutes. The corresponding temperatures are read on a ther-
mometer placed in the oil. Perform this experiment with materials such
as iron or copper which have an appreciable temperature coefficient,
and with manganin and German silver which have a negligible tem per-
ature coefficient.

Observe the rapid increase in resistance of an iron wire as it becomes
dull red. The wire may be heated by the same current by which the
resistance is measured. No oil-bath is used with this experiment,
and only qualitative results are expected.

Demonstrate that the resistance of carbon decreases with an increase
in temperature. This can be easily shown on the filament of an ordi-
nary incandescent lamp. Gradually raise the voltage at the terminals
of the lamp and read the corresponding values of the current. Refer
the readings to the states of incandescence, thus: the lamp just begins
to glow, dull red, red, bright red, yellow, white, brilliant white.

Report. (1) Calculate the values of the temperature coefficient for
the materials tested.

(2) Give the results of the test on the iron wire at dull incan-
descence. '

(3) Plot the resistances of the incandescent lamp to terminal volts
as absciss; mark on the curve the stages of incandescence.

7. EXPERIMENT 1-C. — Determination of Temperature Rise
in Windings by the Increase in Resistance. — This problem is the
inverse of that in the preceding experiment. The temperature coeffi-
cient is now assumed to be known, and the temperature rise of a coil of
wire is calculated from the observed increase in its resistance.

Suppose, for instance, the resistance of a coil of copper wire to be
4573 ohms at 15 degrees C., while at some unknown temperature it
was found to be 5.468 ohms. For copper, resistance increases 0.42
per cent for each degree centigrade; therefore, the resistance of the coil

at 0°C.is
4.573

1+ .0042 X 15

= 4.302 ohms.
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The per cent increase of resistance to the unknown temperature is

5.468 — 4.302
4.302

Therefore, the unknown temperature is

27.1 _ 6450 C.

0.42

This is the method regularly used for the determination of tempera-
ture rise in windings of electrical machinery. A measurement by
thermometers is not sufficient, because the temperature of the outside
layers may be considerably below that in the center of the coil (Fig. 3).
An excessive temperature rise inside the coil deteriorates the insulation
and finally causes a short-circuit.

Temperature rise in a coil depends essentially upon the conditions
of cooling. In some cases, as for instance in transformers, coils are
cooled artificially by immersing them in oil or by subjecting them to
a draft of air, (oil-cooled and air-cooled transformers). To illustrate
this there is provided the following experiment.

Take three identical coils, connect them in series and investigate
temperature rise under different conditions of cooling: Place one coil
in a space protected from draft; put another coil in an oil-bath; subject
the third coil to an artificial draft — that, for instance, produced by an
electric fan. Adjust the current so that the coil without artificial
cooling would be heated up to its safe limit in a reasonable amount of
time — about an hour. Read the current through the coils and the

= 27.1 per cent.

Curv Wires

ottest Place

Fi1c. 3. Cross-gection of a coil, showing exploring wires and distribution of
temperature,

voltage drop across each coil every few minutes. Note the tempera-
ture on the surface of the coils with ordinary thermometers (see Fig.
321).

Such a test gives only an average temperature rise throughout the
coil, but not the maximum temperature of the central layers (Fig. 3).
The distribution of temperature within a coil may be investigated by
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placing exploring wires in various places, as shown by small circles.
The temperature rise is determined by the increase in the resistance
of the exploring wires. Iron is the most suitable material for such
wires, because it has a considerable temperature coefficient. The
terminals of each exploring coil are brought out separately; the
resistance is measured from time to time while the coil under test is
being heated by a current. It is not safe to take the value of tempera-
ture coefficient of iron given in standard tables; this coefficient must
be determined on a sample taken from the wire used for the exploring
coils.

Instead of measuring temperature rise by the increase in resistance,
exploring wires may contain thermal junctions previously calibrated
for temperature rise.

Report. Plot curves of temperature rise for the three coils tested
under different conditions of cooling. Give the distribution of tem-
perature inside of the coil, as shown in Fig. 3.

8. Resistances in- Series and in Parallel. — Resistances are con-
nected in electrical circuits in various combinations; it is sometimes
required to determine the value of a resistance which would produce the

R| R! R-

Fi16. 4. Resistances in series.

same electrical effect as two or more given resistances. Such a resist-
ance is called the equivalent or the resultant resistance. A few simple
cases are here considered.

(1) Reststances in Series. From the conception of electrical resist-
ance, it follows that two resistances R, and R, (Fig. 4) connected in series
are equivalent to a resistance (R; + R;). The same is true for any
number of resistances in series, so that

Riw=3F « - o o oL @
1

(2) Restistances in Parallel (Fig.5). The equivalent resistance in this
case is less than either of the component resistances, because the addi-
tion of each resistance means a new path for the current. Let the
common voltage across the resistances be e; the currents 1), 15, ete.
We then have

e e

1'1:7{:;[2.—:@;«%(?. N 1)
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The equivalent resistance must by definition have such a value that the
same total current 3¢ would flow through it with the same voltage

¢; hence “,; _ ¢
1 ‘= 'R—'— L ] (4)

Fie. 6. Resistances in parallel,

Substituting the values of 1y, i3, etc. from (3) we have

T,e e
TS .

R _
equiv,

or, dividing both members of the equation by e:

1 o1
E "R - -+ 0
1

equiv,

This formula gives the value of the equivalent resistance in terms
of the component resistances. The reciprocal value of a resistance is
sometimes called the conductance; the result (5) indicates that the

R, R;
| —> | —>
A B8
F1e. 6. Combination of resistances in serics and in parallel.

equivalent conductance is equal to the sum of conductances of the
branches connected in parallel. Denoting the conductances by @,

we have n
Gequiv‘ = ZG B (1))
1

which is analogous to the expression (2).
(3) Serves-parallel Resistances. The problem (illustrated in Fig. 6) is
to find a resistance, equivalent to the combination of resistances shown.
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First find a resistance ’ equivalent to the resistance offered by B, and
R,, by using formula (5); in the same way find the resistance r”” equi-
valent to B3 and R4. The equivalent resistance of the whole combina-
tion is (' + 7).

A more complicated combination of resistances in series and in
parallel is shown in Fig. 7. It corresponds to the practical case of a
transmission line OeO’¢’ with current-consuming devices R, R,, . . .
R connected at different places. The problem is to find one single
resistance which would give the same total current, with the same
supply voltage between O and O’.

The problem is solved in steps: The resistances R, and (2 ry + Ry)
are connected in parallel between the points d and d’. Their equiva-
lent resistance R, according to the formula (5) may be calculated from
the expression

O' a’ b ¢ d 4 e’
F1e. 7. Current-consuming devices R, R,, etc., connected across a transmission &ine
of appreciable resistance.

In a similar manner we find
1 1 1

Ry =R:+R4'+2T,’
11 1
RTR TR
1 1 1
= -
'y 1 R/ + 2r,’
and finally Requv. = Ry’ + 2n,.

The problem is solved by calculating R/ from the first equation and sub-
stituting its value into the second equation; then Ry’ is calculated from
this equation and its value substituted in the next equation, etc.

9. EXPERIMENT 1-D. —Exercises with Resistances in Serijes
and in Parallel. — Take several resistances of suitable value and
measure them separately by the drop-of-potential method. Connect the
resistances as shown in Figs. 4 to 7, or in any combinations desired
and measure the resultant (equivalent) resistance. See how closely
the results check with the formule given in the preceding article. il
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10. EXPERIMENT 1-E. — Measuring Resistance of D. C. Arma-
tures. — A current is passed through the armature in question from an
external source, and the voltage at the armature terminals measured
with a low-reading voltmeter. The ratio of the voltage to the current
gives the resistance of the armature. In performing this measurement it
is advisable to hold the voltmeter leads once on the terminals of the
machine, and then on the commutator bars. This will make it possible
to separate the armature resistance proper from that due to the contact
resistance at the brushes, and to the resistance of the brushes them-
selves.

This contact resistance is different when the machine is at rest, and
when it is running. To see the difference, the machine may be run at
a low speed with the field circuit open, and the same measurement
repeated. It must be remembered, however, that even when the field
circuit is open, there is some residual magnetism in the field. This
magnetism induces a voltage in the armature and may considerably
affect the results. In orderto eliminate its influence, the measurements
must be repeated with the machine running in the opposite direction
at exactly the same speed. The average of the two resistances will

.-give the true resistance of the armature.

In stating the results it is necessary to note to which temperature
they refer. The resistance of the armature, and therefore the voltage
drop, will be somewhat higher when the machine is hot. In contracts
and guarantees is usually stated, that voltage drop must not be above
a certain figure, when the temperature of the machine is, say, 50 degrees
C. above ordinary room temperature. If the resistance was measured
when the machine was cold, and again after a continued run at some
load (temperature test), the temperature rise in the armature winding
may be calculated from the increase in resistance, as explained in § 7.

SUBSTITUTION METHOD.

11. Theory of the Substitution Method. — With this method a
current of a definite value is produced in the circuit containing the
unknown resistance, and then there is substituted for it a known resistance
of such a value as to give the same current. It is evident then, that the
known resistance is equal to the unknown resistance. The connections
are shown in Fig. 8; a circuit is formed through the battery Ba, galvano-
meter Ga, regulating resistance K and the unknown resistance X.
A double-throw switch 8 is provided, which allows a box R of calibrated
resistances to be substituted for X. The switch S is first thrown down,
and the current adjusted so as to obtain a certain deflection of the
galvanometer. After this the switch is thrown up, and R adjusted until
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the galvanometer gives the same deflection; then the resistance of R
is equal to X.
In using this method care should be taken, that the battery e.m.f.

|
Ga.
X733}
| 2225
R
K
| S I

Fi1e. 8. Substitution method of measuring resistances.

does not change (due to polarization) between the two readlngs, and
also that the resistance K remains
constant. Instead of connecting R
and X in parallel, they may be con- Y
nected in series, as shown in Fig. 9, PR
and short-circuited in succession. R
The substitution method is some-
times used for measuring high resist-
ances, such as insulation resistances;
also for measuring resistance of liq- ==
uid conductors, as explained in § 12. = Ba.
12. Measuring Resistance of
Electrolytes by the Substitution
Method. —The difficulty in measur-
ing electrical resistance of most
liquids is that they are decomposed

by current. Gases are deposited on  |_ /G;\

the electrodes, the resistance being N

thereby increased, and a counter gy 9 Measuring resistance of aliquid
e.m.f. of polarization set up. One by the substitution method.

way out of this difficulty is to meas-
ure the resistance of liquids with alternating currents (see § 21). An-
other method based on the substitution of resistances is shown in Fig. 9.



Caar. 1) MEASUREMENT OF RESISTANCES. 13

The liquid under test is placed in a glass tube V, provided with
plugs at both ends, and with the electrodes pp; the upper electrode-
being adjustable. R isa calibrated resistance box. A certain current
is sent through the circuit, until the conditions in the liquid become
constant. The deflection of the galvanometer is noted, then the upper
electrode p is moved by the amount z, as shown by dotted lines. The
current increases, but is brought back to its former value by intro-
ducing more resistance R into the circuit. The amount R is evidently
equal to the resistance of the column z of the liquid. The effect of the
polarization is thus eliminated, as it is present to the same extent with
both positions of p.

The resistance of liquids is usually reduced to the resistance of a
column 1 em. high and having a cross-section of 1 sq. em. This is
called the specific resistance of the fluid. If the cross-section inside
of the glass tube V is @ sq. cm., the specific resistance of the liquid
under test is RQ + z. This is evident since resistance is' proportional
to the length and inversely proportional to the cross-section of a con-
ductor. ’

13. EXPERIMENT 1-F. —Measuring Resistances by the Sub-
stitution Method. — The theory of the method and its application for
measuring resistances of solid conductors is given in § 11; the applica-
tion tofiquid conductors is explained in § 12. An experiment should be
performed affording practice with the method as illustrated in Figs. 8
and 9.

WHEATSTONE BRIDGE.

14. The combination of conductors known as the Wheatstone
bridge (Fig. 10), devised for meas- °
uring resistances, has the following
features:

(1) The unknown resistance is
compared directly to a standard
resistance.

(2) No calibrated measuring in-
strument is required, the adjust-
ment being made by bringing the

galvanometer back to zero (null — :Mla'
method). i+

" The unknown resistance X and Fie. 10. Diagram of the Wheatstone
a standard resistance R are con- bridge.

nected in series with each other and with the battery Ba. The com-
bination is shunted by two other resistances M and. N, the ratio of
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which— N + M —is known. The galvanometer is bridged between
the two sets of resistances, hence the name “ bridge.”” Contact keys
1 and 2 are provided in the galvanometer and battery circuits.

The battery key 1 is closed first, and a moment later the galvano-
meter key 2 is closed. If the galvanometer gives a deflection, the
“ balancing ”’ resistance R and the ¢ ratio ”’ resistances M and N are
varied until the galvanometer comes back to zero. Then

X:R=N:M . . . . . . . .

Pfoof: Suppose that the four resistances satisfy the condition that
no current flows through the galvanometer; in other words, the differ-
ence of potential between the points ¢ and d is zero. From this condi-

tion it follows, that the voltage drop in the branch ac is equal to that
in the branch ad; or, with the notations in the sketch,

Ri, = Mz7,.
Xi, = Nta.

Similarly

Dividing the second equation by the first we obtain the expression (1),
15. Slide-Wire Wheatstone Bridge. — A simple Wheatstone bridge
is shown in Fig. 11; the ratio resistances M and N are formed by two

Fic. 11. Diagram of the slide-wire Wheatstone bridge.

parts of a straight wire; the ratio is varied by the sliding contact d.
The slide-wire is made of a non-corrodible metal of high specific resist-
ance and of a small temperature coefficient. The brass blocks a, b,
¢ to which R and X are connected have a negligible resistance.

To measure the resistance X, the key 1 is closed first, then the key
2, and the contact d moved along the wire until the galvanometer
remains on zero when the key 2 is closed or opened. Suppose the
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standard resistance R be = 10 ohm; with the position of the contact

shown in the sketch, M = 27 div., N = 73 div.; then, according to
formula (1),

X = 10%” — 27.04 ohm.

The details of the construction of the bridge are shown in Fig. 12;

Fic. 12. Slide-wire Wheatstone bridge, also suitable to be used as a Carey-Foster bridge.

the rider is provided with a vernier so as to read accurately the tenth
parts of a division. Extra binding posts and the reversing switch in

Fic. 13. A standard resistance.

the center enable the bridge to be used for the Carey-Foster method,
described in § 17.

The balancing resistance R may have various forms; usually it con-
sists of a coil of wire (Fig. 13) wound on a metal spool and protected
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by a metal case. The heavy horn terminals are used for suspending
the device from mercury cups, in order to minimize the error due to
contact resistances. The greatest accuracy of measurement is obtained
when X is about equal to R so that the contact d is near the center
of the slide-wire.

16. EXPERIMENT 1-G. — Measuring Resistances with a Slide-
Wire Bridge. — The theory and the use of the bridge are explained
in the two preceding sections. Three kinds of problems may be solved
with the bridge:

(a) Checking standard resistances against a primary standard.

(b) Determining values of unknown resistances.

(c) Adjusting resistances to desired values.

Fic. 14. Carey-Foster bridge.

The student is expected to make himself familiar with the use of
the bridge, and to practice in these three problems. No particular
accuracy is expected in this exercise, it being only a preparatory one
for more advanced work with Wheatstone bridge.

17. Carey=Foster Method for Comparing Resistances. — This is 8
modification of the ordinary Wheatstone bridge, and is used for an
accurate comparison of two resistances nearly equal to each other,
as in determinations of per cent error of secondary standards. The
connections are shown in Fig. 14; the bridge illustrated in Fig. 12 may
be used with this method. P and O are two resistances to be com-
pared to each other; R and X are two other resistances, of which it is
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not necessary to know the numerical values. It is advisable, however,
to have R and X not very different from each other, in order to obtain
the balance near the center of the slide-wire.

The bridge is balanced as usual; then the positions of P and Q are
interchanged by means of the commutator shown in Fig. 12; a new
balance is obtained by slightly moving the contact d. The resistance
of the slide-wire between the two positions of the contact is equal to
the difference of the resistances P and Q.

The reason for this is, that the branches R and X being the same in the
two measurements, the total resistance of each of two other branches
must also be the same. If P is smaller than @, the difference must be
compensated by the corresponding amount of resistance in the slide-
wire.

The method presupposes, that the resistance of the slide-wire per one
division of the scale is known. The calibration is made by measuring
with the bridge the difference in the resistance of two standards P and
Q, which difference has been determined before in some other way.
This is best done by taking two equal resistances P and @, each of
perhaps 1 ohm, and to shunt P by a comparatively high resistance, for
instance 100 ohms. This reduces the resistance of P to a certain value
P’. According to the formula 5 of § 8 we have:

-—--]L l M / =
=7 +m, or P’ =0.9901 ohm,

1

Pl
Knowing the difference between Q and P”, the slide-wire may be cali-
brated, at least in the middle portion used for measurementg. A
balance may be obtained at any desired point of the slide-wire by
changing the ratio X : R.

18. EXPERIMENT 1-H. —Comparing Resistances by Means of
the Carey-Foster Bridge. — The method is explained in § 17, preced-
ing. Special types of Carey-Foster bridge are on the market, with which
an accuracy of comparison to within one one-hundredth of a per cent
is possible. For ordinary practice with the method the bridge shown in
Fig. 12 is sufficient.

(a) Connect four resistances as indicated in Fig. 14 and practice in
comparing their values.

(b) Calibrate the slide-wire as explained above.

(c) Determine the limits of accuracy of the method by varying the
difference between P and Q, the ratio R : X, and the absolute values
of the four resistances.
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19. Sage Ohmmeter. — A convenient portable Wheatstone bridge of
the slide-wire type is shown in Fig. 15; it is known as the Sagé ohm-

Fic. 15. Sage ohmmeter

meter, and is intended for all-around practical work, particularly
. for locating faults in the insulation of wiring installations. The slide-
wire is divided into two parts connected electrically; this reduces the
length of the case, and at the same time the wire is long enough to give
sufficient accuracy. The contact d (Fig. 11) is formed by the stylus
shown lying across the top of the instrument. Touching the wire with
the stylus closes the galvanometer circuit. The instrument is entirely
self-contained ; the galvanometer and a few dry cells are mounted in the
case.. The telephone receiver shown in front of the instrument may
be used, if desired, in place of the galvanometer. Four standard resist-
ances R, usually 1, 10, 100, 1000 ohm, are supplied with the bridge.
They are mounted inside of the box, and the leads taken to the four
sockets seen on the right side of the middle bar. Any one of them
may be used according to the value of the unknown resistance; the
desired value is selected by inserting the plug in the corresponding
socket.

The scale is calibrated directly in ohms, so that no calculations are
necessary. Four sets of figures in different colors are printed on the
scale, and the sockets are labeled accordingly. When the plug is in
the ““ blue ”’ socket, blue figures are read on the scale, etc. In this
way even an unskilled person can use the bridge with little probability
of making a mistake. Uniformly-divided scales are also provided with
the instrument, and may be attached in place of the direct-reading
scales, if so desired.
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An induction coil is shown mounted on the lid of the box; by means
of it the bridge may be used with alternating currents. The coil is
supplied with current from the battery mounted in the box. The
telephone receiver must be used instead of the galvanometer, when
using the induction coil. Alternating current is applied where polari-
zation would vitiate results obtained with direct current; as in locating
grounds when an electrolytic action between the conductor and the
earth is suspected; also for measuring resistance of liquids, as in § 21.

Switches are provided in the instrument for changing to direct or
alternating current at will; also for connecting into the circuit either
the galvanometer or the telephone receiver. The battery switch is
built in the telephone receiver, so that the operator may close the switch
with the same hand with which he is holding the receiver to his ear.
With the other hand he touches the slide-wire with the stylus, and thus
locates the point where the click in the receiver disappears, or is reduced
to & minimum.

20. EXPERIMENT I-I.

(a) Inspect the instrument and make clear its connections and
operations.

(b) Measure by means of it a box of calibrated resistances, within
as wide a range as possible, paying particular attention to the sensi-
tiveness of the instrument at different values of the unknown and the
balancing resistances. (1) Perform the measurements first with
direct current, using in succession the galvanometer and the telephone
receiver; then (2) repeat some of the measurements with the induction
coil and the telephone receiver.

(¢) Determine the resistance of an electrolyte with direct and with
alternating current, and note the difference.

(d) Measure the resistance between a line and the ground (resistance
of the fault).

(e) Locate the place of a fault by one of the methods described in
§§ 295 and 296. Form your own opinion about the instrument, its
advantages and shortcomings, the limits of accuracy, the best range,
the relative advantages of using the telephone receiver as vs. the gal-
vanometer, and direct as vs. alternating current.

21. Kohlrausch Bridge. — A disadvantage of a stretched slide-wire,
- as in Fig. 12, is that it cannot be made long enough for accurate measure-
ments without. making the instrument itself too large. Kohlrausch
solved this difficulty by winding the slide-wire on an insulating cylin-
der, as shown in Fig. 16, to the right. The cylinder may be rotated by
a handle, contact being made by a roller. The balancing resistances
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are placed in'the base of the instrument, and may be connected
into the circuit by the plugs seen in the sketch.

Fic. 16. Measuring resistance of an electrolyte with the Kohlrausch bridge, using alternating current,

The Kohlrausch bridge is
particularly well adapted for
measuring resistances of liquid
conductors with alternating
currents (see § 12). An in-
duction coil ‘for producing
alternating currents is shown
to the left; a telephone re-
ceiver is substituted for the
galvanometer.

The liquid under test is put
into the U-shaped vessel shown
between the bridge and the
induction coil, this vessel be-
ing provided with platinum
electrodes on both ends. The
form of the vessel is too com-
plicated to allow the specific
resistance of the liquid to be
deduced as in § 12. This, how-
ever, is no serious objection;
the constant of the vessel may
be determined once for all by
measuring in it the resistance
of a standard fluid, whose spe-
cific resistance is known.

For instance, it is known
that the specific resistance of
a 25 per cent solution of zinc
sulphate is 21.4 ohms per cu.
cm. at 18 degrees C. If the
resistance of such a solution,
as measured in the Kohlrausch
vessel to be calibrated, be 152
ohms, then the constant of
the wvessel is 21.4 + 152 =
0.141. The resistance of all
other liquids measured in this

vessel must be multiplied by this coefficient to get their specific resist-
ances. The Kohlrausch bridge is more convenient for a quick and
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accurate determination of resistances of electrolytes than the substi-
tution method described in § 12.

22. EXPERIMENT 1-J. —Measurement of Resistances with
Kohlrausch Bridge. — See preceding paragraph.

23. Testing Rail Bonds. — On most electric roads the current for
operating cars returns to the station through the track rails; this saves
one conductor. In order to make possible the use of the rails for this
purpose they must be ‘“ bonded ”’ together, or connected by more or
less flexible copper conductors as shown in Fig. 17. Rail bonds must
be periodically inspected, as they get loose or broken, causing an excess-
ive resistance between the rails. Poor bonding’brings with it an
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F16. 17. Diagram of the Roller bond tester,

excessive drop of voltage and loss of power, electrolytic corrosion of
gas and water pipes in the vicinity, telephone troubles, etc.

If rail bonds could be tested while the road is not in operation, the
simplest method would be to send a current from the station and to
measure the drop across each bond with a low-reading voltmeter.
Usually, however, testing must be done with cars running on the same
line, so that the current in the rails is widely fluctuating. In order to
utilize this current special devices are used as described below. The
resistance of the bond is expressed in feet of a solid rail; thus a resistance
of 2 feet means that the voltage drop caused by the bond contacts is
the same as would be caused by two additional feet of solid rail. Con-
venient methods of testing bonds are as follows:

(a) If no special bond tester is available, two ordinary milli-volt-
meters may be used, one connected between a and b (Fig. 17), another
between b and ¢. The milli-voltmeters are read simultaneously, so
that the fluctuations in the rail current do not affect the ratio of the
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readings. This ratio is evidently equal to the ratio of the resistances
of the bond a-b, and the rail h-c. It is advisable to have some protec-
tive resistance in series with the milli-voltmeter connected across the
bond. The voltage drop across a loose or broken bond may be many
times in excess of the range of the instrument. The protective resist-
ance may be short-circuited with a push button. Good contacts with
the rail may be obtained either by chisel-ended spikes struck into the
rail faces or by using short sections of hack-saw blades.

(b) A convenient device for testing rail bonds — the so-called Roller
bond tester — is shown in Fig. 18, while a diagrammatic view of its
connections is represented in Fig. 17. It operates on the principle of
a slide-wire Wheatstone bridge. The unknown resistance a-b of the
bond is compared to a definite length b-c of the solid rail by means of
the slide-wire A-C and the gal-
vanometer connected between b
and B. The slider B is moved
back and forth until the galvano-
meter shows zero. Then the ratio
of the resistance of the bond to
that of the rail is equal to the
ratio (r; + m) + (rg + n). It is
not necessary to calculate this
ratio every time; the scale of the
instrument (Fig. 18) gives the re-
sistance directly in feet of solid
rail. .

The resistances r; and r5 act as
an extension of the slide-wire, mak-
ing the useful part of it longer and
therefore more accurate. With-
out these resistances, the short
slide-wire would contain all the values from zero to infinity. Fluctu-
ating currents in the rail do not affect the balance, because fluctuations
occur in all the branches of the bridge simultaneously. .

One observer is sufficient with this instrument; he holds the contact
bar by the upright in one hand, and operates the knob of the slider
with the other hand. The instrument itself is suspended from his
shoulders. The large scale indicates the resistance, the small scale is
for galvanometer deflections. In many cases, it is sufficient to know
that the resistance of the bond is not beyond a certain limit; then the
pointer of the slider is simply set at this limit. On all bonds having
resistance below this limit the galvanometer deflects one way, on defec-

Fic. 18. The Roller bond tester.
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tive bonds it shows the other way. This makes the instrument very
convenient for rapid testing, even with an unskilled observer.

(c) Another popular bond tester is that designed by Conant. In it
the contact ¢ (Fig. 17) is separate from the two other contacts, and the
operator’s assistant moves it along the rail, until a balance is obtained.
A telephone receiver is used instead of a galvanometer, and the current
is periodically interrupted by a wheel driven by a clock-work. The
balance is reached when the click in the telephone disappears; the
equivalent length of the rail is then measured directly with a foot
rule.

24. EXPERIMENT 1-K. — Testing Rail Bonds. — The method
and the apparatus are described in the preceding article. Become
familiar with the devices in the laboratory before trying them on an
actual track. Two rails should be provided in the laboratory, connected
by a variable resistance; this resistance is to represent various states
of a bond, from a perfect contact to a broken bond.

(a) Connect the rails to a D. C. circuit, placing a regulating resist-
ance in series with them, to produce fluctuating currents as in practice.
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Fie. 19. Decade arrangement of resistances,

(b) Setting the resistance of the bond very low, measure it first
with a steady current, then with fluctuating currents.

(¢) Repeat the same tests with higher resistances of the bond.

(d) Having become thoroughly familiar with the instrument, meas-
ure with it a number of rail bonds on a street-car line in actual opera-
tion.

In performing this experiment, pay particular attention to the accu-
racy throughout its range of the instrument used, and to the influence
of current fluctuations. See in how far a poor contact between the
rail and the saw blade or the spike used for making contact may affect

the results.
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25. Plug-Type Wheatstone Bridge. — Series and Decade Arrange=
ment of Coils.— For accurate work, bridges are used in which the three
““ known ” resistance arms R, M, and N (Fig. 10) consist of carefully
adjusted resistance coils (Fig. 20). These coils are mounted inside of
a box and leads are taken to contacts on its top. Resistances are
varied either by inserting plugs, as in Fig. 21, or by dial switches
(Fig. 22).

The older method of connecting coils is that shown in Fig. 20; the
coils are connected in series, and each plug short-circuits a coil. Thus,
in the upper row all the coils are short-circuited, except 4000, 3000,
and 200 ohm, the reading being 7200 ohms.

The new or the ¢ decade ”’ method is shown in Fig. 19. Here the
resistances which are not in use are simply left out of the circuit.
Therefore only one plug is necessary for each decade or row of ten coils.

The advantages of the decade arrangement are:

(1) A smaller number of plugs is required.

(2) Additional resistance between plugs and blocks at the contacts
is less.

(3) The result is easier to read, as no summation is necessary.

(4) There is less liability to make mistakes, or to lose a contact plug.

The advantage becomes evident by comparing the two upper rows
of contacts in the bridge shown in Fig. 20 with the four rows in Fig.
24, In the first case we have to add mentally

4000 + 3000 + 200 + 30 + 20 + 3 + 2 + 1 = 7256 ohms;
in the second case we read directly 6192 ohms. Moreover, in the first
case 8 plugs are in the circuit, and 8 more are lying idle on the table.
In the second case there are but 4 plugs, and they are always in use.

26. Examples of Plug-Type Bridges. — A simple bridge is shown in
Fig. 20; the lettering is the same as in Fig. 10. The bridge has three
arms: two ratio arms M and N in the lower row, and che balancing
resistance R in the two upper rows of coils. The box is provided with
three pairs of terminals — for the battery, for the galvanometer and
for the unknown resistance X. The battery key 1 and the galvano-
meter key 2 are also mounted on the box.

Unlike the slide-wire bridge (Fig. 11), plug-type bridges have only
a limited number of ratios M + N, — usually in powers of ten. The
balancing is done by the third arm R. In the instrument under con-
sideration, the resistance of this arm may be varied from 0 to 10,000
ohms in steps of 1 ohm. Thus with the ratio N + M = 1000 + 1,
resistances can be measured up to 10,000,000 ohms. On the other hand,
by selecting R = 1 ohmand N + M = 1 + 1000, resistances may be
measured down to 0.001 ohm. The practical range of the bridge is
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within considerably narrower limits, because it is neither sufficiently
accurate nor sensitive enough near the apparent limits of its range.

To measure a resistance, connect it to the terminals marked X;
select a ratio N + M, say 10 + 100. Press the battery key, and then
the galvanometer key; vary the resistance R, until the galvanometer
remains at zero when its key is pressed. Best results are obtained
when the ratio is selected so that balancing can be done with all four
places of the resistance R — thousands, hundreds, tens and units.
The right ratio N + M can always be selected, if the approximate

Balancing Resistance

Balancing.Resistan
A

F1e. 20. Diagram of a plug-type Wheatstone bridge.

value of X is known in advance; otherwise, the best ratio is found by
trials. With the setting shown in Fig. 20 the unknown resistance

100

= 7256.—
X 75610

= 72560 ohms.

A Wheatstone bridge for precision work is shown in Fig. 21. The
ratio coils M and N are in the last two rows to the right; the other five
rows are connected to the balancing resistance R, the decade arrange-
ment of coils being employed. The keys and the binding posts are
clearly seen in the sketch. The coils may be joined in series or in
multiple or in any combination of series and multiple. The coils may
thus be checked against each other in many combinations. For
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example, all the ten ohm coils taken in parallel may be compared with

any one ohm coil.
The precision of adjustment is 5% per cent for the coils of the tenth
ohm series, and # per cent for the other coils of the rheostat.

Fic. 21. A plug-type Wheatstone bridge for accurate measurements.

The ratio coils are certified to be like each other within y}; per cent.
A similar box is shown in Fig. 22; dial switches being used on the

balancing resistance instead of plugs. This makes possible a quicker

Fie. 22. A Wheatstone bridge with dial switches in place of plugs.

adjustment; at the same time, with good workmanship, switch contacts
are very little inferior to plugs.
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27. Portable Testing Sets. — The above-described bridges are pri-
marily intended for stationary work. There is a demand for self-con-
tained portable bridges, for locating faults and for other emergency
purposes in the operation of electric plants. The Sage ohmmeter
described in § 19 is one of this kind. A more accurate instrument is
shown in Fig. 23, while its electrical connections may be followed in

Fic. 23. A portable testing set.

Fig. 24. The set consists of a Wheatstone bridge with a decade arrange-
ment of resistances; a galvanometer and a battery of small dry cells
are mounted in the same box, so as to make the instrument seK-con-
- tained.

Some features of this set are as follows:

(1) The terminal marked “Gr.” (ground) and the extra blocks
MM enable the bridge to be used for locating faults according to either
the Murray or Varley method (§§ 295 and 296).
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(2) The instrument may be used as an ordinary resistance box.

(3) The galvanometer .may be used separately, or in series with a
resistance, for any desired purpose.

(4) If the battery is exhausted, or not strong enough for a certain
purpose, the flexible leads may be disconnected and an outside battery
connected to the bridge.

(5) An outside galvanometer may be used if desired, by disconnect-
ing the flexible galvanometer leads. ‘

Explicit directions are supplied with the instrument, so that any
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Fi6. 24. The diagram of connections of the testing set shown in Fig. 23.

one with a ifery elementary knowledge of electricity can use it. Similar
testing sets are made by other leading manufacturers of measuring
instruments. :

28. EXPERIMENT 1-L. — Measuring Resistances with a Plug-
Type Wheatstone Bridge. — A few types of bridges are described in
§§ 25 to 27. The problems which may be solved with these bridges are
the same as enumerated in § 16. If possible the student should connect
the coils of the bridge itself in various combinations, so as to check
them against each other. The purpose of the exercise is not only to
learn how to perform measurements, but also to study the bridge itself,
ascertaining the limits of its accuracy, the best range, the necessary
sensitiveness of the galvanometer, etc.
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29. Measurement of very Small Resistances. —The Wheatstone
bridge is not suitable for measuring small resistances, say below 0.1
ohm, because the resistance of the contacts at a, b, ¢ and d (Fig. 10)
may constitute an appreciable part of the resistances X and R them-
selves. The drop-of-potential method (§ 2) gives satisfactory results
with resistances considerably below 0.1 ohm, if care is taken to have
voltmeter leads properly applied, so as to eliminate the contact resist-
ance (Fig. 35). For an accurate comparison of very low resistances,
the potentiometer method may be used (see § 43).

Lord Kelvin combined the Wheatstone bridge and the drop-of-
potential method into a scheme which is exceedingly accurate for
measuring low resistances, say down to 0.0001 ohm. The diagram of
connections of this so-called Kelvin double-bridge is shown in Fig. 25. .

The resistances R and X to be corixpared are connected in series with
a low-voltage battery Ba., and some regulating resistance not shown

Fic. 25, Principle of the Kelvin double-bridge.

in the Figure. The connections to the galvanometer are taken from
the points E, F, G and H separate from the main terminals. This
is a point of paramount importance, because the contact resistances at
A, B, C and D should not enter into the result. Four ratio coils are
used, m, n, m’ and n’, instead of two ratio coils M and N of the ordinary
Wheatstone bridge (Fig. 10).

The unknown resistance X is measured by adjusting either R or the
ratio coils, until the galvanometer gives no deflection. Both pairs of
ratio coils are adjusted simultaneously, so that the relation

m+n=m+2n" . . . .. . . (1)

is preserved all the time. When the balance is obtained the relation

holds true
R:-X=m+sn=m-=n . ... .. 2

from which X is calculated.
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Proof : When no current flows through the galvanometer, the points
K’ and K are at the same potential. Therefore the voltage drop from
E to K’ is the same as from F to K. With the notations in the sketch
we have

'm’ = IR + im.

The same holds true with respect to the point G ; hence,
;"n’ =1X + in.
From these two equations we get
R:X = (m’ —im) + (i'n’ —1in),

or substituting for m’ its value from (1) we obtain after a simple trans-
formation the relation (2).

Fic. 26. Leeds and Northrup variable low resistance, for use as a standard in connec
tion with the Kelvin double-bridge.

There are two types of Kelvin bridge: (1) Either a set of a few stand-
ard resistances R are supplied with the bridge, and the adjustment is
made by the ratio coils; or (2) the ratio coils are made to give only 8
limited number of combinations, but the standard resistance R is made
adjustable, so as to give practically any value of resistance within
certain limits. The first is the older method, the second is coming into
use.

The variable standard low resistance made by the Leeds and
Northrup Co. for use with the Kelvin double-bridge is shown diagram-
matically in Fig. 26.

AB is a heavy piece of resistance metal of uniform cross-section and
uniform resistance per unit of length; C' D is another piece of resistance
metal of smaller cross-section, and the two are joined together by 3
heavy copper bar AC into which both are silver-soldered; LL are the
current terminals and PP are the potential terminals. The resistance

-
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of AB between the marks 0 and 100 on the scale S is .001 ohm. From
the point 1 on the resistance CD to 0 on AB is also .00l ohm, from 2
to 0 is .002 and so on, and from 10 to 0 is .01 ohm. The slider M moves
along the resistance AB and its position is read on the scale S which is
divided into 100 equal parts and can be read by a vernier to thou-
sandths. Subdivided in this way the resistance between the tap-off
points PP may have any value from .001 to .01 ohm by steps of .000001
ohm. Using a ratio of 1 to 10 it gives all values from .1 ohm to .01
ohm, by steps of .00001 ohm, and, using the inverse ratio, all values from
.001 ohm to .0001 ohm by steps of .0000001 ohm.

It will be noted that there are no contacts in the main circuit between
the terminals LL. The only contacts are at the tap-off points to the
potential terminals PP. The resistance of these contacts is negli-
gible, being in series with the ratio cqils, which have several hundred

Weight of Ssmple

l tg D
0 8 90 100 110
Per cens Oonductivit.y

Fic. 27, Diagram of the Hoopes conductivity bridge.

ohms resistance. The ratio coils are mounted within ordinary resist-
ance boxes, similar to the one shown in Fig. 21; the resistances may
be adjusted to agree with each other within y}5 per cent.

30. Hoopes Conductivity Bridge. — The principal practical appli-
cation of the Kelvin double-bridge is for determining conductivity
of bars of copper and aluminum. This is done regularly in factories
manufacturing wire for electrical purposes; wire is also tested by large
consumers before accepting a consignment. It is desirable in such
cases to modify the standard Kelvin bridge described in the preceding '
article, so as to fulfill the following requirements:

(1) The apparatus must be direct-reading in per cent conductivity
of chemically pure metal, instead of giving results in ohms.

(2) The apparatus must be adapted for testing. a large number of
similar samples in a short time.

(3) It must be easily handled by a person who has but little elec-
trical knowledge.
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A bridge which satisfies these conditions was designed by Mr. Wm.

Fie. 28. The Hoopes conductivity bridge.

Hoopes. It is shown diagrammatically

hin Wig. 27; a general view of the appa-
ratus is given in Fig. 28. Comparing
Figs. 27 and 25 it will be seen that the
electrical connections in the Hoopes
bridge are identical with those in the
regular Kelvin bridge. AB is a standard
wire made of the same material as the
samples to be tested, in order to have the
same temperature coefficient; CD is a
sample under test. The operations for
determining per cent conductivity are
very simple. The sample wire is cut
off to the standard length of 25 inches
in a special cutting-off machine, and
accurately weighed. Then it is clamped
in the position CD and the contact F set
at a place corresponding to the weight of
the sample. The contact H is moved
back and forth until the galvanometer
shows zero; per cent conduectivity is then
read off directly on the lower scale.

The theory of the method is easily
understood from the fact that a sample
of a certain metal, of a given length and
weight, has a definite and known resist-
ance if chemically pure (100 per cent
conductivity). Therefore the scale of
the standard wire may be made so as to

balance a chemically pure sample with -

H on the division 100 of the lower scale.
Then if the sample under test has a
lower conductivity, a smaller length of
it balances the standard wire, and the
slide H has to be moved to the left.
The decrease in length is evidently
directly proportional to the decrease in
conductivity. Therefore the lower scale
may be calibrated directly in per cent.

The upper scale could be calibrated in circular mils, instead of weights;
but it is easier to determine the weight of a piece of wire 25 inches long,
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than its average cross-section. A single standard wire covers with
some overlap a range of three numbers of the Brown and Sharp scale;

. if a wider range is required several *tanuards are used. Each standard
with its scale is mounted on a separate piece of hard rubber, and may
easily be clamped in place. '

The details of the bridge may be seen in Fig. 28. The standard
conductor is shown in the back and the two contacts on it are made
by means of knife edges; one remains set at the zero position and the
other slides up and down, 8o as to take any position on the scale. By
a special locking device, the latter is arranged do that it cannot be
moved along the standard except when the knife edge is raised. This
is arranged to prevent wear on the standard. The sample wire is
clamped in the front and also has two knife edges making contact on
it, one at the zero position, which remains fixed, and the other at the
other end, which is movable. Wires which are not perfectly straight
can be stretched straight by means of the device shown at the right-
hand end. The long rod also projecting from the right-hand end is
used to give large movements to the contact knife edge, and the handle
projecting from the front towards the other end works a rack and
pinion which gives it small movements.

31. EXPERIMENT 1-M. —Measurement of Low Resistances
with Kelvin Double=Bridge. — See §§ 29 and 30.

32. EXPERIMENT 1-N —Determination of Conductivity and of
Temperature Coefficient of Wires with Kelvin or Hoopes Double=
Bridge. — See §§ 29 and 30.

33. Other Methods of Measuring Resistances. —Three methods
of measuring electrical resistances are described in this chapter: The
drop-of-potential method, the substitution method and the Wheat-
stone bridge. Some other methods are used under special conditions;
a8 such may be mentioned the direct-deflection method described in
§§ 290 and 292, and the direct-reading ohmmeter described in § 291.




CHAPTER II.

AMMETERS AND VOLTMETERS —CONSTRUCTION AND
OPERATION.

34. IN dealing with electrical energy two of the most important
quantities to be measured are: current, and difference of potential.
Commerical instruments for measuring electric current are commonly
called ammeters, because the practical unit of electric current is the
‘“ ampere.” Instruments for measuring differences of potential, or
electric pressures, are called voltmeters, since
3 * the practical unit of difference of potential
=\ is the ‘“volt.”

Ammeters are connected in series with the
circuit in which the current is to be meas-
ured (Fig. 29); voltmeters are connected at
two points of the circuit, between which it
is desired to determine the difference of po-
tential. There is no fundamental difference
in the construction of ammeters and volt-

Am, meters, for — with the exception of elec-

trostatic voltmeters— all voltmeters are in
reality ammeters calibrated in volts. In
other words, they measure current passing
through them, which current is made pro-
portional to the voltage at the terminals of
the instrument, and the scale is divided
directly in volts.

Fic. 29. Standard connec-  To illustrate, suppose that an ammeter of
tions for a voltmeter and 5 hjsh resistance, say 1000 ohms, be con-
an ammeter. nected across a line and that it show 0.1

ampere. According to Ohm’s law it takes 100 volts to drive 0.1

ampere through a resistance of 1000 ohms; therefore the voltage of

the line is 100 volts. To use the instrument as a voltmeter, the scale

may be conveniently changed so as to have the division “100 v.”

correspond to what was formerly “0.1 amp.”

Line

34
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DESCRIPTION OF COMMERCIAL TYPES.

35. Ammeters and voltmeters are built on various principles, as
enumerated below; each system having its advantages and short-
comings, and a field of application of its own. Some instruments
may be used with both direct and alternating currents; others are
suitable for one kind of current only. The types in practical use at
present are:

(1) Soft-iron core, or electro-magnetic instruments, based on the
attraction between a stationary coil and a pivoted piece of soft iron
(Figs. 30 and 32).

(2) Moving-coil instruments in which a light coil moves in the
strong field of a permanent magnet (Figs. 33 and 34).

(3) Electro-dynamometer type instruments, based on the attrac-
tion between a moving and a stationary coil (Figs. 38 and 39).

(4) Hot-wire instruments, in which the current to be measured
heats a wire, thus changing its length (Figs. 41 and 42).

(5) Induction-type instruments, based on the principle of revolv-
ing magnetic field (Fig. 43).

(6) Electrostatic voltmeters (Figs. 46 and 47) in which two metallic
plates are mutually attracted because of opposite electric charges on
them.

These types are described more in detail in the following articles.

36. Soft=-Iron Instruments. — (a) One of the oldest instruments
of this type is shown in Fig. 30.

C is a stationary coil; Pis a

soft-iron plunger pivoted so that

it can move freely up and down. Q

The shaft which supports the P
plunger also carries the counter-

weight @ and the pointer N.

When a current flows through N
the coil, the plunger is drawn in,
against the effect of the weight Q. ,,
The corresponding deflection is '
shown by the pointer on the scale.

When the circuit is opened, the
f:ounter-weight brings the mov- Fic. 30. Plunger-type soft-iron

ing system back to zero. instrument.

In instruments of this kind
used as ammeters, the coil consists of a few turns of heavy wire; in
voltmeters it has a great many turns of fine wire. Even then the
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resistance of the coil is not sufficient to cut down the current, and it
is necessary to have some resistance R (Fig. 31) connected in series
with the instrument. This resistance is usually called the multiplier;
by varying the resistance of the multiplier, the range of the instrument
may be changed within wide limits.

Soft-iron instruments may be used on alternating as well as on direct
current, because the attraction between soft iron and a coil does not
depend on the direction of the current. In instruments intended for
alternating current circuits the plunger is laminated, or made of iron
wires; this is done to prevent the formation of eddy currents and sub-
sequent heating (§ 189). The spool on which the coil is wound must
be made of an insulating material, or, if made of metal, must be sub-
divided so that .no secondary currents can be induced in it. The’
calibration of the same instrument is somewhat different on alternat-

Fic. 81. The use of a voltmeter multiplier.

ing and on direct current, because of the influence of hysteresis, eddy
currents and saturation in the plunger; the calibration also depends
to some extent on the frequency and on the wave-form of the alternat-
ing current.

(b) A more perfect instrument of the same type, the so-called Thom-
son inclined-coil ammeter, is shown in Fig. 32. The coil is placed at
about 45 degrees to the direction.of the shaft; a piece of soft iron (iron
vane) is mounted on the shaft in an inclined position. When the coil
is energized, it produces a magnetic flux, as indicated by the arrows:
the vane tends to move so as to embrace a maximum of lines of force.
In doing so it turns the shaft, and the deflection is shown on the scale.
The motion is opposed by a spiral spring, the counter-weight serving
to balance the moving part.

This instrument is more compact than the above-described plunger-
type instrument; the moving part is lighter, and the friction is much
reduced, making the instrument more sensitive. Moreover, the spring
control is more positive than the gravity control used in the plunger
instrument. Thomson inclined-coil instruments are made practically
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“ dead-beat ’’ by means of an aluminum vane fastened to the moving
part. The movement is effectively damped by the resistance of the
air to movements of this vane, and the pointer assumes its final
deflection without swinging to and fro.

(c) By saying that an ammeter indicates an alternating current
it is understood that it merely shows its effective value, and not instan-
taneous values. Let I be a certain value of direct current flowing
through the coil of a soft-iron instrument, and M the corresponding

Scale

Pointer—;

Fic. 82. Mechanism of the Thomson inclined coil ammeter.
magnetic flux in the plunger. The pull on the plunger is proportional
to the product of the current times the flux, or
pul=IXxXM . . . . . 1)

The magnetism in the plunger is produced by the current I; if the
saturation in iron is not carried too high, it may be assumed, that
M = kI, where k is a constant; so that

pal=%k.2 . . . . . . . . (2

In other words the pull is proportional to the square of the current.
If an alternating current now flow through the coil and 7 and m be
some instantaneous values of the current and of the flux, we have
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as before, that the instantaneous pull = ki?. It is easy to see that
the direction of the pull does not change with the change in direction
of the current, because ¢ and m change their sign simultaneously.

Since the inertia of the moving part of the instrument is sufficiently
large to prevent it from following the fluctuations in the value of the
pull, the plunger assumes the position corresponding to the average
pull. Thus we have

averagepull=k.§-1,frz’.dt=k.l’eg R
1]

where dt is an infinitesimal element of time, and T is the duration of
one cycle of the alternating current.

The value of g, defined by the expression (3) is called the effectire
value of the alternating current, or the square root of the mean square
of the instantaneous values. It will be seen by comparing the expres-
sions (3) and (2) that a soft-iron instrument calibrated with direct
current should show effective values of alternating currents. In
reality this is not quite true, because the magnetism M is not exactly
proportional to the current (effect of saturation in iron); moreover
the effect of hysteresis and of eddy currents is noticeable. At any

St ¢

o

o
o
',
o

Fi6. 33. Arrangement of parts in a moving-coil instrument.
rate a calibration made with direct current is true within a very few
per cent with alternating currents of usual frequencies.
37. Moving=Coil Instruments. — The principle upon which these
instruments are constructed will be seen from Figs. 33 and 34. A
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light coil C of fine wire is pivoted or suspended in the strong field of a
stationary steel magnet NS. When a direct current is passed through
the coil, it tends to move 8o as to embrace the lines of force produced
by the magnet, according to the fundamental law of electro-mag-
netism. The deflection is shown on the scale by the pointer P. A
soft-iron cylinder / is placed inside the coil. It offers an easier path
for the lines of force from pole to pole, and also makes the field in the
air-gap uniform. This latter point is of particular importance, since

Fic. 84. Construction of Weston moving-coil instruments.

it makes it possible to have a perfectly uniform scale, which is one of
the good features of these instruments.

The movement of the coil is opposed by two spiral springs, one on
top and the other on the bottom (Fig. 34); the springs are coiled in
opposite directions so that one of them is twisted while the other is
untwisted during the movement of the coil. This compensates for a
possible non-uniformity in the material of the springs. In most instru-
ments, the same springs are used for leading the current into and out
of the coil. In some cases separate leads are used independent of the
springs; such leads must offer no opposition to the movement of the
coil. Without the controlling force of the springs, the needle would
be deflected to the end of the scale with any current.

A little consideration will- show that moving-coil instruments can
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be used for direct current only, because the direction of deflection
depends upon the direction of the current. When an instrument of
this type is connected to an alternating-current circuit, the needle
merely trembles at its zero position without giving any deflection.
This is because it receives opposite impulses in such rapid succession
that it has no time to move in either direction.

Moving-coil instruments are easily made ‘“dead-beat’” by winding
the moving coil on an aluminum frame. Eddy currents induced in
the frame during the movement of the coil effectively check any ten-
dency to swing about the point of equilibrium. The damping of the
instruments made by the American Instrument Co. is adjusted so
that the pointer passes a littlesbeyond the final position and immedi-

Fia. 856. Measurement of currents with an ammeter shunt and a milli-voltmeter.

ately returns to it. The purpose of this arrangement is to make sure
that the movement is not impeded by friction.

The moving coil carries only very small currents — usually not
more than 0.05 amp.; at the same time the resistance of the coil is
comparatively low. Therefore instruments used as voltmeters are
provided with high resistance multipliers connected in series with
the coil (Fig. 31). These multipliers are either mounted within the
case of the instrument itself, or else are placed outside the instrument
in separate boxes.

38. Ammeter Shunts. — Moving-coil instruments used as ammeters
are provided with so-called * shunts”’ which carry the main current
to be measured. The shunt is connected into the line aa (Fig. 35)
in which it is desired to measure current. The instrument (Am.)
itself is but a sensitive voltmeter (milli-voltmeter) which measures
the drop across the terminals ¢ of the shunt.

Assume, for instance, that the resistance of the shunt is 0.001 ohm,
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and that the instrument reads 50 milli-volts, or 0.050 v. According
to Ohm’s law the current in the line

1 = 0.050 _ 50 amperes.

0.001

In commercial instruments, the shunt and the milli-voltmeter are
usually calibrated together, and the scale reads directly in amperes
instead of in milli-volts. In ammeters not over 25 amperes capacity,
shunts may be placed inside of the ammeter case, so as to make the
instrument self-contained. In larger instruments, the shunt is placed

Fie. 36. An ammeter shunt (Weston),

outside (Fig. 36) and connected to the milli-voltmeter by flexible
leads.

Ammeter shunts are made of strips of manganin, German silver or
other material of high specific resistance and low temperature coeffi-
cient. The strips S (Fig. 35) are sweated into heavy brass blocks
bb. Two separate pairs of terminals are provided: Large terminals
TT for the line connection, and small terminals ¢t for connecting the
shunt to the milli-voltmeter. The latter terminals are placed so as
to measure the drop across the body S of the shunt, independent of
the distribution of current in the blocks bb. This distribution may
vary with an uncertain contact at the main terminals T'T.

One common mistake which the beginner is apt to make, when using
moving-coil instruments, is to forget to connect a multiplier or a shunt.
This invariably results in either the moving coil (Fig. 34) or the spiral
springs being burned out, and the pointer being bent or broken.
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39. Friction in Pivots. — The usual way of supporting the moving
coil is by means of hardened steel pivots with sharp points; these rest
in V or cup-shaped depressions formed in agate or sapphire bearings.
While the moving system is made as light as possible, the area of con-
tact between the end of the pivot and its journal is so minute, that
the pressure per unit area is quite considerable, even with the instru-
ment at rest. As a result some wear is produced and the friction
increases with time, especially if the instrument is carried around or
is subjected to continuous jar.

While such conical pivots are standard with most makers, there is a
tendency on the part of a few to remedy the drawback of sharp points.
One company uses with good success highly polished cylindrical pivots
in which sharp points are eliminated,
and the pressure per unit area con-

4 C siderably reduced.
D Another solution is shown in Fig.
B ) 37. Two ruby jewels BB, of the kind
used in watches, are attached to the
% A C moving coil A of the instrument.

D0U0 Through the holes pierced through
 these two jewels is threaded a length,
, CC, of phosphor bronze or nickel
5} steel wire, which thus guides the coil
C  and holds it truly centered. To pro-
s\ |7 b vide against endwise motion, spiral
springs, D, D, are attached to the coil,
Fia. 37. Construction of Whitney the other ends of same being secured
moving-coil instruments ; the coil to brackets on a stationary portion
is supported by the springs DD, of the instrument. These springs not
instead of on pivots. only support the coil but furnish the
force opposing its rotation when current flows. If an instrument so
built is dropped, the coil, 4, evidently will but slide up and down on
its guide wire for a short distance without causing any damage. When
in use and at rest, the coil moves as freely as that of a reflecting galva-
nometer, the only friction being the molecular one of the supporting
springs.
40. Electro-Dynamometer Instruments.— These instruments have
a stationary and a movable coil; the two coils being connected in series
attract each other when a current flows through them (Figs. 38 and
39). Spiral springs used as the controlling force for the movable coil
hold it at a certain angle with the stationary coil when no current is
flowing. When a current is flowing through the coils, the moving coil
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tends to place itself in a plane parallel to that of the stationary coil,
producing a deflection which is read on the scale.

The coils of a voltmeter based on this principle are shown in Fig.
38; the general make-up of the instrument is the same as in Fig.

current and used on alter- Fi1c. 89. Arrangement of parts in an electro- -
nating currents. dynamometer (ammeter).
Instruments of this type are better adapted for voltmeters than for
ammeters. In the latter, it is difficult to devise a satisfactory arrange-
ment for leading heavy currents into the movable coil without inter-
fering with its free motion. The usual construction where large cur-
rents are to be measured is shown in Fig. 39. BB are the terminals
of the instrument; the current flows from the left terminal through the
stationary coil SS to the upper mercury cup C; thence through the



44 AMMETERS AND VOLTMETERS. [CrAP. 2

coil MM is suspended from the top of the instrument by a cocoon
thread (not shown in Fig. 39),
and is controlléed by the spiral
spring ¢ operated by the torsion
knob K; the zero of the scale is
between the stops ¢q. .When a
current flows through the instru-
ment the pointer P strikes against
the right stop q. The knob K is
then turned to the left, until P
comes back to zero. The index
I shows the angle of torsion on
the dial D. Fig. 40 gives the
general view of an electro-dyna-
mometer.
The instruments shown in Figs.
39 and 40 are not direct reading,
the pointer indicating an angle
only. If ais the angle of torsion
Fic. 40. An electro-dynamometer. in degrees, the current

. i=kVa,

where k is a calibration constant of the instrument. This formula is
deduced as follows: The torque between the two coils is proportional
to the product of currents in them, or

movable coil MM and the lower cup C to the right terminal B. The |
\

torqlle = k] . igtg. imov.
The coils being in series #%ta = tmov = 7; therefore
torque =k . . . . . . . . (4)

This torque is balanced by the torsion of the spring; the spring is
wound so that the twisting force is proportional to the angle of torsion.
Thus

torque = kqa,
kll.z = kga,
.k —
’ _\/I—cf— ca = k.
With alternating currents the expression (4) becomes:

r .
torque = k; - —%f Pdt = ky . I2,q.
1]

hence

or
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Hence the instrument shows true effective values of alternating currents
(see § 36 ¢).

A good feature of electro-dynamometers used as ammeters is that
they are accurate and sensitive; moreover, they may be calibrated with
direct current and used with alternating current. Their serious draw-
back is that they are not direct reading and cannot be used on com-
mercial switchboards. The presence of mercury, and the necessity
for leveling make electro-dynamometers inconvenjent to handle, even
in ordinary testing work. Moreover, they have no provision for damp-

(Platinum-sflver)
C B8

Hot Wire

Zero Adjustment

Phosphor Bronze
Wire

F16. 41. Mechanism of Hartmann & Braun hot-wire instruments,

ing, and require some skill in taking readings, especially with fluctuating
currents.

In spite of these drawbacks, they are largely used in testing, for lack
of better A. C. ammeters. Attempts have been made to make the
electro-dynamometer direct reading in order to do away with the awk-
ward expression Va. To make the scale more regular the moving
coil is placed eccentrically, and both coils are bent in such a way as to
increase deflections with small currents.

41. Hot-Wire Instruments.— A typical hot-wire instrument is
shown in Fig. 41. The current to be measured, or a definite part of
it, passes through the stretched platinum-silver wire AB and heats it
8o that it takes an appreciable sag. The resulting downward motion
of the point C is transmitted to the pointer P. The deflection is
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magnified by the wire CD the point F of which is under the tension
of the spring KH. When C moves downward, F and H move to the
left, and the silk thread turns the pulley G; the pointer P, mounted
on the same shaft with G, shows the deflection on the scale. Instru-
ments of this construction can be used equally well with direct or
alternating currents, as an ammeter, or as a voltmeter. Shunts are
used with hot-wire ammeters (see Fig. 35); the current through the
hot wire itself being usually about 5 amperes with a full scale deflection.
The scale of hot-wire instruments is not uniform, because. the heat
energy put into the wire increases as the square of the current.

The instrument shown in Fig. 41 is made ‘‘ dead-beat '’ as follows:
An aluminum disk is mounted on the same shaft with the pulley G
and placed between the poles of a strong horse-shoe magnet. Eddy
currents are induced in the disk during its motion and effectually
damp vibrations of the needle.

The hot-wire instrument shown in Fig. 42 has the following con-
struction: a wire, a-b, of high resistance, low temperature coefficient
and non-oxidizable metal, is secured at one
end to a plate ¢ and passed around a pulley
d which is fastened to a shaft e. The other
end of the wire is brought back again and
mechanically — though not electrically — at-
tached to the same plate c. Plate ¢ is kept
under stress by the spring f, which constantly
tends to pull it in a direction at right angles
with the axis of the shaft e; the plate is so
guided that it can be moved in that one
direction only. To the shaft e is likewise
secured an arm ¢, bifurcated at one end
and counterweighted at the other. Between
Fic. 42. Mechanism of the extremities of the bifurcated ends of the

Whitney hot-wire in- 8rm g is another shaft A, on which there is a

struments. small pulley and to which is attached the
needle ¢ that gives the desired indications. A fine silk fiber is attached
at one end to one of the arms of g, then passes around the pulley on
the staff h and has its other extremity secured to the other arm. The
arms are springy and serve to keep the silk fiber taut. The current
to be measured flows through the wire a only, entering and leaving as
indicated by the arrows.

When ¢ is heated by the passage of a current, it expands; this makes
a’s tension relatively less than that of b; the equilibrium can be restored
only when the pulley d rotates sufficiently to again equalize the strain,
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In its rotation, d carries g with it, and g in moving causes the silk fiber
to rotate the shaft which carries the needle. If the temperature of
the air surrounding the instrument changes, a and b are affected alike;
their resulting equal expansion simply causes a movement of the plate ¢
back or forth in its path without any tendency to rotate the pulley.

If r is the resistance of the ‘“ hot-wire,’”’ the average heat generated
in it with alternating currents is

_l.fr(q?r)dt=r -lf"l:’ dt = r Pog
TJo ‘TS, °

Hence, a hot-wire instrument calibrated with direct current shows
true effective values of alternating current (see § 36 c).

Fig. 43. Principle of action of Westinghouse induction-type instruments.

42. Induction-Type Instruments. — These instruments are based
on the principle of a revolving magnetic field produced by two out-of-
phase alternating currents (see § 520). In the construction shown
in Fig. 43 the alternating current to be measured flows through the
coil C of the laminated iron core I and produces in it a pulsating mag-
netic field. A pivoted aluminum disk D is subjected to the inductive
action of this field in the air gap of the core; which disk can be made
to move under the influence of eddy currents induced in it, if these
currents are unsymmetrical in respect to the iron core. This is done
by placing an electric screen, or a secondary coil S, on one side of the
iron core. The currents induced in this coil oppose the primary cur-
rents in C and thus weaken the magnetic flux on one side of the core
— the phase of the flux is also changed hereby. This combination of
the two fluxes produces unsymmetrical currents in the aluminum disk
and causes it to move, thus producing a deflection on the scale B against,
the action of spiral springs, used as the controlling force. In short,
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this instrument is a single-phase induction motor, the screening coil
taking the place of a * split-phase ’’ arrangement. In some instruments
an aluminum drum instead of the disk is used as the moving part;
the instrument has then the aspect shown in Fig. 83; however, the
theory remains the same.

The instruments based on this principle are robust, convenient for
use, and possess a fair degree of accuracy. Of course, they can be
used on alternating currents only, and their indications depend to a
considerable degree on the frequency of the supply. It is possible to
have in these instruments a fairly uniform scale extending over 300
degrees, which adds considerably to their accuracy.

Ammeters based on this principle are usually wound for 5 amperes,

Ammeter

l —{Current or series
transformer
- t

Fio. 44. Measurement of alternating currents through a series- or
current-transformer.

Line

and adapted for use in connection with series or current transformers
(Fig. 44) by means of which currents of any value can be measured
with the same instrument. Voltmeters are provided with multipliers,
and for higher voltages also with shunt transformers (Fig. 45).

One detail in induction-type voltmeters deserves special mention.
When the temperature of the aluminum disk increases, its resistance
is increased, thereby decreasing the current flowing in the disk. This
reduces the torque, and consequently the deflection of the pointer.
Two methods are used for compensating the influence of temperature,
by increasing the strength of the magnetic field:

(1) In meters intended for high frequencies, and having a large
torque, a short-circuited coil is placed around one pole of the electro-
magnet II (Fig. 43). This coil acts as the secondary of a transformer,
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and reduced the flux in the instrument. When the temperature
increases, the resistance of this coil also increases; this reduces its
choking effect on the magnetic field, and the flux increases.

(2) In meters for low frequencies a non-inductive resistance is
shunted around the magnetizing coil C (Fig. 43). This shunt is selected
of such a value that its resistance increases with temperature at the
same rate as the resistance of the aluminum disk. Therefore, when
the temperature rises, more and more current flows through the mag-
netizing coil of the voltmeter, increasing the field strength in the
desired proportion.

Voltmeter

—} Potentfal or ahun}
transformer -

Line

Fie. 45. Measurement of alternating voltages through a potential- or shunt-
transformer. :

43. Electrostatic Voltmeters. — These instruments are based on
electrostatic attraction between two plates carrying opposite electric
charges. The stationary and the moving plates are clearly seen in
the voltmeter shown in Fig. 46. They are insulated from each other
and are connected to opposite sides of the line, so that they are charged
with equal and opposite quantities of electricity. The movable plate
is attracted by the stationary, and the deflection is shown on the scale.
In this particular instrument gravity is used as the controlling force.
By changing the weights shown on bottom of the movable plate, the
sensitiveness of the instrument is varied within wide limits. Elec-
trostatic voltmeters give identical deflections with direct and with
alternating voltages; in the latter case the sign of the electric charges
is changed simultaneously on both plates, so that the force between
them is always an attraction.
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With low voltages the necessary area to be given the plates becomes
rather large, in order to have an appreciable attraction. For this
reason, electrostatic voltmeters are mostly used for high-tension work.
A low-voltage static voltmeter designed by Lord Kelvin is shown in
Fig. 47. The required surface is obtained by using several small plates,
because of which the instrument is known as the multi-cellular voltmeter.

An ingenious electrostatic voltmeter, designed by Mr. S. M. Kintner

Fic. 47. Lord Kelvin multi-cellu-

FiG. 46. Lord Kelvin static voltmeter for high lar (static) voltmeter for medium
voltages, and low voltages.

is shown in Fig. 48. The working parts of the instrument are immersed
in insulating oil, and the voltmeter may be built for voltages up to
200,000 volts. The stationary part consists of two curved plates BB
connected to the lines, either directly or through the condensers CC.
The moving element consists of two suspended hollow cylinders MAM.
The instrument may be used with both condensers in series, or with
either or both short-circuited, thus giving a wide range of voltages.
When an electric pressure is applied between the plates BB, the mov-
ing element becomes charged by induction, and its cylinders tend to
approach the stationary plates. This they can do by moving counter-
* clock-wise, the shape of the stationary plates being such that this
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movement reduces the distance between them and the moving element.
The deflection is read on the scale, spiral springs being used as the con-
trolling force.

The insulation is the most important feature in an instrument of
this type intended for high voltages; the use of oil has many advantages
which may be summarized as follows:

(1) The distance between the operating elements is lessened, and
the actuating forces are greatly increased, due not only to the smaller

Line

Fic. 48. Mechanism of the Westinghouse static voltmeter for extra high voltages.’

distance between the parts, but also to the increased specnﬁc inductive
capacity of oil over air.

(2) Oil acts as a dampener and makes the instrument nearly ‘ dead-
beat.”

(3) The oil buoys up the moving element, practlcally reinoving all
weight from the bearings. This does away with friction and makes
the instrument much more accurate.

44. Summary of the Above Described Types of Instruments. —
Thus, summing up the above types of voltmeters and ammeters, used
in practical engineering work, we have: soft iron instruments are the
cheapest and are used for both D. C. and A. C. work where no particular
accuracy is required; for accurate D. C. work moving-coil instruments
are employed exclusively; electro-dynamometer type and hot-wire
instruments are used for accurate A. C. measurements. Recently,
portable induction-type instruments are being introduced for this
purpose, though so far they have been mostly used for A. C. switch-
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board work. Electrostatic voltmeters are used to some extent for
high-tension measurements, and in special research work.

45. Requirements for Good Ammeters and Voltmeters. — The
principal requirements for a good measuring instrument are:

(1) Permanency of calibration;

(2) Insensibility to stray magnetic fields;

(3) ‘“ Dead-beat’’ quality, i.e., the instrument should not swing too
long before giving a definite indication;

(4) Suitable character of the scale.

All these requirements are met to a larger or smaller degree in modern
ammeters and voltmeters. However, the more strict the requirements,
the more expensive becomes the instrument; it is therefore advisable
not to demand greater accuracy than a specific case may require. In
discussion of the above requirements, it may be said that

(1) The calibration may be affected by a change of form or relative
position of parts inside of the instrument; by an increased friction in
pivots; by ageing of springs or of iron; by permanent magnets losing
part of their magnetism.

(2) Some of the above-described types of instruments are inher-
ently less affected by external stray fields than others, and all of them
can be sufficiently protected by being inclosed in a cast-iron case.
Hot-wire instruments are practically unaffected by stray fields, since
their action is not based on a magnetic effect; induction instruments
are affected very little, since their air gap is small and their own field
quite strong. Electro-magnetic instruments are affected the most, and
should never be placed near dynamos, or on a switchboard within a
loop of bus bars and cables carrying strong currents. Electro-dyna-
mometer type instruments are affected by terrestrial magnetism when
used on direct current; therefore in accurate measurements it is essen-
tial to reverse the current in the instrument and to take the average
of two readings.

(8) The “ dead-beat’’ quality is always desirable in an instrument,
though usually it can be attained only by the addition of an extra
damping device. An aluminum vane is quite frequently used for this
purpose, the damping being attained either by the resistance of the air
to the movement of the vane, or by placing the vane between the poles
of a permanent magnet, so as to induce in it eddy currents. Moving-
coil instruments are easily made ¢ dead-beat’’ by making the frame
of the moving coil of aluminum. Fddy currents induced in it by the
permanent magnet are sufficient to make the instrument dead-beat
(the word ‘“ aperiodic "’ is sometimes used instead of the expression
“dead-beat ).
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(4) Different types of instruments have a somewhat different char-
acter of scale. The scale of moving-coil instruments is usually perfectly
regular, all divisions from zero to full scale being equal (Fig. 33). On
the other hand, hot-wire instruments have rather an irregular scale,
divisions being crowded on the lower part of the scale (Fig. 41), so
that the instrument can be read with fair accuracy at not less than 40
per cent of its full range. Sometimes the scale is made suppressed on
purpose in its lower part so as to have larger divisions in the useful
range of the instrument. In instruments based on the hot-wire or
dynamometer principle, the scale is, of necessity, irregular, since the
deflecting force is proportional to the square of the current. A regular
scale 13 by no means always desirable in switchboard service, though it is
very convenient in testing and for experimental purposes. since it

increases the useful range of the instrument.
L ]

46. EXPERIMENT 2-A.—Study of Ammeters. — The purpose
of the experiment is to learn the construction, good qualities and limita-
tions of the principal types of instruments described in §§ 36 to 43. This
should help the student to handle instruments properly in his future
work, and to select intelligently the right instruments for a given pur-
pose. The instrument to be investigated must be connected into a
circuit; if necessary another instrument, used as a standard, must be
also connected into the same circuit, in order to observe the compara-
tive behavior of the two. There are many points in regard to which
two instruments of the same range and of different type may be com-
pared to each other; the following are among the most important:

(1) Are there any defects in the construction, such that the instru-
ment cannot possibly have a permanent calibration?

(2) Is the instrument ‘‘ dead-beat,”’ and if not, how can it be made
dead-beat in the most convenient way? The degree of being ‘‘ dead-
beat ”’ can be measured by suddenly closing the circuit on a current
that gives a certain per cent of full scale deflection, say 60 or 70 per cent,
and by observing the time which it takes for the pointer to become
steady at this point. This method of defining the ‘““dead-beat ’ degree
is entirely arbitrary, but if the same procedure is used on all the instru-
ments under test, the results are comparable among themselves.

(3) If the instrument is absolutely dead-beat (aperiodic) note how
long it takes the pointer to assume its final deflection. Also see to
what degree the moving part is capable of following rapid fluctuations of
current. This point is particularly important in hot-wire instruments;
they are somewhat sluggish on fluctuating loads, bLecause it takes a
certain length of time for a wire to change its temperature. Charac-
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terize this sluggishness numerically, by varying the current up and
down at a certain speed and by a certain percentage; observe the beha-
vior of the instrument under test, as compared to that of the standard
instrument. :

(4) See if the pointer always returns to zero, or at least to the
same point, when the circuit is opened; if not, investigate the cause.
In hot-wire instruments a special screw, accessible from the outside,
is provided for setting the pointer at zero; it is denoted by S in
Fig. 41.

(5) Can the instrument be used indifferently in a vertical and hori-
zontal position ? Is the moving part sufficiently well balanced so that
small differences in the position of the instrument do not affect the cali-
bration ?

(6) What kind of force is used to deflect the pointer from zero
position, and 'what is the resisting force ?

(7) How explain the character of the scale (regular, crowded on one
side, etc.) by the character of the moving and resisting forces? What
changes should be made in the instrument to get a scale more regular,
or still more suppressed on one side ?

(8) Is the instrument conspicuously bulky and heavy, as a result
of a particular construction adopted ? What are the principal materials
used, and what, in your opinion, are the most important and expensive
operations in manufacturing the instrument ?

(9) Is the calibration affected by the temperature, and if so, how
much ? Is there in the instrument any compensation for the influence
of temperature ? Some alternating-current voltmeters have a small
thermometer on the face of the instrument, and an adjustable rheostat
in series with the multiplier. In some hot-wire instruments the plate
on which the wire is stretched is made of a material having the
same expansion coefficient as the wire itself; in this way no stresses
are produced in the wire by changes in temperature of the surround-
ing air.

(10) If the instrument has a shunt, determine if the same has a
negligible temperature coefficient, in other words, if the calibration
of the instrument changes because of the heating of the shunt.

(11) Determine in how far the instrument is affected by stray
magnetic fields and a proximity of large iron masses. Does the iron
case of the instrument shield it entirely from these influences, and
does it not introduce an error by itself ?

(12) Is the instrument influenced by terrestrial magnetism? Is
there any means for eliminating this influence, for instance, by revers-
ing the current and taking an average of the two readings ? Is there
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any position of the instrument with respect to the meridian, such that
the above influence becomes a minimum ?
(13) Does the instrument show an appreciable hysteresis effect,
so that indications on increasing and decreasing currents are different ?
(14) TIs the calibration the same on D. C. as on A. C., and if not,
what is per cent difference and the cause of the difference ?

(15) Is the calibration affected by the waveform of alternating
current ?
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Fia. 49. A portable volt-ammeter with several ranges.

(16) What is the energy consumption in the instrument itself, and how
does it compare with that of other instruments having the same range ?

Report. Describe the general arrangement of the test, the construe-
tion of the instruments used, and give the calibration curves. Also
answer for each instrument studied the above 16 questions. Do not
repeat the questions; simply refer to them by number.

47. EXPERIMENT 2-B. —Study of Voltmeters. — The experi-
ment is performed in the same way as experiment 2-A.

48. Combination Volt=Ammeters. —It is convenient in some cases
to have a portable combination volt-ammeter (Fig. 49) for all-round
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testing purposes, or as a secondary standard. The ammeter in the
set shown in the sketch is provided with six different shunts covering
the range from 25 to 1000 amperes; the voltmeter is provided with
two multipliers by means of which its original range can be increased
two or four times. Of course, it is not necessary to have the same
range in all cases; the shunts and the multipliers must be selected so
that the set would cover as much as possible the total range of the
work for which it is intended to be used.

49. Polyphase Boards. —In many practical cases, especially in
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Voltmeter Plug Holes

Fic. 50. A plugging arrangement for using one ammeter, one voltieter, and one
wattmeter in several circuits, without interrupting the main current.

polyphase work, it is necessary to measure currents and voltages in
more than one part of the circuit. At the same time it is not always
possible or convenient to have a sufficient number of ammeters and
voltmeters. In such cases so-called polyphase boards may be used,
by means of which one ammeter and one voltmeter may be connected
in succession to several independent circuits or parts of a circuit. The
polyphase boards described below may be used with any number of
circuits up to four.

(a) Plug-type board. The polyphase hoard shown in Fig. 50 is
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very convenient for laboratory purposes. The line wires, in which
it i8 desired to measure currents, are connected to the terminals ¢ and
s of the board. When the plug P is out, the circuit of each wire is
closed from ¢ to the left socket s and through the spring r to the right
socket 8. If it is desired to measure current, say in line 1, the plug P
is inserted in the corresponding receptacles ss as far as it will go. The
pin p enters the hole h and opens the spring contact r, as shown by the
dotted lines. But before the circuit is opened at r, it is shunted between
the receptacles ss through the ammeter Am. When the plug is taken
out, the spring closes the circuit at r before the ammeter circuit is
opened. In this way the line circuit is never completely opened, and
there is no sparking at r or fluctuation of the load.

The receptacles ¢ are intended for two voltmeter plugs Q. By
inserting these plugs in any two receptacles, the voltage may be meas-

Fic. 51. A controller for connecting an ammeter and a wattmeter into several lines
in succession, without opening the main circuit.

ured between any two lines or phases. The same polyphase board
accommodates, if necessary, a wattmeter. The current winding of the
wattmeter is connected in series with the ammeter, the potential
winding in parallel with the voltmeter. Inserting the plugs P and Q
automatically connects the ammeter, the voltmeter and the watt-
meter in the desired phases.

(b) Controller-type board. Another convenient device for the same
purpose is shown in Fig. 51. It is intended for transferring the amme-
ter only from one circuit to another. A separate switch must be used
for transferring the voltmeter, as with the polyphase boards shown
in Figs. 52 and 53. The device is an ordinary drum-type controller;
the lines and the ammeter leads are connected to stationary fingers.
The revolving drum is provided with copper contacts which establish
the required connections between any of the lines and the ammeter.
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When the pointer on the handle shows  line 1,” the ammeter meas-
ures the current in this line; when the handle is in one of the ¢ O ”
positions, all the lines are connected direct, and the ammeter is out

Fie. 62. A polyphase board with one multi-throw switch for currents.

of the circuit. This type of polyphase board is very convenient to
handle, especially when readings must be taken in rapid succession.

Fi16. 63. A polyphase board with three double-pole double-throw switches for currents.

(c) Boards with knife-switches. The boards shown in Figs. 52
and 53 are not so convenient in operation as the two devices described
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above, but they can be built with less difficulty, by using ordinary
knife-switches. The ammeter and the voltmeter switches are entirely
separate. The lines are connected to four pairs of terminals ¢), ¢,, t3
and ¢, When the switches B;, By, B3 and B, are closed, the currents
flow directly through the lines, outside the ammeter. To read am-
peres in phase 1, throw the central radial switch S (Fig. 52) in posi-
tion 1, and open the switch B;. The current from the left terminal
t; flows through the left blade of S, connection n, ammeter Am, con-
nection m and the right blade S to the right terminal ¢, and to the line.
Resistances r in series with the switches B are intended to compensate
for the resistance of the ammeter and the leads, so that the total resist-
ance of the line remains the same, whether the switch B is open or
closed. ’

The polyphase board shown in Fig. 53 differs from that of Fig. 52
in that the connections are accomplished in it by three ordinary double-
pole double-throw switches P, @ and R, instead of by a special radial
switch S. :

50. Recording Instruments. — It is of importance in power stations
to have a continuous record of the performance of electrical machinery,
partly as data for economic and engi-
neering calculations, partly as a check
on station attendants. Recording
ammeters, voltmeters, wattmeters,
etc., are used for this purpose. The
record is traced automatically on a
strip of codrdinate paper by a pen
fastened to the end of the pointer
of the instrument. The paper is
moved at a constant speed by a clock
mechanism. Any of the indicating
instruments described in §§ 36 to 43
may be adapted to be used as a
recording instrument. Fig. 54 shows
a Bristol recording ammeter based on
the electro-magnetic principle. A
is the stationary coil through which
the current to be recorded flows.
The magnetic field produced by the
coil attracts the soft iron disk B
which rests on knife-edge supports
C and D. The supports have a lateral spring action, which opposes
the movement of the disk. The motion of the disk B is transmitted

Fi1e. 64. The Bristol recording
ammeter.
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to the recording pen-arm E, which traces a record on a sheet of paper,
as shown in Fig. 55. The paper is driven by the clock mechanism
shown in the upper part of the instrument. One revolution of the
paper may be had in 24, 6 or even 1 hour, as desired.

Fig. 56 represents a recording ammeter based on the moving-coil
principle; the ammeter movement proper is in the upper part, the

Fic. 65. A 24-hour record taken on a fluctuating load.

recording drum and the clock are underneath. A shunt connected
into the main line is shown below the instrument. There are similar
instruments on the market, based on the hot-wire and on the electro-
dynamometer principles.

The imperfections common to the above recording meters are:

(1) The friction between the pen and the paper impairs the accu-
racy of the record; or else it necessitates making instruments with a
high torque, consequently with a considerable power consumption.
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(2) The clock must be periodically wound up.

(3) The records are made either on a circular sheet (Fig. 55) which
has to be replaced each day, or on a roll of paper with curved coordi-
nates (Fig. 56); in either case the records are in a form inconvenient
for calculations or for the use of a plani-
meter.

These objections are eliminated in re-
cording meters operating on the “relay”

.principle and described in the next para-

graph. The improvement is, however,
obtained at a considerably increased cost
and complication of the instrument.

51. Recording Meters Operating on
the Relay Principle. — The three above-
enumerated objections are eliminated in
the following way in meters operated on
the relay principle:

(1) The movement proper of the meter
operates merely a set of contacts (Fig. 57)
which close an auxiliary circuit. This cir-
cuit energizes the solenoids which operate
the pen; a comparatively large amount of
energy is not objectionable in this case, nor
does friction in any way impair the accu-
racy and sensitiveness of the instrument.

(2) The clock mechanism which moves the paper is made electri-
cally self-winding, say once

F16. 56. A recording ammeter
with a moving-coil mechanism.

Soesly Circut an hour, and does not re-

3 quire any attention.
K = VR (3) The recording pen is
. {L_-E;L i [ ~ made to move across the
s paper in a straight line, and
e 35 the record is obtained on a
continuous sheet of paper
* P P ruled with rectangular coor-

o c dinates.

A complete set of record-

ing instruments embodying
these features are built by
the Westinghouse Electric
and Manufacturing Company. The ammeters, voltmeters and watt-
eters operate on the dynamometer principle used in the Kelvin

Fic. 57. A diagramn of the Westinghouse re-
cording voltmeter, showing the relay principle.
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balance (Fig. 74); frequency meters, power factor meters, etc., are
built with the same movement as in the corresponding indicating
instruments (Figs. 375 and 85).

A recording voltmeter of this type is illustrated in Fig. 58; the details
of connections are shown
in Fig. 57. The instru-
ment has four stationary
coils and two movable
coils between them, ar-
ranged exactly as in the
Kelvin balance. The
movable part is provided
on the left side with a
contact arm which closes
one or the other of the
two contacts between
which it swings. The
auxiliary D. C. source
is represented schemati-
cally by a battery; the
two solenoids CC which
operate the pen are con-

‘ - nected in parallel, and

Fic. 68. The Westinghouse graphic recording volt- each is connected to one

meter. of the above mentioned

contacts. The condensers KK and the resistance R are for the

purpose of eliminating sparking at the contacts. The leverage MM

of the pen is connected by the spiral spring S to the movable part
of the voltmeter.

The six coils constituting the voltmeter itself are all connected in
series across the circuit in which is desired to record the voltage; VR
is the multiplier. Suppose that the position of the pen at a certain
moment corresponds exactly to the voltage of the line, and both con-
tacts are opened. If the line voltage drops, the spring S overcomes the
attraction between the movable and the stationary coils and closes
the upper contact. A current flows from the battery into the left
solenoid C, a pull is exerted on the plunger P, and the pen begins to
move to the left tracing a record. The movement of the pen reduces
the tension of the spring S; when the pen arrives at the right point,
the electro-magnetic pull between the stationary and the moving coils
of the voltmeter becomes just sufficient to overcome the tension of the

l
u
|
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spring, and the contact is broken. The pen remains in this position
until a new change in voltage occurs.

In reality the pen follows variations in voltage almost instantane-
ously. The pen (Fig. 58) is made of glass and is provided with a reser-
voir of a sufficient size to hold ink for a continuous record of two months.
The quickness of motion of the pen is regulated by two dash-pots con-
nected to the moving coils. The sensitiveness of the record may also
be varied by adjusting the distance between the contacts. The rate
of feed of paper may be varied within certain limits.

52. Recording Ammeters for Rapidly Fluctuating Loads. — The
above-described recording instruments are not suitable for accurately
recording rapidly fluctuating currents, such, for instance, as are taken
by street cars during periods of starting and accelerating (Fig. 512).
Instruments are required in this case which possess a powerful torque
combined with a high rate of paper feed; in addition the instrument
must be able to stand the vibrations of an electric car. An ammeter
of this kind has been built and successfully applied to car tests by the
General Electric Company. A description of the instrument may be
found in an article by Mr. A. H. Armstrong, in the Transactions of
the A. I. E. E., Vol. XXII, p. 689. Another arrangement with which
any ordinary ammeter may be used is shown in Fig. 511. The device
is non-automatic; the observer has to follow the ammeter pointer
with a handle which traces the record.*

53. EXPERIMENT 2-C. —Study of Recording Instruments. —
Different types of recording instruments are described in §§ 50 to 52.
The points to be investigated are:

(1) Construction of the indicating and of the recording parts

(2) Promptness of response to sudden fluctuations.

(3) Pen friction and its influence on the sensitiveness of the instru-
ment.

. (4) Character of the scale of the record.

Report. State your findings and explain how you would figure out
the average current or the average voltage, if the record has curved
cobrdinates as in Fig. 55.

* See also Ashe and Keiley, Electric Ratlways, pp. 48 and 50.



CHAPTER III.
AMMETERS AND VOLTMETERS — CALIBRATION.

54. Primary and Secondary Standards. — The absolute values of
the ampere, volt and ohm are established by an international agree-
ment, and primary standards of these quantities are maintained by
the respective governments — in this country by the Bureau of Stand-
ards of the Department of Commerce and Labor. Whatever the
theoretical reasons are for the selection of certain values as units,
for practical purposes they are as arbitrary as the standard inch or
the pound. The industry merely demands that the units be of a con-
venient size and easily reproducible with a sufficient accuracy.

It is not necessary to have primary standards of all the three quan-
tities — the volt, the ampere and the ohm. According to Ohm'’s
law, when two of these are known, the third is represented by their
product or ratio. The unit of resistance, or the international ohm,
is officially defined as being represented by the resistance of a column
of mercury of a certain length and mass, and at a specified tempers-
ture. The international ampere is defined as the current which deposits
in one second of time a specified quantity of silver out of a solution of
nitrate of silver, under certain definite conditions. As a consequence,
the international volt is the e.m.f. which, being applied at the termi-
nals of a standard ohm, produces in it a current equal to one ampere
(an act of July 12, 1894).

The mercury ohm and the electro-chemical ampere are standards
hardly suitable for practical purposes. Secondary standards are
therefore used in practice, calibrated to these. The most popular
secondary standards are: Resistances made of wire or strip, and
standard cells for producing known e.m.f’s. Current is determined
either as the ratio of volts to ohms, or standard ampere balances are
used (§72). :

The calibration of ammeters and voltmeters with a standard cell
requires rather delicate and complicated arrangements and allows
of an accuracy not needed for many practical purposes. In places
where many instruments must be calibrated in a comparatively short
time, and extreme accuracy is not required, it is customary to use

good ammeters and voltmeters as intermediate standards; they are
’ 64
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checked from time to time with the primary standards kept in the:
laboratory. We shall first describe simple calibrations by means of
intermediate standards, and then give the methods for checking the
standard instruments themselves.

§5. Calibration of D. C. Ammeters with a Standard Milli=Volt=
meter and a Shunt. — Standard D. C. instruments are invariably of the
moving-coil type, because of the accuracy and sensitiveness of this con-
struction. As was explained in § 38 ammeters based on this principle

Std. Milll-voltmeter

;——-W Ammeters to be Calibrated
/

] K,

o Py

Fic. 89. Calibration of ammeters with a standard shunt and a standard milli-voltmeter.

Shunt

are in reality milli-voltmeters which measure voltage drop across a shunt

(Fig. 35). Therefore, a standard milli-voltmeter and a set of standard-

ized shunts covering the required range of currents is all that is necessary

for calibrating D. C. ammeters (Fig. 59). The ammeters to be cali-

brated are connected

to a steady source of

direct current in series

with a standard shunt

and the regulating re-

sistance R. A stand-

ard milli-voltmeter is

; connected across the

I terminals of the shunt.

The current is ad-

justed  to a desired

value, and the am-

meters and the milli-

voltmeter are read

simultaneously; the

currentischanged,new
readings taken, ete.

A standard milli-voltmeter for accurate calibration is shown in TFig.

60; it is similar to ordinary portable instruments, but is several times

Fi. 60. The Weston standard semi-portable voltmeter
(or milli-voltmeter).
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larger and has a scale shown in Fig. 61. With this scale parts of divi-
sions may be read much more accurately than with an ordinary scale,
such, for instance, as in Fig. 33. The calibration of the instrument
depends to a slight degree upon its temperature; a thermometer is
provided on the base of the instrument so that the necessary correction

F16. 61. The precision scale used in Weston standard instruments.

may be taken into account. The scale is provided with a mirror (Fig.
61); in taking readings the observer’s eye must be in such a position
that the end of the pointer is seen to cover its image in the mirror.

The results of the calibration are given either in the form of a table,
or a curve is plotted giving true amperes to actual readings as abscisse.
Some prefer to plot calibration curves in the form shown in Fig. 62,

1.
o 3
2 0.5] N —_
=
E 2 80 10 K\ 0 GV ) )_& 9 [Actual
I ..? b \‘ rAA\ ll»«* In|
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Fic. 62. Calibration curve of an instrument.

instead of true readings, corrections only are given, in scale divisions
or in per cent.

If a wide range of amperes is to be covered, one shunt is not suffi-
cient. Suppose, for instance, that the milli-voltmeter gives a full
scale deflection with a current of 1000 amperes flowing through the
shunt. With 100 amperes the deflection will be only 10 per cent of
the scale; it is hardly advisable to go below this, as the accuracy of the
readings is impaired. Thus below 100 amperes another shunt of ten
times the resistance is required; it will give a full scale deflection at
100 amperes and may be used down to 10 amperes. The next'shunt
will serve from 10 to 1 amperes, etc.

Not only ammeters, but milli-voltmeters and shunts may be ecali-
brated in a similar way. To calibrate a shunt, connect it in series
with a standard shunt (Fig. 59) and measure the voltage drop with
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a calibrated milli-voltmeter, first across the standard shunt, and then
across the shunt to be calibrated. If the line current is constant,
the ratio of readings will give the ratio of resistances of the two shunts.
An ammeter should be kept in the circuit to be sure that the current
remains unchanged between readings. It is well to use a double-
throw switch with mercury contacts when changing the milli-voltmeter
from one shunt to the other; ordinary knife-switches have an appreci-
able contact resistance, which may vitiate the results.

To calibrate a milli-voltmeter it is connected across a shunt in parallel
with a standard milli-voltmeter, and simultaneous readings are taken
on both instruments.

56. EXPERIMENT 3-A. —Calibrating D. C. Ammeters with
a Milli-Voltmeter and a Shunt. — The method is explained in the pre-
ceding paragraph. Connect several ammeters as in Fig. 59 and cali-
brate them throughout their range. Then calibrate a shunt; give its
temperature correction, if any. Calibrate a milli-voltmeter; see if the
length of the leads and the presence of a switch in the circuit influence
the indications.

Report some of the results in the form of curves showing true amperes
to actual readings as abscisse; other results in the form of correction
curves, as in Fig. 62.

57. EXPERIMENT 3-B. — Calibrating A. C. Ammeters with
Intermediate D. C. — A. C. Standards. — Hot-wire and dynamometer-
type ammeters (§§ 40 and 41) may be calibrated with direct current, as
in Fig. 59, and used with alternating currents. One precaution neces-
sary when using an electro-dynamometer on direct current is to eliminate
the influence of the terrestrial magnetism on the moving coil. This
influence is reduced to a minimum by placing the moving coil in a plane
perpendicular to the magnetic meridian. It is also well to take readings
with the same current flowing through the instrument in both direc-
tions and to average the two deflections. Precision dynamometers
are made astatic, that is to say, they have two stationary and two
moving coils, one system above the other. The direction of the cur-
rents is such that the influence of the terrestrial magnetism is cancelled.

Soft-iron and induction-type ammeters (§§ 36 and 42) must be cali-
brated with currents of the same frequency for which the instrument is
intended to be used. If an accurate A. C. standard, such as a Kelvin
balance or a precision dynamometer, is not available, the instruments
may be calibrated by using intermediate D. C.-A. C. standards (Fig.
63). Hot-wire instruments are particularly well adapted to be used
as intermediate standards. The double-pole double-throw switch § is
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first thrown to the left, and the hot-wire instrument C is calibrated
with the direct current standard instrument A. Then the switch is

D.C. 8td Ammeter tﬁﬁg::::gd

o T o o .
pc. A \Gﬁ AC.

Supply 8 Supply
o — o o

A. C.—D. C. Ammeter.

Fic. 68. Calibration of an alternating-current ammeter by means of an intermediate
A.C. —D.C. instrument.

thrown to the right and the instrument B is calibrated with C, using
alternating current. It is important that the hot-wire instrument

Fi1e. 64. C(alibration of voltmeters.

should preserve its zero during the test; it may be set to zero by the
regulating screw S (Fig. 41).

58. EXPERIMENT 3-C. — Calibrating D. C. Voltmeters with
a Standard Voltmeter. — The connections are shown in Fig. 64; the
voltmeters V;,V,, V3, etc. are connected in parallel between two bus-
bars A-m and b-n. The terminals a and ¢ of a high-resistance rheostat
are connected across the source of supply; by means of the sliding arm




Crar. 3] AMMETERS AND VOLTMETERS — CALIBRATION. 69

H connected to b, any part of the total line-voltage may be applied at
the terminals of the voltmeters. When H is in position a, the pres-
sure between m and n is = 0; when H is in the position ¢, the total
line-voltage is applied between m and n. One of the voltmeters
is a standard instrument with which the others are to be compared.
An ordinary embedded-type field rheostat is convenient for use as a
voltage regulator. It usually has only two terminals @ and b; it is
easy to solder to it a third terminal c.

Calibrate the voltmeters with and without multipliers; see if the
instruments themselves or the multipliers have an appreciable tem-
perature coefficient. Plot calibration curves as specified in § 56.

A.C.
Supply

Fie. 65. The Leeds & Northrup comparator, for accurate measurement of alternat-
ing currents and voltages.

59. EXPERIMENT 3-D. —Calibrating A. C. Voltmeters with an
Intermediate D. C. — A. C. Standard. —The arrangement of the test
is similar to that of § 57, except that the instruments to be calibrated
are connected in parallel as in Fig. 64.

60. Leeds and Northrup Comparator. — To avoid the necessity of
using an intermediate standard, as in Fig. 63, Dr. E. F. Northrup
devised an ingenious comparator shown diagrammatically in Fig. 66.
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By means of it any A. C. ammeter or voltmeter may be calibrated
directly with a D. C. standard. The comparator is essentially a differ-
ential hot-wire instrument, which shows zero when the alternating and
the direct currents to be compared are equal.

Two identical wires a and b are stretched between the bases C and D
and have a small mirror M fastened to them. A spring s pulls the wires
backward, and keeps them taut. When a current is sent through one
of the wires, that wire is heated and slackens; the spring s deflects the
mirror, and the deflection is read by means of a telescope and a scale,
as with an ordinary galvanometer. If the same current flows simul-
taneously through both wires, they recede by the same amount, and
the mirror continues to show zero.

The actual zero of the instrument is determined by sending a direct
current through both wires connected in series. Then an alternating
current is sent through the wire to the right and the A. C. ammeter to
be calibrated. A direct current is sent through the other wire and the
standard ammeter. By regulating the rheostats R, and R;, the values
of the currents are adjusted until the mirror comes back to zero. Then
the currents flowing through the two am-
meters are equal to each other. For the sake
of simplicity, total currents are shown
flowing through the hot wires. In reality
shunts are used on both sides, so that only -
a small part of total currents passes through
the comparator. The same comparator pro-
vided with suitable multipliers may be used
for calibrating A. C. voltmeters.

61. Duddell Thermo-Galvanometer. —
For a long time there has been felt the need
of an instrument for measuring small alter-
nating currents with the same accuracy with
which small direct currents are measured
with moving-coil galvanometers. In § 37
it is explained that moving-coil instruments
cannot be used on alternating currents
because of the unidirection effect of the
permanent magnet. Mr. Duddell ingen-
iously combined the moving-coil and the
Fio. 66. The Duddell ther- hot-wire principles (Fig. 66) and obtained

mo-galvanometer. an extremely sensitive A. C.~D. C. instru-
ment with a wide range. The alternating current to be measured is
sent through a resistance or the “heater’’ shown on the bottom." The
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heat of the current affects the thermal junction Bi-Sb (bismuth-
antimony) which produces a direct current in the loop C. The same
is deflected by the permanent magnet NS against the torsion of the
quartz fiber Q. The sensibility of the instrument depends upon the
resistance of the heater and upon its distance from the thermal junc-
tion. The instrument can evidently be calibrated with direct current
and used with alternating currents. There is no doubt that this thermo-
galvanometer will become of importance in measuring high frequency
A. C. currents, notably in wireless telegraphy, telephone transmission,
X-ray tubes, etc. The instrument is well suited to be used as an inter-
mediate D. C.-A. C. standard.

62. Standard Cells. — Standard voltmeters and milli-voltmeters
used for calibration, as described in §§ 55 and 58, are sufficiently accu-
rate for most practical purposes, provided they are periodically com-
pared to a primary standard of e.m.f. The so-called ‘‘standard”’
cells, which are special primary batteries, are used at present for repre-
senting the normal value of the volt.

The standard cell used at present is the Weston cadmium’ cell; its
construction and chemical composition are shown in Fig. 67. There
are two forms of cadmium cell, in one of which the cadmium sulphate
solution contains solid crystals of cadmium sulphate — this cell is
known as the saturated form. The other form, in which the solution is
saturated at 4 degrees C., is called the unsaturated form. It has prac-
tically no temperature coefficient. The normal value of the e.m.f. of
this cell is 1.01985 volt, at any temperature between 10 degrees C. and
35 degrees C. The saturated form has a slight temperature coefficient;
its electromotive force, at any temperature, is given by Jaeger as:

1.0186 — 0.000038 (¢ — 20 degrees) — 0.00000065 (¢t — 20 degrees)3
volts.

The unsaturated form is not so reliable for extremely accurate scientific
research, as the standard form; but it is sufficiently accurate and more
convenient for ordinary engineering work. With some skill and experi-
ence, a standard cell may be constructed with comparatively simple
means at hand. For detailed specifications of materials and for other
instructions see a paper by Profs. Carhart and Hulett in the T'ransac-
tions of the International Electrical Congress, St. Louts, 1904, Vol. II,
p- 109.

Previous to the introduction of the Weston cadmium cell, the Clark
standard cell was universally used. It differs from the Weston cell in
that zinc is used instead of cadmium. The e.m.f. of the Clark cell is
1.434 volt at 15 degrees C.; it decreases by 0.00115 volt for each 1
degree C. increase in temperature, between the limits of 10 degrees and
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25 degrees. Prof. Carhart improved the Clark cell by saturating the
solution of zinc sulphate at O degree C. The e.m.f. of the Carhart-
Clark cell is 1.440 volt; its temperature coefficient is about half of that
of the Clark cell.

A very important precaution should be observed in handling stand-
ard cells not to draw any appreciable current from them. The cell

+ -

Fii. 67. Cross-section of a Weston standard cell.

becomes polarized almost instantly, and it is doubtful if it ever suffi-
ciently recovers, to be reliable as a standard. The Weston cell should
never be closed on a resistance of less than 10,000 ohms, a greater resist-
ance being preferable.
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63. Principle of the Potentiometer. — Instruments by means of
which voltages are measured in comparison with a standard cell are
called potentiometers (Figs. 68 and 69). They are used for very accu-
rate measurements of currents, voltages and resistances and for cali-
bration of the corresponding instruments. With a potentiometer,
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Fia. 68.  The potentiometer principle of comparing voltages.

voltages from a fraction of a millivolt to several thousand volts can
be accurately compared to the e.m.f. of a standard cell, and currents
measured from a small fraction of an ampere to many thousand

amperes.
The ordinary potentiometer connections are shown in Fig. 68; for
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a clear understanding of the principle involved the student should
keep in mind two points: ,

(a) The standard cell balances the unknown voltage, but is not
used as a source of current.

(b) The “zero” method is used so that it is not necessary to know
the galvanometer constant.

A slide-wire ST is connected in series with one or two storage cells
Ba. and a regulating rheostat K; a constant current is thus established
in ST. Any desired voltage drop may be had between the contacts
C and D by moving them along the slide-wire, or by regulating the

rheostat K. The contact C is for crude regulation, D for fine regula-
tion. The drop between C and D is balanced against the standard
cell and against the unknown e.m.f. in succession. A balance is recog-
nized by the galvanometer needle returning to zero. The ratio of the
lengths C-D in the two cases is equal to the ratio of the e.m.f.’s under
comparison, provided the current in ST remains constant. By means
of the double-throw switch L connections are conveniently changed
from the standard cell to the unknown e.m.f., and back.

In order to make the arrangement direct-reading, the contacts C and
D are set beforehand so as to balance the voltage of the standard cell
at the proper divisions of the scale — in case of the Weston cadmium
cell about 1.02 volt. (See § 62.) The switch L is thrown to the
left, and the rheostat K adjusted until the galvanometer returns to
zero. Then the switch is thrown to the right, and the galvanometer
balance again obtained by shifting C and D. With the position shown
in the sketch, the unknown voltage is 0.620 volt.

The potentiometer scale usually has a range of 1.5 volt so that only
voltages below this limit can be directly compared to that of a stand-
ard cell. For voltages above 1.5 volt a multiplier, or the so-called
“ volt-box,” is used, shown on the bottom of the sketch. It consists
of a high resistance with one or more taps at a known part of it, say
1/10, 1/100, etc. The unknown e.m.f. is connected across the ter-
minals m and n; the terminals p and g are connected to the terminals
BB of the potentiometer. Let, for instance, the unknown voltage be
about 110 volts and the resistance between p and ¢ be 1/100 of the total
resistance of the volt-box. Then the voltage drop across pg is only
about 1.1 volt and can be directly compared to the e.m.f. of the stand-
ard cell. Multiplying the result by 100 we get the actual unknown
voltage.

64. EXPERIMENT 3-E. — Study of a Simple Potentiometer. —
Before attempting to use the accurate and delicate potentiometers it is
desired that the student make clear to himself the working principle of
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the potentiometer, according to the simple diagram shown in Fig. 68.
A German-silver wire stretched along a uniform scale may be used as
the slide-wire; ordinary voltmeter leads with knife-edge terminals for
contacts C and D.

(a) Connect the circuits as shown in Fig. 68 and practice in com-
paring two e.m.f.’s small enough to be within the range of the slide-
wire. It is not necessary to use a standard cell; any dry cell of which
the e.m.f. has been previously determined will serve the purpose.

(b) Arrange the connections for measuring amperes by means of a

Fic. 69. The Leeds & Northrup potentiometer.

standard shunt (Fig. 59); use the potentiometer in place of a milli-
voltmeter.

(¢) Compare two resistances by measuring the drop at their ter-
minals (Fig. 2). .

(d) Finally improvise a volt-box and make clear to yourself the
method of measuring voltages beyond the range of the slide-wire.

65. Leeds and Northrup Potentiometer. — A convenient form of
potentiometer for ordinary engineering work is the Leeds and Northrup
instrument (Fig. 69). The connections are shown in Fig. 70; the
same notations are used as in Fig. 68. The larger portion SO of the
slide-wire is replaced by 15 five-ohm resistance coils in series, with
their terminals connected to contact buttons. This arrangement
permits of having a considerable resistance without increasing the size
of the instrument. The dial and the handle corresponding to the con-
tact C are visible in Fig. 69 behind the switches. The part of the
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slide-wire between O and T is wound on a marble cylinder and is about
16 feet long, its resistance being exactly 5 ohms. - The contact D is
mounted inside of an aluminum hood and moves up and down with
the hood as it turns on a heavy screw projecting from the center of
the marble cylinder. The slide-wire makes 10 turns on the cylinder,
so that each turn corresponds to 0.01 volt. It is easy to read on the
circular scale at least 1/100 of a turn, so that voltages can be accurately
read down to 0.0001 volt or 1/10 millivolt.

For measuring very low voltages a 10 times greater accuracy may
be obtained by introducing the shunt 10:1 (Fig. 70); this is done by

Shunt 121

AAAAAAAAAN
VVVVVYVVVYY

Std. Cell -
Fic. 70. Diagram of connections of the Leeds & Northrup potentiometer,

changing the plug shown to the left, from the hole 1, to that marked -
0.1; the plug and the receptacles are clearly seen in Fig. 69. The
resistance of the shunt and that of R bear such a ratio that when the
shunt is applied, the voltage drop across the circuit SOT is reduced
10 times, provided the battery current remains the same. This gives
the potentiometer a range from 0.15 volt to 0.00001 volt, or 1/100
millivolt. The connections to the standard cell and to the unknown
e.m.f. are similar to those shown in Fig. 68. The switch-key V in the
galvanometer circuit has three positions; in the two left positions some
protective resistance is connected in series with the galvanometer.
This is to prevent violent deflections of the galvanometer before the
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balance is obtained, and also to protect the standard cell against exces-
sive currents which might polarize it.

The connections are such that the contacts C and D are used for
obtaining balance with the unknown e.m.f. only, but not when adjust-
ing the current — this being done by means of the resistance K. It
will be seen from the sketch, that the standard cell is connected between
the point .5 of the potentiometer resistance and the sliding contact
on the dial to the left, marked ‘‘ Temp.” (temperature). The e.m.f.
of the Weston cell being about 1.02 volt, the resistances connected
to this dial permit the operator to set the potentiometer exactly at
the certified e.m.f. of the cell, taking into account small variations de-
pending on temperature or any other causes (§ 62).

By throwing the switch L to the left the balance is obtained by regu-
lating K, with any position of C and D. This is the distinctive feature
of the Leeds and Northrup potentiometer, and has the following advan-
tage: Suppose the resistance K to be adjusted so as to give a balance
with the standard cell, the connections being as in Fig. 68. Now the
switch L is thrown to the right, and a new balance obtained by moving
C and D. In the meanwhile the battery current might have changed;
in order to check this, it is necessary to set C and D back into the posi-
tion corresponding to the e.m.f. of the standard cell, and to throw the
switch L to the left. This means setting C and D every time anew,
and losing the previous setting; also a‘loss of time. With the circuits
shown in Fig. 70 the setting of C and D may be left intact, and the
battery current checked by throwing L to the left and pressing the
galvanometer button.

66. Checking Potentiometer Resistances. — Provision is made in
_ the potentiometer shown in Fig. 70 for checking the resistances of the

dial and of the slide-wire. The coils in the series SO are each five ohms,
and between each there is a brass block with a reamed hole (Fig. 69).
A pair of flexible cords, with taper plug terminals to fit the reamed
holes, is furnished. These coils can be mcasured with an ordinary
Wheatstone bridge and thus compared with each other to a high degree
of accuracy even if the bridge is not accurate. For potentiometer
work the essential point is that they should be like each other, not that
they should be accurately any particular value. In the same way the
resistance of the extended wire can be compared with the resistances
of the coils in SO and should be found exactly equal to them. The
heavy connector leading out to the binding post marked ‘“ Bridge ” is
provided for this purpose; also that the extended wire may be used by
itself as a Kohlrausch bridge (Fig. 16).

The calibration of the extended wire OT on the cylinder may be
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checked against the dial resistances SO by converting the potentio-
meter itself into a Wheatstone bridge. To do this, short-circuit the
two outside upper binding posts with a heavy copper connector, not
smaller than No. 10 B. & S.; also short-circuit the terminals BB and
throw L to the right. Connect the battery between the terminals
marked “ Ba’’ and “Bridge.” The contacts C and D form one junc-
tion of the two arms on each side of the bridge with the galvanometer
between, while the posts ¢ Bridge ’ and “ Ba ” form the second junc-
tion with the battery between. On one side there are 16 equal resist-
ances of 5 ohms each, the resistance of the temperature dial being
supplemented with an extra resistance, so as to make it exactly 5 ohms.
If the extended wire be read in its 1000 parts, each of the 16 coils of
the potentiometer circuit will be equal to Yy of 1000 or 62.5 divisions
when balanced against the wire.

67. Directions for Using Leeds and Northrup Potentiometer. —
In view of the popularity of the above-described potentiometer, it was
deemed advisable to reprint here the explicit directions for its use, as
given by the makers.

Setting up. — All connections must be made as indicated by the
stamping on the potentiometer. Particular attention must be given
to the polarity of the standard cell, battery and e.m.f., the correspond-
ing + and — signs being marked.

If used with a wall galvanometer having a telescope and scale, it will
be found convenient to place the potentiometer so that the telescope .
is directly over the glass index of the extended wire, thus permitting
the observer to read the galvanometer deflections and potentiometer
settings without change of position.

Potentiometer current. — A medium-sized storage cell will be found
advantageous, producing a steady current. Errors of measurement
are frequently made by using an unsteady source of e.m.f.

Setting for standard cell. — Set the standard cell switch to corre-
spond with the certified e.m.f. of the standard cell, as given in its cer-
tificate. Place plug in hole 1, and see that it is always in this position
when checking against the standard cell. Place the double-throw switch
at Std. Cell. The switch-key should be at the left of the three contacts
marked RES., RES. and O, so as to include the greatest extra resist-
ance in series with the galvanometer. This precaution is always to
be taken before the final balance is obtained to prevent any violent
deflections of the galvanometer.

Adjust the regulating rheostat until the galvanometer shows no
deflection. The final galvanometer reading should be taken with the
switch-key at zero, so as to remove the series resistance and thus
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increase the sensibility. The middle “ RES.” contact can be used as
an intermediate point of contact as the galvanometer balance is
approached. '

Measurement of unknown e.m.f. — The potentiometer gives direct
readings for voltages up to and including 1.6 volt, therefore no vol-
tage exceeding this amount must be connected to the e.m.f. posts of the
instrument. For voltages higher than the direct range of the instru-
ment, a volt-box or multiplier must be used.

The standard cell balance having been obtained as described under
“ Setting for Standard Cell,” proceed as follows:

Place the double-throw switch in position E.M.F. and the galvano-
meter key to the left of the contacts so as to again include the highest
series resistance. The balance for the unknown e.m.f. is now obtained
by manipulating the tenths switch and rotating the contact on the
extended potentiometer wire. The final position of the two contacts
in conjunction with the position of the plug at left of instrument indi-
cates the voltage under test as described later.

Plug at 1 or .1.— Plug at 1 gives readings for voltage direct from
settings of tenths switch and extended wire contact.

Plug at .1 shunts the potentiometer circuit so that the voltage meas-
ured is one tenth. Therefore, the readings taken from the settings of
the tenths switch and slide-wire contact must be divided by 10.

To balance galvanometer for unknown e.m.f.

Place plug in hole 1 for voltages up to 1.6.
Place plug in hole .1 for voltages up to .16.

Rotate the tenths switch (having the galvanometer key at first
RES.) until a condition of balance is obtained exactly or approximately.
To secure an exact balance, rotate the contact on the extended wire.
The unknown e.m.f. can now be read directly from the position of the
tenths switch and the extended wire contact if plug is at 1, or by divid-
ing by 10 if plug is at .1.

Ezxample. — A balance was obtained with the tenths switch at 1.3
and the extended wire contact at 176 and the plug at 1. The voltage
under test, therefore, is 1.3176. If the plug at .1 had been used the
same reading would have indicated .13176.

To ascertain if current in the potentiometer circuit has altered during
a measurement, it is only necessary to plug in at 1, place the double-
throw switch on Std. Cell and close the galvanometer key. No deflec-
tion indicates that current is constant. If previous balance does not
exist, the regulating rheostat must again be adjusted until the galva-
nometer shows no deflection.
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68. Nalder Potentiometer. — Another popular potentiometer is
that manufactured in England by Nalder Bros. & Co. The instrument

F16. 71. The Nalder Bros. potentiometer.

is illustrated in Fig. 71; the circuits are shown in Fig. 72. No slide-
wire is used, all the resistance consisting of coils of wire connected to
contact buttons. The dial to the left corresponds to the part SO of the
scale (Fig. 68); the dial to the right is for fine adjustments and corre-

Fic. 72. Diagram of connections in the Nalder potentiometer.

sponds to the part OT. The regulating resistance K is mounted in
the case with the rest of the apparatus; it consists of a wire rheostat
K for crude adjustment, and of a carbon disk rheostat H for fine

regulation.
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The multiplier or the volt-box for e.m.f.’s above 1.5 volt is also a
part of the instrument itself; the regulating handle of the multiplier is
denoted by M. The switch L has three positions, instead of two, as
in Figs. 68 and 70; these positions correspond to standard cell, r < 1.5
volt, and £ > 1.5 volt. The galvanometer and the standard cell are
protected by a 0.5 megohm resistance; this resistance is in the circuit
when the key N is slightly pressed on; by pressing the key as far as it
will go, the protective resistance is.short-circuited. The circuits are
exactly the same as in Fig. 68. The current from the + terminal of
the battery flows to S, and through all the coils of the two dials to
the regulating rheostat K; thence to H and back to the battery. The
potential arm D is connected to the switch L directly — the arm C
through the galvanometer and its protective resistance.

To use this potentiometer with a Weston cell set the large dial on
101, the small dial on 98 or 99 according to the certified value of the
e.m.f. of the cell (see § 62). Throw L to the left and adjust the cur-
rent (usually from a large storage cell) by K and H, so that the gal-
vanometer remains on zero when the key N is pressed. Now the
potentiometer is ready for measuring e.m.f.’s between the terminals
BB or‘ volts.” To measure a voltage above 1.5 volt L is thrown in
its extreme right position, and the arm M set at the proper value. The
contacts C and D are adjusted until the galvanometer shows zero.
With the position of the contacts shown in the sketch, the reading is
1.4514 volts; the multiplier is in position ‘“30,” consequently the
unknown potential is 1.4514 X 30 = 43.542 volts.

If it is desired to determine whether the battery current has changed,
the contacts C and D are set back to 101 and 98 (or 99) and the key N
pressed. If the galvanometer shows a deflection, an adjustment is
made with H, and the unknown voltage measured again. This neces-
sity of destroying the setting of C and D is a drawback of this instru-
ment; it is eliminated in the Leeds and Northrup potentiometer by a
somewhat different disposition of the ecircuits, and by adding the
“ Temp.” dial (Fig. 70).

69. EXPERIMENT 3-F. —Calibrating Voltmeters with a Poten=
tiometer and a Standard Cell. — The theory of the potentiometer is
given in § 63; two commercial types are described in §§ 65-68. Study
carefully the connections in the potentiometer available; then calibrate
with it several voltmeters of different range. Pay .particular attention
to the sensitiveness and accuracy obtainable and to the factors which
influence these. If possible, check the resistances of the potentiometer
itself, as explained in § 66; or devise another method more suitable for
the apparatus at hand.
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70. EXPERIMENT 3-G. —Calibrating Ammeters with a Poten-
tiometer and a Standard Resistance. — The experiment is similar to
that described in § 56, except that the voltages across the shunt (Fig.
59) are measured with the potentiometer instead of a milli-voltmeter.

71. EXPERIMENT 3-H.—Comparing Resistances by a Poten-
tiometer. — The method is the same as in Fig. 2, except that a potentio-
meter is used instead of an ordinary voltmeter or milli-voltmeter. A
potentiometer with three pairs of terminals, as shown in Fig. 72, is

Fic. 73. A standard resistance for large currents,

particularly convenient for the purpose. One of the resistances is
connected to the terminals BB, the other to ‘“volts.”” If the resistances
are very different from each other, it may be necessary to use the volt-
box with one of them. It is essential that the current through the
resistances under comparison should not change during the test. A
standard low resistance is shown in Fig. 73. It has two pairs of ter-
minals, as does an ammeter shunt (Fig. 35). Current is led in through
the bent terminals, potential drop is measured between the straight
terminals. A .

72. Ampere Balance.— When using a potentiometer and a stand-
ard cell,- amperes are measured indirectly as the values of the e.md.
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and the resistance are found. A direct standard of current is offered
by the Kelvin balance (Figs. 74 and 75). It is based on the electro-
magnetic attraction between stationary and moving coils, and is cali-
brated by means of a silver voltameter, according to the legal defini-
tion of the ampere.

The instrument consists of four stationary coils A, and two movable
coils B suspended by metal strips C, which strips serve also as current
leads for the coils B. The six coils are connected in series; a current
flowing through the coils produces attractions and repulsions, as
marked in Fig. 74. The influence of terrestrial magnetism is neutral-
ized, since the current in the two movable coils is flowing in opposite
directions.

A weight is placed in the trough D; with this weight the movable
coils are in balance without current when the sliding weight w is in its

'\Hmmm""m“

F16. 74. The principle of the Kelvin balances.

extreme left position; this position corresponds to the zero of the scale.
When a current is flowing through the instrument, it is necessary to
move w to the right in order to keep the movable coils in balance, and
current is indicated on the scale by the position of the weight w. It
will be seen in Fig. 75, that the instrument is provided with two scales:
one is the accurate uniform scale; the other, the so-called inspectional
scale, is calibrated directly in amperes. The ampere divisions are
proportional to the square roots of the distances from the left end of
the scale, because the attraction between the coils is proportional to
the square root of current (§ 40). The inspectional scale is accurate
enough for ordinary purposes; if a greater accuracy is required the
uniform scale is used; the current is then calculated by extracting the
square root of the reading and multiplying it by the constant of
the instrument.

The slipping of the weight w'into its proper position is performed by
means of a self-releasing pendant, hanging from a hook carried by a
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sliding platform, which is pulled in the two directions by two silk
threads passing through holes to the outside of the glass case (Fig. 75).
For the fine adjustment a small flag is provided, as in an ordinary chem-
ical balance. The flag is actuated by a fork having a handle visible
below the base. The round knob in the base, fastened to the chain,
lifts the moving coils off the suspension, when the instrument is not in
use. Four pairs of weights (sliding and counterpoise) are supplied
with each instrument; of these the sledge of the moving weights and
its counterpoise constitute the first pair. These weights are adjusted
in the ratios of 1:4 : 16 : 64, so that each pair gives a round number
of amperes, or half-amperes, or quarter-amperes, or of decimal sub-
divisions or multiples of these magnitudes of current, on the inspec-
tional scale.

These instruments can be used equally well with direct or alternating
currents, and are made in seven sizes covering the range from 0.01
ampere to 2500 amperes. The smallest size may also be used as a
voltmeter, when provided with a suitable high resistance in series
(multiplier). Balances are built on the same principle for measuring
watts; also composite balances for measuring amperes, volts and watts
with one and the same instrument. Detailed instructions for using
the balance always accompany the instrument.

73. Absolute Electro=Dynamometer. — The above balances in
spite of all their accuracy are but secondary standards, which need to be
calibrated with a silver voltameter. There is a continuous effort on
the part of physicists to build a satisfactory primary standard of current
based on the electro-dynamometer principle, the constant of which
standard may be deduced theoretically in C. G. S. units from s geo-
metrical dimensions. One such ‘ absolute’ electro-dynamometer,
designed by Pellat, is shown in Fig. 76. It consists of a large stationary
coil shown to the left, and a small coil fastened to the beam of a deli-
cate balance. When the instrument is in use the large coil is moved
along to inclose the small one. The two coils are connected in series
and the electro-magnetic couple of the current is balanced by a weight
on the scale pan. The current corresponding to a certain net weight
on the pan is calculated theoretically from the dimensions of the coils,
8o that the instrument is a primary standard in the true sense of the
word. Standard electro-dynamometers are very expensive; the coils
must be finished very accurately, and the whole instrument made of
materials which will not change their dimensions with time or tem-
perature.

Three primary standards: (a) standard cell, (b) standard resist-
ance, (c) standard electro-dynamometer, are shown in Fig. 77, con-
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nected so that any two of them may be checked by the third. The
current is measured by the absolute electro-dynamometer, and also by

the standard resistance and the cell. The value of the current is
adjusted by the rheostat R, so that the galvanometer shows no deflec-
tion when the switch K is closed. Assuming, for instance, that the
electro-dynamometer is correct, and the exact value of the resistance

8td. Cell

Galv,

Std. Electro-dynamometer

D.C. R LT K Std. Resistance
Supply
o— -
Fia. 77. The mutual check of the three standards; viz., those of current, electro-
motive force, and resistance.

of the shunt is known, the e.m.f. of the standard cell may be calculated
as the product of the current and the resistance. This is the method
by which the latest determinations of the e.m.f. of Weston and Clark
standard cells were made — see an article by Dr. Guthe in Bulletin
No. 1 (Vol. 2) of the Bureau of Standards.



CHAPTER 1IV.
WATTMETERS.

74. WATTMETERS are instruments for measuring the electric power
developed in a circuit. The name ‘wattmeter’’ comes from the
name “watt,” it being the practical unit of power in the volt-ampere-
ohm system. Three types of wattmeters are in use: (a) indicating,
(b) recording, (c) integrating. Indicating wattmeters show instan-
taneous values of power, or the rate at which energy is consumed in a
circuit; recording wattmeters trace a curve of these instantaneous
values on a record sheet. Integrating wattmeters show total energy
delivered to a circuit during a certain period of time.

To make this distinction clearer, take the case of a 100-volt direct-
current circuit, in which the current regularly fluctuates between 50
and 70 amperes every 10 seconds. Imagine a wattmeter of each of
the three above types connected to such a circuit, and observe their
behavior — say for five minutes. The needle of the indicating watt-
meter will fluctuate regularly between the divisions of the scale, corre-
sponding to 5000 and 7000 watts. The recording wattmeter will trace
a wavy line between the same values (Fig. 55). The dial of the inte-
grating wattmeter will show at the end of five minutes

E‘lo';;“ﬂ) X'5 = 30000 watt-minutes,

30000 _ 500 watt-hours. .

or 60

INDICATING WATTMETERS.

75. Power expended inA a direct-current circuit (Fig. 29) is equal to
the product of the current delivered times the pressure at which it is
supplied; in practical units

watts = amperes X volts
or, with the customary notation,

w=itXe . . . . . « o (1)
87
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Thus in direct-current circuits power may be measured with an
ammeter and a voltmeter. In alternating-current circuits, the presence
of self-induction and capacity so modifies the relations, that the product
‘ effective volts’’ times ‘ effective amperes ”’ is not equal to the true
average watts expended in the circuit. The relation (1) is, however,
always true for instantaneous values of current and voltage; in other

words, il
1.e.

represents the electrical energy delivered to an alternating-current
circuit during an infinitesimal element of time dt; ¢ and e are instan-
taneous values of the current and the voltage. The average energy
delivered in one second, or the power in watts,

_1 (T,
. w_Tjo'z.e.dz........ @)

where T is the time of one cycle of the alternating current. Assuming
that both current and voltage vary according to the sine law, we have

i =1ISinmt
e = E Sin (mt + ¢)

where ¢ is the phase angle by which the e.m.f. leads or lags behind the
current, and m = 2z/T (see Fig. 102). Substituting in (2) we obtain
0= ’-TE "Sin m¢ . Sin (mt + @) . dt
(]

or w.= %lCosqS.

Substitﬁting the effective values of the voltage and the current, as shown
by the ammeter and the voltmeter (§ 36 c), we get

W=y ey.Cosp. . . . ... (B

Equation (3) shows that true power delivered to an alternating circuit
depends not only upon the effective values of the current and the voltage,
but also upon the phase angle between the two. The expression

’l:w. Cor
is sometimes called the apparent power; the ratio of the true power to the
apparent power, or Cos ¢, is called the power factor (of the load).
It follows from the above considerations that in order to measure the
true power in an alternating-current circuit, it is necessary to have an
instrument which automatically accomplishes the integration required
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by the expression (2) and gives the average value of w. Such instru-
ments are called indicating wattmeters.

76. Weston Wattmeter. — The most popular indicating wattmeter
is the Weston instrument shown diagrammatically in Fig. 78; the elec-
trical connections and the general view of the instrument are shown in
Fig. 79. The Weston wattmeter is based on the electro-dynamometer
principle (§ 40). It has two stationary coils and a moving coil between
them. The details of construction are similar to those shown in Fig.
34, except that stationary coils are substituted for permanent magnets.

Moving
Potential
r Coil

I

Stationary
Series Colls

K

Fig. 78. The arrangement of parts in an indicating wattmeter.

The stationary coils consist of a few turns of heavy wire or strip
contected in series with the circuit, as in an ammeter. The moving
coil consists of many turns of fine wire, and is similar to the moving
coil of D.C. voltmeters; it is connected across the circuit with a high
non-inductive resistance (multiplier) in series with it. The instan-
taneous force of attraction between the coils is thus proportional to the
product of current by voltage, or to the instantaneous power in the
circuit. If the moving part of the instrument had no inertia it would

tvibrate with the fluctuations of the instantaneous values of energy.
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But with usual frequencies of alternating currents these fluctuations
follow in such quick succession that the moving element assumes a
position corresponding to the average impulse; in other words, it
automatically integrates the power according to expression (2).

The scale is divided directly in watts or in kilowatts (1 kilowatt =
1000 watts). The instrument is calibrated with standard direct-
current ammeters and voltmeters, and may be used on either direct or
alternating current. The large terminals dd, Fig. 79, are connected in

Fia. 79. External connections and general view of an indicating wattmeter,

series with the circuit in which it is desired to measure the power; the
small terminals ee are connected across the line. The button shown
below the scale closes the potential circuit when pressed down. This
is a necessary precaution in order not to overheat the moving coil and
the multiplier. _

77. Compensation for Power Consumption in the Wattmeter
Itself. —An indicating wattmeter, such as is shown in Fig. 79, con-
sumes some power in its series and potential windings. The inaccu-
racy introduced thereby is in some cases sufficient to make necessary a
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correction. It will be easily seen in Fig. 79, that the current flowing
through the series winding of the wattmeter is a sum of the load current
and of the current consumed in the potential circuit of the watt-
meter itself. Therefore, the instrument indicates more power than is
actually consumed in the load. The corresponding correction is

E3
2R = —
R R

where 7 is the current in the potential circuit, R the ohmic resistance of
this circuit, and E is the line voltage.

Connecting the potential leads of the wattmeter on the * line ”
side of the series winding, brings in another inaccuracy; namely, the
voltage across the potential terminals of the instrument is then higher
than the load voltage, by the amount of voltage drop in the series
winding of the instrument. If the resistance of the series winding is r
and the load current is I, the corresponding correction is

I2r,

It is usually preferred to have the wattmeter connected as in Fig. 79,
and to correct for the loss of power in the potential winding. The
reason is that it is more difficult to measure the resistance r of the series
winding, and, moreover, it depends on the contact resistance at the
terminals A.

Weston wattmeters are provided with a compensating winding, which
makes a correction unnecessary, and thus. simplifies the use of the
instrument. Such a compensated wattmeter is shown in Fig. 80, the
compensating coil being connected in series with the potential coil.
When the load is zero, a current flows through the series and the potential
windings of the wattmeter (Fig. 79), and causes the pointer to indicate
some power, though in reality the power consumption is zero. The
compensating winding gives a numberof ampere-turns equal and opposite
to that created.by the series coils, and thus makes the pointer indicate
zero at no load. The compensation is good at all voltages, since the
current in the compensating coil is always the same as in the series
winding (at no load). The potential circuit is completed between the
terminals C and B, through the compensating coil, the movable poten-
tial coil, and a high resistance (multiplier) B. The terminals C and B
are usually marked in Weston instruments “ 4 ’* and ** 150 volts.” '

In cases in which the series winding and the potential winding are
supplied from two independent sources, the compensating coil should
be left out of the circuit, and the terminal D used, instead of C. The
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terminal D is marked ¢ Ind.,” or independent, and is connected to the
potential coil through a low resistance r equal to the resistance of the
compensating coil. This is done in order to have the same total
resistance between B and D, as between B and C. In this way the
instrument calibrated between one pair of the terminals reads correctly
between the other pair of the terminals. '

The practical cases in which the “independent ”’ terminal D should
be used, instead of C, are:

(1) When_ the wattmeter is connected through series and shunt
transformers (when connected to a high-potential circuit).

Load

Compensatin
Coll

Potent

\ ; S\ Series Coils

Line

Fi6. 80. Compensation for the power consumption in the wattmeter itself (Weston).

(2) When the instrument is calibrated with a separate source
of current for the series winding. The latter is the case when a
large storage cell is supplying the current, while a battery of small
cells gives the required voltage. With this arrangement, large
wattmeters are calibrated with a comparatively small expenditure of
power.

78. Inaccuracy at Low Power Factors. — The above given theory
of the wattmeter presupposes that there is no inductance in the potential
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circuit, so that the current in the moving coil is in phase with the line
voltage. In reality the coil and the multiplier have some small
inductance, so that, strictly speaking, the current in the poten-
tial circuit lags slightly behind the applied e.m.f. The inaccuracy
thus introduced is usually negligible especially at high values of
power factor, but with very low power factors may become quite
noticeable.

The influence of the power factor is shown in Fig. 81. I is the
vector of the current; E, the vector of the applied e.m.f. with a low

FIG. 81. ¥ OUWIE WIBKIBLL,) BUUWILE LD ILLUGHUS UL IMUULLALLT 11l LUD PULVoLILVIaL circuit
of a wattmeter.

power factor of the load (lurge phase displacement ¢,). If the potential
circuit had no inductance, thc current in the moving coil of the watt-
meter would be in phase with E,, and the indications of the instrument
would be proportional to the working component On, = E, cos ¢, of
the voltage. In reality, the current in the potential coil is lagging
behind E, by an angle a. The result is the same as if the applied
voltage were reduced to Oa,, with a working component Om,. Apply-
ing the same reasoning at a high power factor corresponding to the
applied voltage OE,, the points n, and m, are obtained. It is easy to
see that with the same current I, same voltage E and the same angle of
lag « in the potential circuit, per cent error n, m,: On, is much larger
at the low power factor than per cent error n, mg: Ong at the high
power factor.
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Under ordinary circumstances, and with good instruments, the
inaccuracy due to this cause is negligible, but under extreme circum-
stances may entirely destroy the value of the results. One way out of
the difficulty is to measure ‘“ wattless” power as in Fig. 136; another
way is to measure the power by some means other than a wattmeter,
for instance by a calorimeter, or by the three-voltmeter method
(§10 ). A hot-wire wattmeter may also be used; see Roller, ‘Electric
and Magnetic Measurements,”” p. 223.

79. Whitney Wattmeter. — The instrument (Fig. 82) is based on the
same principle as the above-described Weston wattmeter, an electro-
magnetic torque being produced between the stationary series-coil SS

and the moving potential-coil
MM. The power is indicated
by the angle of torsion necessary
to bring the moving coil back to
zero, and not by the direct deflec-
tion of the moving coil, as in the
Weston instrument. In this re-
spect the Whitney wattmeter is
similar to the electro-dynamo-
meter shown in Fig. 39.

The instrument is connected
to the line as in Fig. 78, the
polarity being selected so that
the pointer P deflects from O to
the side marked +. Turning

Fia. 82. The Hoyt (Whitney) wattmeter, the knob K clockwise brings P
back to zero; the angle is shown by the index I. The small scale on
both sides of O permits one to read watts differing slightly from those
shown by the index I; this is convenient on fluctuating loads. Sup-
pose, for instance, the reading on the large scale be 125 watts, and
the pointer P indicate 4 watts clockwise; the actual reading is then
121 watts. If P had shown 4 watts on the -I- side, the reading would
be 129 watts.

80. EXPERIMENT 4-A.— Calibration and Study of Indicating
Wattmeters of Electro-Dynamometer Type. — The instruments are
described in §§ 74 to 79; they are calibrated with direct current, and may
be used on either direct or alternating current. Connect the wattmeter
under test to a direct-current line and provide a suitable load; connect
into the same circuit an ammeter and a voltmeter which have been
previously standardized. Begin the calibration with the largest load —
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" read volts, amperes and watts. Gradually reduce the load, taking
similar readings. In connecting the wattmeter keep in mind the ex-
planations of § 77 and avoid errors due to energy consumption in
the instrument itsalf. To see the influence of this factor, use the
“Ind.” (independent, Fig. 80) terminal instead of the regular one
and note the difference in the indications with the same load. See
if the correction I2R accounts for the discrepancy; try this with a large
and a small load. Observe the influence of terrestrial magnetism by
reversing both currents in the instrument and take an average of the
two readings to eliminate this effect. This is necessary with direct
currents only.

Having calibrated the instrument try it on an A. C. circuit;
change if necessary the ammeter and the voltmeter. First meas-

F1a. 83. The Westinghouse indicating wattmeter.

ure a non-inductive load, preferably incandescent lamps; then con-
nect some inductance in parallel with it (as in Fig. 120), keeping
total current constant. You will find that the watts decrease
gradually, while the apparent power (volts X amperes) remains the
same.

Report. Give a calibration curve in the form shown in Fig. 62.
State your findings in regard to the energy consumption in the instru-
ment itself and in regard to the influence of the terrestrial field. Give
data showing that the true power is less than the apparent power
when the load is inductive. Figure out the power factor of the load,
according to equation (3) in § 75.

81. Induction Wattmeter. — An indicating wattmeter based on an -
entirely different principle is shown in Fig. 83. In its principle it is a
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single-phase induction motor (§534) the armature of which is not
allowed to revolve, but is merely deflected, overcoming the tension of a
spring. The action is the same as in the induction-type instrument
shown in Fig. 43, except that the split phase is produced by series coils
carrying the line current, instead of a coil short-circuited upon itself.
Moreover, the moving element is an aluminum drum and not a disk.
This last difference is, however, not essential: there are induction
ammeters and voltmeters on the market, with the moving part in the
form of a drum, and vice versa. The shunt coil is connected across the
line, in series with a high inductance (choke coil). Therefore the
current in the shunt coil lags practically 90° behind the applied e.m.f.,
and so must also the flux (shown by dotted lines) produced by the coil.
The series coil carries the line current and produces a flux in phase with
it; this flux is shown by lines drawn in full.

When the current is in phase with the applied voltage the aluminum
drum is threaded by two fluxes at 90° to each other geometrically and
also displaced in phase by 90° electrically. These are exactly the con-
ditions necessary for producing a revolving flux (see § 520). This
flux induces secondary currents in the drum, and the drum tends to
follow the flux. The action is proportional to the magnitude of both
component fluxes; consequently it is proportional to the product “ volts
times amperes,’”’ or to the power in the circuit. If the currentis out of
phase, only its working component contributes to the revolving flux,
being 90° out of phase with the shunt flux; the flux produced by the
wattless component does not increase the torque exerted on the alum-
inum drum. Thus with any value of the power factor, the action on the
moving part is proportional to true watts.

In reality the curfent in the shunt coil lags less than 90> behind the
applied voltage, because of some ohmic resistance in the potential circuit.
.Nevertheless it is possible to keep the shunt flux in exact quadrature
with the applied e.m.f. by placing on the poles of the iron core a “com-
pensating ”’ winding. The compensating coils are short-circuited upon
themselves and act as the secondary of a transformer of which the
shunt coil is the primary. The diagram (Fig. 84) explains the correc-
tive action of the compensating winding. Let E be the vector of the
applied voltage, and ¢,n, the ampere-turns on the shunt field; they are
not quite in quadrature with E. The ampere-turns on the secondary
or compensating winding are represented by 7;ny; they are not exactly
in opposition to the primary ampere-turns, because of the resistance
of the compensating coils and of the magnetic leakage between the two
windings. The total ampere-turns which produce the magnetic flux
F in the pole-pieces are represented by the vector in, which is a geo-
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metrical sum of ¢,n, and i3n;. By properly selecting the number of
turns and the resistance of the compensating winding, the flux F is thus

made to lag exactly 90° behind
the applied voltage E.
Induction wattmeters are
robust, have quite a high
torque, and are sufficiently
accurate for ordinary practical
purposes. Their accuracy is
increased by their being usu-
ally provided with a long scale
extending over 300°; a fea-
ture impossible in dynamo-
meter-type wattmeters, unless
a torsion knob is used (Fig.82).
Connecting the current and
the potential coils in series
or in parallel considerably in-
creases the useful range of

r

Fra. 84. Corrective action of the coinpen-
sating coil of a wattmeter.

the instrument. Wattmeters of this type are built either as port-
able instruments or for switchboard service. For polyphase service

Fi1c. 856. The electrical circuits of the
Westinghouse power-factor meter.

two independent wattmeter
movements are mounted on
a common shaft, and the de-
flection on the scale measures
total power of the system,
with any distribution of load
between the phases. With
large outputs and high volt-
ages, series and shunt trans-
formers are used with watt-
meters (Figs. 44 and 45).
Induction wattmeters can
evidently be used on alternat-
ing-current circuits only; more-
over, their indications depend
to some extent on the fre-
quency of the supply. They
are calibrated through the

medium of a dynamometer-type wattmeter which in its turn is pre-
viously standardized with direct current.
82. Power=Factor Meter. — Some operating features of A. C. power
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plants and transmission lines depend essentially on the power factor
of the load. By having on the switchboard the necessary ammeters,
voltmeters and wattmeters the power factor of the output can be
easily calculated at any moment. But it is much more convenient to
have an instrument which shows power factor directly, without any
computation. The principle of one type of such power-factor meters is
shown in Fig. 85. The device can be used on polyphase lines only;
this is, however, no objection, because practically all transmission
plants are either two-phase or three-phase.

The stationary part consists of a laminated iron core A, provided with
a regular two- or three-phase winding, and connected to the line through
the series transformers 7. The moving part consists of a soft-iron vane
V, of a shape shown in Fig. 86. The stationary
winding produces a rotating magnetic field (§ 520)
under the influence of which alone the vane would
revolve as the rotor of an induction motor. But
this vane is also actuated upon by a stationary coil
Tt P, connected across one of the phases of the circuit.
The pulsating field produced in this coil weakens

. the revolving field in a certain direction, and leaves

coil and the mov- . . . . . .

able vane of the it intact in the perpendicular direction. The mov-

power-factor meter, inNg vane then assumes this direction of maximum

shown in Fig. 85. magnetic field; its position is indicated by a pointer
on the scale.

The currents in the polyphase winding of the instrument, being pro-
duced through the series transformers, are in phase with the line
currents. The current in the coil P is in phase with the line voltage.
Therefore the position of the vane will depend on the phase relation
between the line current and the line voltage, or, which is the same,
on the power factor of the load. The instrument is calibrated directly
in per cent power factor, the calibration extending over all the four
quadrants of the scale. This is necessary because currents may be
leading or lagging, and the phase angle between them and the voltage
will be less or more than 90 degrees, according to whether the machine is
working as a generator or as a motor.

The power-factor meter is by no means an accurate measuring
instrument; its indications are affected by the magnitude of the line
current, and by the line voltage. But for a comparative judgment of
the variations of power factor during the day it is a very useful instru-
ment, and deserves its place on every well-equipped switchboard.

83. EXPERIMENT 4-B. —Study and Calibration of a Power-
Factor Meter. — The instrument is described in the preceding pars-

Fi1G.86. The potential



Crar. 4] WATTMETERS. 99

graph. Provide a three-phase load as in Fig. 337 or Fig. 345; have an
ammeter, a voltmeter and a wattmeter connected into the circuit by
means of a polyphase board (§ 49). Connect the power-factor meter as
“in Fig. 85 and apply the largest inductive load possible with safety.
Read the four instruments and gradually increase the power factor of
the load, keeping the same total current, until the load becomes non-
inductive. Repeat the same test with two or three smaller values
of current. If an over-excited synchronous motor is available the
calibration may be extended on the quadrants corresponding to leading
current.

Before or after the calibration investigate a few features of the con-
struction of the instrument:

(1) Open the potential circuit and observe the vane rotate under
the influence of the field produced by the series winding alone. Reverse
two of the series leads, whereupon the vane will revolve in the opposite
direction.

(2) Reverse the potential leads; the pointer will turn by 180 degrees.
This corresponds to the change from output to input, in other words,
from alternator to synchronous motor.

(3) The instrument is intended to be read with balanced load only;
unbalance the load and see what effect this has on indications of the
power-factor meter.

INTEGRATING WATTMETERS.

84. Watt=Hour as a Unit of Consumption of Electrical Energy.
— A certain amount of coal is required to generate electrical energy at
the rate of one watt during one hour. The energy made use of by the
consumer of electrical energy depends on the number of watts consumed,
and on the time during which the power has been used. For these
reasons it is proper to charge for electric power on the basis of watt-
hour or kilowatt-hour consumption. A 16 candle-power incandescent
lamp consumes about 56 watts; hence it uses during one hour 56 watt-
hours of electrical energy. Two lamps, if burned half an hour each, or
4 lamps used a quarter of an hour each, also consume together the same
amount of energy. Within certain limits it does not make any
difference to the company supplying the power during what period of
time a certain amount of energy is consumed. If the price is ten cents
per kilowatt-hour, the cost to the consumer is in either case

56

10 X 1000 = 0.56 cent.
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Expressed more accurately, the cause for measuring electrical energy
in watt-hours, instead of simply in watts, is that one watt represents a
certain amount of energy liberated or absorbed in one second; in other
words, it is only a rate of expenditure of energy. This follows from
the definition of watt, it being a product of ““volt X ampere,” where the
ampere is a quantity of electricity per second. On the other hand, the
energy contained in one lb. of coal is measured in B.T.U.’s, calories,
joules, etc., units independent of time. Therefore watts must be multi-
plied by time in order to reduce them to the same physical conception,
and to the same dimensions as the heat units.

Instruments which measure watt-hours energy consumed in a cir-
cuit during a certain period of time, are called integrating wattmeters
— sometimes they are referred to simply as “electric meters.” The
monthly bill of a customer is usually made up on the basis of indi-
cations of the integrating wattmeter on his premises.

85. Types of Integrating Wattmeters. — Meters used at present are
of the motor type almost exclusively, a small motor being arranged to
revolve at a speed proportional to the rate at which energy is passing
through it. The number of revolutions is recorded on a dial; by know-
ing the constant of the meter this number of revolutions can be reduced
to kilowatt-hours. In most meters the shaft of the motor is geared to
the recording mechanism in such a way that the meter reads directly
in kilowatt-hours.

Two types of indicating wattmeters are used, — dynamometer
type (§76) and induction type (§81); to these there correspond two
types of integrating wattmeters, — commutator meters (Fig. 87) and
induction meters (Fig. 92). A direct attraction between stationary and
revolving coils is utilized in the first type, and such integrating meters
may be used on either direct- or alternating-current circuits. Induction
meters are based on the principle of the revolving magnetic field and
can be used on alternating-current circuits only. With the advent of
the induction meter, the commutator meter is relegated to direct-cur-
rent circuits only, the induction meter being simpler and more accurate.
The so-called Sangamo meter described in § 89 below, was produced as
an effort to do away with the commutator in direct-current integrating
wattmeters.

On D. C. circuits on which the voltage is kept practically constant,
watts are proportional to amperes, and it is sufficient to measure
ampere-hours, instead of watt-hours. Multiplying the former by the
actual or agreed voltage of the supply gives watt-hour consumption.
Electrolytic meters are to some extent used in such cases, especially
abroad. The current flowing through the meter decomposes a certain
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chemical contained in it. The amount of material decomposed is
proportional to coulombs or ampere-hours which pass through the
meter; the scale can be made direct-reading.

86. Commutator-Type Integrating Wattmeters. — The commu-
tator meter (Fig. 87) consists of a small direct-current, vertical shaft

F1G. 87. The electrical connections in a Thomson integrating wattmeter.

motor, without iron in its magnetic circuit. The armature A is con-
nected across the line with some additional resistance R in series, accord-
ing to the voltage of the supply; the fields F are in series with the line.
Thus the current flowing through the armature is proportional to the
line voltage, and the current flowing through the field is equal to the
line current; hence the attraction between the field and the armature is
proportional to the product “ line voltage times line current,” or
proportional to the power delivered. In this respect it is similar to the
indicating wattmeter shown in Fig. 78. Fig. 88 gives the general view
of this meter.

A motor connected in this way would run away without a load. To
make its speed proportional to the power transmitted, the meter is
provided with a Foucault-current brake, consisting of a copper or
aluminum disk D mounted on the armature shaft and placed between
the poles of permanent magnets MM. To understand the action of
_ this brake, assume first that the meter has no friction; at the full-rated
Joad the armature revolves at a certain speed, determined by the counter-
torque of eddy currents in the brake. Now if the load, or the product

4
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volt-amperes, falls, say, to § of its former value, the attraction between
the field and the armature of the motor drops in the same ratio and the
motor slows down. This decreases the eddy currents in the brake

F1g. 88. A general view of the Thomson integrating wattmeter.

(which currents are proportional to the speed); at { of the initial speed
the counter-torque is again equal to the motor torque. Thus, neglecting
friction, the speed of the meter is proportional to the load, and it should
register correctly at all loads. -

The speed of the meter is usually adjusted. so as to make it direct-
reading, or at least have simple multiples as 2, 10; etc. This is done
by adjusting the position of the permanent magnets of the brake so as
to get the required amount of eddy currents induced in the disk D.
A meter dial is shown in Fig. 89; with the position of the hands shown

KILOWATT HOURS

ONE DIVISION OF 108 DIAL =10 K. W. HOUR /

Fic. 89. The scale of an integrating wattmeter.

there the reading is 18255 kw.-hours. If the reading next month is,
for instance, 18490 kw.hr. the consumption during the month was
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235 kw.-hr., and at a price of, say, 10 cents per kw.-hr. the monthly bill
will amount to $23.5.

It can be seen from Fig. 87 that one of the series or current terminals
is used at the same time as one of the potential terminals. The con-
nection is made inside of the meter so that only three leads come out
of the cover.

87. Compensating for Friction. — Friction causes the meter to run
slow on small loads; as in a great majority of cases meters run on light
load most of the time, this would represent an appreciable loss to the
company supplying the current. For instance, a 20-lamp (10 amp.)
meter would not start at all (without the compensating device described
below) if only one lamp of usual size were burning; this might induce
some customer to leave a lamp permanently in the circuit.

To remedy this, a compensating coil ¢ (Fig. 87) is provided in the
armature circuit; the field produced by this coil gives an additional
torque just sufficient to balance the friction of the meter. As it is
impossible to predetermine the exact amount of friction, the more that
it varies with the pressure of the
brushes on the commutator, with
the wear of the jewel supporting
the shaft, etc., this compensating
coil is made adjustable. The
complete arrangement is shown
in detail in Fig. 90. FF are the
main field coils, C is the com-
pensating coil. Its distance from
the armature can be varied by
means of the screws A and B
and the guide D. Fia. 90. The friction compensation in

In some meters the compen- Thomson integrating wattmeters.
sating coil is stationary, but is

provided with several taps connected to the buttons of a dial. By
means of a small lever more or less turns of the compensating coil
may be introduced into the circuit, and in this"way the amount of
compensation varied at will. .

If the meter is not sufficiently compensated, the company is losing
money on light loads; if the meter is over-compensated, it creeps at
no load and registers energv even when no current is used. This
naturally leads to a complaint on the part of the customer; he refuses
to pay the bill, becomes prejudiced against using electric power, and the
company is again losing money. It is commonly appreciated now that
honesty in regard to meter calibration and adjustment is the most




104 WATTMETERS. : [CraP. 4

A

profitable policy on the part of illuminating companies, and the best
advertisement for obtaining new customers.

88. EXPERIMENT 4-C. —Calibration of Commutator-Type
Integrating Wattmeters. — Integrating wattmeters are calibrated by
comparison with a good indicating wattmeter. To perform the calibra-
tion by maintaining a constant load until the reading on the dial of the
integrating wattmeter had changed a reasonable amount would, however,
consume too much time, and involve a useless loss of electrical energy;
therefore the following method is employed. A desired load is put on
both meters and read on the indicating wattmeter, or on an ammeter
and a voltmeter; the number of revolutions of the armature shaft of the
integrating wattmeter during a minute or so is counted (use a stop
watch). The reduction ratio of the recording train is usually an even
number, for example, 100, 200, etc., and knowing this ratio the watt-
meter error can be easily calculated.

Suppose, for instance, that a constant load of 180 kw. was put on an
integrating wattmeter and kept constant by means of an indicating
wattmeter. Suppose that 15 revolutions of the armature disk be
counted during 28 seconds, and that the reduction ratio of the recording
gear be 1000 + 1. If the value of one complete revolution of the pointer
on the lowest dial is 100 kw.-hr. (see Fig. 89), the armature disk must
complete one revolution while 100 + 1000 kw.-hours, or 0.1 kw.-hr. is
delivered tp the load circuit. During the test, an energy equal to 180
X 28 kw.-seconds, or

28

——— = 1.4 kw.-hrs.
180 X 3600 w.-hrs

has been delivered to the circuit. Therefore, the disk should have

completed
1.4 + 0.1 = 14 revolutions.

In reality it made 15 revolutions; thus, at this particular load the meter
runs about 7.1 per cent fast, and consequent{y registers 7.1 per cent more
energy than is actually consumed.

Before beginning the calibration, investigate the action of the friction
compensating device, and the behavior at light loads of the meter with-
out the compensating coil connected in. The test consists in determin-
ing at what per cent of full load the meter can be made to positively
start without danger of ‘“creeping’’ at no load. Also try suddenly
throwing off a heavy load and see if the meter stops in a short time.
Sometimes a meter correctly adjusted on a testing rack begins to
creep when put on a wall where it is subjected to jarring from the street
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or from an engine working near by. Try the effect of slightly jarring the
meter under test and see what margin should be allowed for this effect. -
Before beginning the calibration proper, adjust the meter so that it reads as
accurately as possible on light loads.

(a) Calibrate the meter with direct current; begin with an overload
of about 25 per cent and gradually reduce the load to zero.

(b) Then calibrate with alternating current at a high and at a low
power factor, to see if the calibration constant remains the same. When
running at a low power factor, the error caused by the self-induction of
the potential circuit is more noticeable (see § 78). The following
form of data sheet will be found convenient, especially if more than one
meter are calibrated together.

Meter No. Name Type

“" " [} “

0 " . “ “

“ “ “ “

“ “ “ “

Rated Volts Rated Amps. | Gear ratio: one rev. of disk = ____watt hrs.

“ X [ [ “ ‘" L “" LY J— [ 13
“ " .« “ “ “ oo (YR " “
“ “ " ““ “ “ “oow o= “ «“

“ “ ‘% “ “h [0 " ‘" “o (X3 [

Wattmeter | Wattmeter | Wattmeter
No. No. No.

Volts.|Amps. Watts| Rev. | Sec. | Rev. | Sec. | Rev. | Sec.
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(¢) Determine the torque per watt per unit weight of the moving
element, and the friction-torque ratio as explained in § 92.

Report. (a) Plot calibration curves of the meter, for D. C. and A. C.
Use current in per cent of full-load current as abscisse, and per cent
“slow”” or “fast ”’ as ordinates.

(b) Give your results as to light-load adjustment and creeping at
no load.
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(¢) Give the specific torque and the friction-torque ratio of the meter.
(d) Mention features of construction different from those described
above.

89. Sangamo Meter. —The above-described commutator meters
have two drawbacks:

(1) The commutator with its brushes is liable to give trouble, or
get out of order. This is particularly annoying in the case of integrating
meters which are sealed and placed on customer’s premises, and thus
cannot be conveniently watched.

(2) Absence of iron necessitates a comparatively large number of
turns on both windings; this makes the moving part heavy, increases
bearing friction and causes jewel troubles.

These two objections are eliminated in an original integrating meter
recently put on the market under the name of “Sangamo’ meter. In
its principle (Fig. 91) it is a homopolar electric motor, the armature D

of which floats in mercury

M and is subjected to a com-

% paratively strong field of
g"% a shunt coil S provided with
- . an iron core CC. The main
current passes from the
terminal T, through mer-
b cury M to the armature D,
-’”’y////////ﬁ]-lf//_@///%/,’”- which consists of a copper
%//%/f//;/f/y///////////,,'//////////%sz////,% disk, floating in the mer-
cury; thence the current

passes to the terminal T,
again through the mercury.
The energizing coil S is
connected across the line.
Thus the field of this meter
Fic. 91. The general arrangement of Sangamo g proportional to the
integrating wattmeters. voltage of the supply,

and the armature current

to the load current. The attraction between the armature and
the field is thus proportional to volts times amperes, or to the
power to be measured. This meter is provided with an eddy-
current brake (not shown in Fig. 91) similar to that in Fig. 88, and so
its speed is proportional to the watts consumed in the load circuit.
Meters of this type intended for large currents are provided with
outside shunts similar to ammeter shunts (Fig. 35). Friction is com-

Line
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pensated for by an adjustable shunt, or by-pass, which allows a small
current to flow constantly through the revolving disk, even at no load,
thus creating an additional torque.

It should also be mentioned that the meter is provided with a pocket
P of such a form that the mercury cannot possibly be spilled out what-
ever the position of the meter during transportation.

The Sangamo meter has no commutator or brushes, so that this
source of trouble is removed; the armature is much simpler and lighter
than that of commutator meters. Moreover, its weight does not rest
on the lower bearing, since the disk is floating in mercury and is balanced
so that there is just a little buoyancy upward. A strong field makes it
possible to obtain a higher torque; this makes the action of the meter
more positive on light loads. Whether these advantages are counter-
balanced by the presence of mercury, and how satisfactory the meter
will prove "under severe conditions of actual service, remain . to
be seen.

Sangamo meters can also be used on alternating-current circuits.
As, however, they are based on the principle of direct attraction between
the armature and the field, the field flux must be in phase with the
armature current (at nan-inductive loads), instead of being in quad-
rature with it, as in induction meters (§ 81). The shunt winding S
possesses some self-induction; it is neutralized by connecting some
capacity (a condenser) in series with it, to make the circuit practically
non-inductive; the iron core must of course be laminated. In all other
respects D. C. and A. C. Sangamo meters have the same construction.

Fia. 92. Arrangement of coils in an induction type wattmeter.

90. Induction Meters. — Alternating-current integrating watt-
meters operate on the principle of the revolving magnetic field, as single-
phase induction motors. The general arrangement of the circuits
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in one of the popular makes of such meters is shown in Fig. 92. The
wattmeter has two windings, one in series with the line, another

Fia. 98. A view of the Fort Wayne Fic. 94. Revolving aluminum
integrating wattmeter, showing the armature.
series and the potential windings.

shunted across the line. Both windings are stationary, and produce

together a rotating magnetic field in which & light aluminum armature
revolves, as a squirrel-cage
rotor of an induction motor.
The two windings are
clearly seen in Fig. 93; Fig.
94 represents the revolving
part, or aluminum armature
of the meter. The meter is
similar to the indicating
wattmeter described in § 81,
and the explanation there
given of its action is fully
applicable here. In order
to make the speed of the
‘meter proportional to the
load, an eddy-current brake
is provided, as in commu-
tator meters (§ 86). Only
here it is not necessary to
have a separate disk on
which permanent magnets
act. The same aluminum

Fig. 95. General view of a Fort Wayme induction ~Totor can be used ) as the
' type integrating wattmeter. brake armature (Fig. 95);
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this makes the meter less expensive and more compact than direct-
current meters.

An induction meter of different construction is shown in Fig. 96.
The lower coil is the series coil; BB are two potential coils. The

Fie. 98. Magnetic circuit of the Westinghouse integrating wattmeter.

armature has the form of a disk (not shown in figure) and revolves
in the space between the series and the potential coils. Friction is
reduced to a negligible amount by having the moving element
exceedingly light; moreover,
the lower end of the shaft
rests on a steel ball instead
of a jewel, thus substituting
rolling friction for the ordi-
nary jewel friction.

Polyphase integrating
meters are merely a combi-
nation of two single-phase
meters, whose armatures are
mounted on the same shaft
and act on the same record-
ing train, thus automatically
adding together the indica-
tions of the two component
meters. Some polyphase
meters have separate armatures for each component meter; in some
constructions, however (Fig. 97), both revolving fields act on the
same aluminum disk. The brake magnet also acts on the same disk,
thus the whole construction is made light and compact.

Fya. 97. General Electric polyphase
integrating wattmeter.
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The method for connecting polyphase meters into a three-phase cir-
cuit is shown in Fig. 98; the scheme of connections is based on the fact
that each of the three line wires, for instance B, can be considered as
a common return wire for two
other line wires A and C.
The three upper connections
belong to the upper compo-
nent meter, the three lower
connections to the lower meter.
There are no electrical con-
nections between the two com-
ponent meters inside of the
case. The upper meter regis-
ters the energy between the
wires A and B; the lower meter,
that between C and B. Three
terminals are used instead of
four, because one of the cur-
rent terminals serves at the
same time as a potential ter-
minal (see Fig. 87). For the

Fic. 98. Connections between a three- f,heory of power measurement
phase line and an integrating wattmeter. in three-phase system, see
‘ § 430.

91. Correction for Phase-Angle. — A compensating winding is
necessary in induction-type integrating wattmeters in order to bring the
shunt flux in exact quadrature with the terminal voltage; the explana~
tion for this is the same as given in § 81. In the meter shown in Figs.
92 and 93 this is accomplished by an additional shunt winding G (Fig.
99). CC is as before the series winding, D is the regular shunt winding
connected across the line through a reactance coil I. The compensat-
ing coil G is connected across a few turns of the reactance coil I and is
placed inside the shunt coil D, on a separate iron core. Resistance
H in series with the compensating coil (lagging resistance) is adjusted
so that the meter stands still at a full inductive load; this is a check for
the compensation.

A third winding E is shown, short-circuited upon itself through an
adjustable resistance L. This winding makes possible the use of the
same meters with two standard frequencies: 60 cycles and 140 (or 133)
cycles. When the meter is used on a high-frequency circuit, the coil
E is inoperative; but when the meter is connected into a 60-cycle cir-
cuit the compensation offered by the coil G is not sufficient. Then
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the circuit of the coil E must be closed, and the resistance L adjusted
until the meter again stands still at a purely inductive load.

It would be hardly possible in practice to obtain a load at the power
factor zero; therefore this adjustment is made on a two-phase circuit.
The series winding of the meter is connected to one phase through a
non-inductive load; the potential winding is connected to the other
phase, which is exactly in quadrature with the first phase. In this
way conditions are created that would take place in a purely inductive
circuit.

In the meter shown in Fig. 96 compensating coils are wound on the
same spools with the shunt coils B, and are short-circuited upon them-
selves through a resistance. This resistance can be adjusted by means
of the slide-contact A so as to bring the shunt flux into the exact
quadrature position.

In describing commutator meters a friction compensating winding
or the light load adjustment (§ 87) was mentioned. Such a compen-
sation is of much less importance in induction meters, since their mov-
ing element is lighter, and
the torque per unit weight
of the moving element much . C c
higher, 8o that the influence
of the pivot friction is not D
so marked. The necessary
compensation in the meter \
shown in Fig. 99 is obtained G
by making the field initially
somewhat unsymmetrical, so
as to give the armature a

. . . :
one-sided pull, just sufficient ;g_'i;.
to balance the friction. | 23
Namely, the phase-correct- .§§
ing coil G is wound on a H DI &8
movable arm A, and this wocyae) To0Cyele

arm can be set in such a pogging  Lagging
position that the meter will
start at a certain small per-
centage of full load. The
meter shown in Fig. 96 has no friction compensation whatever; the
moving part is supported by a steel ball, and the friction is reduced
to a negligible amount.

92. Torque and Friction. — It is now generally agreed that an inte-
grating meter is better, the higher its torque per unit of weight of the

Fic. 99. Phase adjustment in an induction-type
integrating wattmeter.
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moving element. This is because the disturbing influence of the pivot
friction is easily overcome, and the meter registers more accurately at
light loads. There is a special instrument on the market, the so-called
torque bulance, by means of which the torque on the shaft of a meter
can be directly measured in gram-centimeters, and two meters of
different make compared.

The instrument is shown diagrammatically in Fig. 100. A light
arm T is clamped to the shaft S of the meter under test, and is con-
nected by a link L to a sensitive balance GH. The balance has a

| ,—Cmnp
v
T
L S| [ Meter Shafs
Torque
E:leanoe H D
G mmgyfm v
T AL
o

Fia. 100. A torque balance, for testing integrating wattmeters (General Electric Co.).

knife-edge support at C; the position of equilibrium is indicated by
the pointer CO. A definite weight G is attached to the balance, caus-
ing it to tip toward the left. Then the meter is loaded electrically
until the pull on the link L brings the pointer O back to zero. The
critical load is measured on an indicating wattmeter; the mechanical
torque is calculated from the weight G and the leverage TLVC. From
these data the torque is calculated per watt of load and per ounce
weight of the revolving part of the meter, supported by the lower
bearing. This gives a basis for the comparison of competitive meters
of similar construction. The rods V and T are provided with several

—~— = - m e ———



-

Cuar. 4] WATTMETERS. 113

loops, so as to vary the torque in steps; two weights are supplied with
the instrument, to cover a wide range of meters to be tested.

Meters can also be compared in this respect by determining their
so-called friction-torque ratio. The friction compensator is adjusted at
no-load so that the meter is just balanced, i.e., so that it will creep
under the slightest vibration. When this is done, a load is applied
equivalent to the full capacity of the meter and the speed of the revolv-
ing part measured. Then the friction compensator is removed and
the speed measured again at the same load. The percentage decrease
in speed is proportional to the friction-torque ratio; thus two per cent
would mean a friction-torque ratio of 1: 50; one per cent 1: 100, etc.
The higher this ratio, the better is the meter, at least as regards the
disturbing influence of its friction.

93. EXPERIMENT 4-D. —Calibrating Induction-Type Inte=-
grating Wattmeters. — For instructions see Exp. 4-C. In addition to
the tests specified there, it is interesting to calibrate one of the induction
meters at various frequencies and with different wave-form. Theoreti-
cally the calibration must differ under these circumstances, but it is
claimed for good modern meters that they are “practically "’ accurate
within certain limits of wave-form and frequencies. It is not necessary
to repeat the complete calibration curves; one or two points accurately
observed are sufficient to enable the observer to judge if the calibration
remain the same. When calibrating an induction meter, it is advis-
able to take at least three separate curves: at non-inductive load, at
a moderate load of constant power, but varying power factor, and at
a load of constant-current value, with varying power factor. There
are meters on the market, which register correctly at non-inductive
loads only, and run too slow at inductive loads.

94. Wright Maximum=Demand Indicator. — The actual cost of
supplying a certain number of kilowatt-hours of power to a customer
depends on the rate at which he consumes his energy. A customer
who uses one kilowatt regularly for eight hours a day is more desirable
to the operating company than another who uses 4 kilowatts for two
hours. The amount of energy per month is the same in both cases ;
but the first customer requires less capacity of the generating apparatus
and a smaller transmission line than the second one; he also causes
smaller fluctuations of the load. Therefore the company may give
him a better rate per kilowatt-hour. This principle of ‘‘discrimina-
tion ”’ in charging for electrical energy is used in some cities where
the customer is charged so much per kilowatt-hour of the actually
consumed energy, and then an extra charge is made for each kilowatt
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of his maximum demand. Instruments for measuring the maximum
. load or maximum demand during a month, or other agreed period of
time, are called maximum-demand indicators.

The Wright maximum-demand indicator, used to some extent in
this country and in England, is shown schematically in Fig. 101. It
recordd the maximum current which has passed through it at any
time since it was last set. A liquid is hermetically sealed in a glass tube
having a bulb at each end. Around the left, or heating bulb, is placed
a band of resistance metal, through which passes the current to be

Line Load
A 8
—————()
P
M N
q

F1. 101. Wright maximum-demand indicator.

measured. The passage of the current heats the air in the bulb, and
the expansion of the air forces the liquid up into the right-hand side
of the tube, causing it to overflow into the middle or indicating tube.
The liquid deposited in the indicating tube remains there until the
indicator is reset. The glass tube is carried on a backing, so hinged
that the meter can be reset by tipping the tube and allowing the liquid
to run out of the indicating tube into the side tubes. It is the differ-
ence in temperature of the air in the two bulbs, that causes the indi-
cator to register. Any change in the temperature of the external air
causes equal air expansion in both buibs, and hence does not affect the
reading.
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The instrument is purposely made slow-acting; standard indicators
are so designed, that if the maximum load lasts only five minutes, the
meter will register about 80 per cent; if ten minutes, 95 per cent, and
the full 100 per cent is registered when the load has continued about
forty minutes. In this way the customer is not penalized for short
overloads which do not inconvenience the supply station in any way.

95. EXPERIMENT 4-E. —Testing Maximum-Demand Indi-
cators. — The test consists in calibrating the scale of the instrument for
loads carried indefinitely (more than 40 minutes). While this is being
done, per cent indication may also be determined for loads carried for
shorter periods of time. Begin with a slight load and read the level of
the fluid in the middle tube say every five or ten minutes until it
becomes stationary. Tip the instrument over to reset the liquid, and
repeat the same experiment with a somewhat larger load, etc. The left
bulb must be cooled off before putting on a load.

Report. Plot a calibration curve for the final levels of the fluid, and
a few curves showing per cent indication on loads carried for a shorter
time.



CHAPTER V.
REACTANCE AND RESISTANCE IN A. C. CIRCUITS.

96. Physical Conception of Inductance.* — When a current flows
through a conductor, a magnetic field or flux is created around it. As
long as the current remains constant, this field does not react in any
way upon the electric circuit. But when the current varies, the flux
also necessarily changes; in doing so it induces in the conductor an
electromotive force, in other words, reacts on the circuit and affects
the rate of change of the current. This induced e.m.f., in accordance
with the fundamental law of electromagnetic induction, has such a
direction as to oppose the change in current, consequently to retard
the change in flux. The action is very much as if the magnetic field
had some kind of inherent inertia. ’

Sir Oliver Lodge gave the following striking picture, or analogy of
this phenomenon. Imagine the magnetic field surrounding a conduc-
tor as consisting of whirls in ether driven by the current; assume these
whirls to be endowed with some inertia. As long as the current is
steady, the whirls are spinning at the same speed, and the effect of
their inertia does not come into play. If now the applied e.m.f. be
reduced, tending to reduce the current, the whirls by virtue of their
inertia tend to spin at the same speed, and thus oppose the decrease
of current. The current gradually decreases, and the field returns
some of its stored energy to the source of the e.m.f. On the contrary,
should the current be increasing, the whirls oppose its rise; the applied
e.m.f. has to perform some additional work in accelerating the whirls.
The opposing action of the whirls, or of the magnetic field, is stronger,
the greater the flux; also the quicker occur the changes in the applied
e.m.f. (the greater its frequency). This is analogous to the reaction
of a heavy fly-wheel driven at a non-uniform speed — the reaction is
proportional to the inertia of the wheel, and to the rate at which it is
accelerated.

Whatever the explanation of the phenomenon, the observed fact is

* The property of conductors called reactance is a composite quality which in-
cludes the frequency of the circuit, and a physical property of the conductor itself,
called its inductance. Therefore, in order to understand reactance, it is necessary
first to form a clear physical conception of inductance.

116
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that electrical conductors oppose changes in current by the generation
of ‘a counter-e.m.f. This reaction of conductors, expressed numerically,
18 called their inductance. The reason for the name is that the reaction
consists in “ inducing "’ a counter-e.m.f. The practical unit of induct-
ance in the volt-ampere-ohm system is called the henry. An electrical
device is said to have an inductance of 1 henry, if 1 volt of counter-
e.m.f. is induced in it, when the current changes at a rate of 1 ampere
per second. The older name for inductance is the coefficient of self-
induction.

97. Difference between Inductance and Ohmic Resistance. —
The presence of inductance in an alternating-current circuit necessitates
an increase in the applied e.m.f. in order to produce the same current;
similarly, an increase in resistance has the same effect. Thus, it may
at first seem that, from a practical standpoint, resistance and induct-
ance produce the same effect on the relations in the circuit, and do not
need to be distinguished. There is, however, a vast difference between
the two, as a consideration of the following points will show:

(1) Ohmic resistance is noticeable to the same extent whether
current is steady or variable; the drop caused by it is at any moment
proportional to the instantaneous value of the current. Inductance
becomes apparent only when the current is varying; the induced e.m.f.
or the resulting drop in potential, being proportional to the rate of
change of the current and not to its absolute value.

(2) Resistance is due to some molecular friction in the conductor
itself ; inductance is caused by the inertia of the magnetic flux surround-
ing the conductor.

(3) Energy spent in overcoming ohmic resistance is converted into
heat, and is lost electrically. Energy applied for overcoming induct-
ance is stored in the form of electromagnetic energy of the field, aud’
is periodically given back to the circuit through the medium of induced
e.m.f.

(4) Ohmic resistance does not change with the shape of a conductor,
inductance depends essentially on the form of the conductor. A wire,
whether straight or wound into a coil, has the same ohmic resistance,
while its inductance in the second case is increased many times because
of the concentration of magnetic flux.

98. 'Inductance and Reactancé. — Inductance is usually considered
in electrical engineering as to its effect on alternating-current circuits
of a constant frequency. It is convenient, therefore, to include the
element of frequency into the value of inductance; this simply means
a change in the unit and the dimension of the quantity, which expresses
the inertia of the maometic field TFr now physion® o Lty is called
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the reactance of a circuit or of a device, and is expressed in ohms like
ordinary resistance.

The following considerations lead to the conception of reactance.
According to the above definition of inductance, the counter-e.m.f.
set up in a coil having an inductance of L henrys is

&
I
=t S

where di + dt is the rate of change of current with the time. We
assume first that the coil has no ohmic resistance to be overcome. In
this case the induced counter-e.m.f. is at any moment equal and oppo-
site to the applied e.m.f. Otherwise a finite difference of e.m.f.’s in
a conductor of zero resistance would produce an infinitely large current.

Fig. 102. Tustantaneous values of current and voltages in an alternating-current
circuit containing resistance and inductance.

Let the current vary according to the sine law, Fig. 102, at a fre-
quency of n periods per second. The instantaneous values of the
Current may be expressed by the formula

t=1I8n2zmt . . . . . . . . (2
where I is the amplitude of the wave, and ¢ is time in seconds. Sub-
stituting (2) in (1) we get

e =2mnLICo82t . . . . . . . (3)
This result interpreted means, that a sinusoidal current sets up a sinu-
soidal counter-e.m.f. of the same frequency, and of the amplitude
E =2znlLl. .
Denoting 2znL =z . . . . . . . . . (4
we get E = zI; the same relation holds true for the effective values of
current and voltage (see § 36 ¢); thus we obtain

ng-'x‘iq........(.'))
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~--FR0 quantity z is called the reactance of the coil, or of any other
electrical device under consideration. Equation (5) shows that react-
ance. being a ratio of voltage to current, is expressed in ohms like
ordinary resistance. It will be seen from (4) that reactance is a com-
~ posite conception; its value depends on the inductance of the device,
and on the frequency of the supply. As frequency usually remains
constant in practice, reactance also remains constant (save when the
conditions surrounding the conductor are changed).

Pulsations of current 7 and of voltage e do not reach their maxima
simultaneously; the current passes through its zero value when the
e.m.f. reaches its maximum, and vice versa. This is shown by the
equations' (2) and (3), for— while the current is expressed by a sine
function — the voltage varies according to a cosine function. The two
waves are shown in their relative phase positions in Fig. 102; see the
curves marked “current ¢’’ and “inductive drop izx.”” The waves are
said to be displaced in phase by 90 electrical degrees, since

Sin 2znt = Cos (90° — 2znt).

The above discussion shows the convenience of using reactance z instead
of inductance L, and the relation between the two. _

99. Experimental Determination of Reactance. — Reactance of a
coil AB of low resistance (Fig. 103) may be determined experimen-

1

~
14
O T2 D.C. and
-/ .
—O A.C.Supply

Fi1G. 103. Resistance and reactance in series.

tally, by measuring the current flowing through the coil and the A. C.
voltage at its terminals. The reactance is equal to the ratio of the
voltage to the current, according to equation (5). The current is
measured on the ammeter Am., the voltage by the voltmeter V con-
nected across the terminals of the coil. The rheostat R is for the
purpose of regulating the current.

An iron core I i3 shown within the coil; the presence of iron intensi-
fies the flux produced by the coil, and thus greatly increases its react-
ance. By moving the core in and out the reactance may be varied
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within wide limits. This method is often used for regulating cu¥ent
in A. C, circuits.

Three factors influence the accuracy of determination of reactance
by this method: The ohmic resistance of the coil, the iron loss in the
core (hysteresis and eddy currents), and higher harmonics in the sup-
ply voltage. These factors may either be kept down by a suitable

Ohms

Frequency

Fig. 104. Influence of frequency on reactance and impedance (resistance and
inductance are kept constant).

choice of conditions, or their influence may be determined and corrected
for, as is explained below. '

100. Factors which Affect the Value of Reactance. —The react-
ance of a coil depends on the following factors:

(a) Frequency of the supply (Fig. 104).

(b) Presence of iron (Fig. 105).

(c) Intensity of current (Fig. 106).

(d) Number of turns in-the coil. 7
In these diagrams the student is asked to pay attenmon for the time
being, only to the curves marked “Reactance z.” It will be seen from
these curves that:

(a) Reactance is directly proportional to the frequency of the sup-
ply, in accordance with the definition of reagtance; see equation (4).

(b) Reactance depends essentially upon the presence and the posi-
tion of the iron core, or plunger. The reactance decreases as the
plunger is drawn out of the coil; the limiting value is that which the
coil has without iron.

(c) With iron, the value of reactance depends on the intensitj' of
the current flowing throuch the coil. This is because the magmetic
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flux is not proportional to the current, the iron approaching its satu-
ration limit (§ 141). The reactance reaches its maximum at the point

Amperes { = Constant

Position of Plunger

Fia. 105. Influence of the position of the plunger (Fig. 108) on

reactance and impedance of the circuit.

of maximum permeability of iron, in other words, where the flux per

Resistance

Amperes

Fia. 106. Influence of the magnitude of current on the reactance of

a colf feffect of saturation in iron).

1 ampere of current is & @wxim'  Without iroi, there i~ no reason
‘why reactance %ﬂé%nd on the value of the < at, as both the
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flux in the coil and the applied voltage are proportional to the
current.

(d) The reactance of a coil is proportional to the square of the num-
ber of turns in series, other factors being identical, as is evident from a
consideration of two coils. The two coils under comparison should
have the same outside dimensions and the same space available for
winding. Let one of the coils be wound with a finer wire, so as to
accommodate m times more turns in the same space; assume, that the
currents in the two coils are adjusted so as to produce equal fluxes in
the respective cores. Let the induced voltage and the current in the
first coil be E and I respectively — those in the second coil E” and I’.
If the flux in the second coil is the same as in the first, I’ must be =
I + m, in order to have the same number of exciting ampere-turns.
The flux in the second coil is interlinked with m times more turns than
an equal flux in the first coil; consequently E’ = mE. Thus, the
reactance of the second coil

where z is the reactance of the first coil. This proves that reactan
increases as the square of number of turns. With the same number
of turns, reactance increases as the cross-section of “the conl or at least
as the cross-section of its iron core, for the reason that the flux produced
by ‘the coil increases in this proportion.

101. EXPERIMENT 5-A. — Study of a Reactance Coil with=
out Iron. — The influence on reactance of frequency and of the num-
ber of turns, as discussed in the preceding article, may be conveniently
studied on a coil without an iron core. The connections are as shown
in Fig. 103; for the experiment a coil with a considerable number of
turns of heavy wire should be used in order to have an appreciable
inductance with a negligible resistance. (a) First investigate the
influence of frequency. Connect the circuit to the terminals of an
A. C. generator the speed of which may be varied at will. Keep the
current through the coil constant, and measure the voltage across its
terminals at various frequencies of the current. . Take readings with
two or three different values of the current. (b) Investigate the
influence of the number of turns. It is convenient for this purpose
to have a_coil wound with two or more wires in parallel. By using
separate sections of the winding, or combining them in series and in
parallel, different numbers of active turn3 are obtained. The experi-
ment may be perfgimed at u constant frequelltys the reactance should
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be determined with several different values of current. (¢) In cases
where inductance is harmful, coils are wound non-inductively, or so as
not to produce any magnetic flux. This is accomplished by connect-
ing two halves of a winding so that each tends to produce a magnetic
flux in a direction opposite to that of the other. Try this experi-
mentally by sending & current through the coil with two sections of
the winding connected in opposition. If the coil has only one winding,
take a tap M (Fig. 103) as one terminal, and use the points A and B
connected together as the other terminal. Before putting on current,
insert enough resistance R to prevent an inrush of current. You will
find the voltage drop across the coil very small, and consequently its
reactance low.

Report. Plot values of reactance in ohms to cycles (of frequency)
as absciss®; figure out the inductance of the coil (in henrys) according
to formula (4). Give the results showing that inductance increases
as the square of the number of turns. Describe the experiment with
the coil wound non-inductively.

L J

102. EXPERIMENT 5-B. — Study of a Reactance Coil with an
Iron Core. — The factors to be investigated are enumerated in § 100.
The influence of the frequency and of the number of turns may be
omitted, if experiment 5-A has previously been performed. To investi-
gate the influence of the position of the plunger, first remove it (Fig.
103), and raise the current in the coil to its maximum safe value. Then
gradually move the plunger in, at the same time cutting the resistance
R out of the circuit, so as to keep the current constant (Fig. 105).
Another set of curves may be taken, keeping the voltage across the coil
constant, and allowmg the current to drop as the plunger is inserted
into the coil.

To investigate the influence of the intensity of current (Fig. 106),
shove the plunger into the coil and gradually increase the current by
regulating the rheostat R; read volts and amperes. Repeat the test
with two or three different positions of the plunger.

Report. Plot curves showing variation of the reactance of the coil
with the position of the plunger and with the intensity of the current
in the coil, as in Figs. 105 and 106. Explain the character of the
curves.

103. Impedance, or Combination of Reactance and Resistance.
— Reactance coils have been considered heretofore as devoid of ohmic
resistance, or at least having a negligible resistance. In many prac-
tical cases, however, the ohmic resistance of a circuit is of equal, if not
of greater importance, than the reactance. It is necessary, therefore,
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to investigate the combined action of a reactance having a resistance
in series with it.

Experience and theory show, that a reactance z and a resistance r
connected in series, as in Fig. 107, cannot be added arithmetically,

F1a. 107. Diagram of connections for investigating electrical relations in a circuit
containing resistance and reactance in series,

though both are expressed in ohms. They must be added geometri-
cally, at right angles, as in Fig. 108. For instance, let an inductance
of 4 ohms be connected in series with a resistance of 3 ohms. To force

o
T
[}
& w
® Il
8
*w
A _ Current ¢ R
. 1 r=E Raa. o
Fic. 108. Geometrical addition of a Fia. 109. The triangle of voltage drop,
resistance and a reactance, the result corresponding to Fig. 108.

being an impedance.

a current of 10 amperes through the reactance alone an e.m.f. of 40
volts is necessary; to force the same current through the resistance
alone, 30 volts are required. But when the two are connected in series,
only 50 volts are necessary, instead of 40 + 30 = 70 volts. In other
words, the combined action of 4 ohms and 3 ohms is seemingly equiva-
lent to 5 ohms, and not to 7 ohms.

This peculiar relation can be explained by means of the equations
established in § 98. When a coil — in addition to an inductance L — has
some ohmic resistance r, the e.m.f. necessary to be applied at its ter-
minals, in order to produce a current 1, is

i, .
8-—La+11’......--.(6)
compare with equation (1). Substituting ¢ from (2), and remember-
ing the relation (4), we obtain
e=2ICos2xnt + rISin2znt . . . . . (7)
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This shows that the applied voltage at any moment is a sum of two
voltages, each varying as a sine wave (Fig. 102). The wave of the
inductive drop 2z is the same as before; the wave of the ohmic drop ir
is in phase with the current, both being represented by the same sine
function. The total voltage e = 1z is also represented by a sine wave,
for the sum of two sine waves of the same frequency is also a sine wave,

It will be seen from Fig. 102 that the amplitude of the wave marked
‘““total voltage ’ is less than the sum of the amplitudes of the two com-
ponent waves. Its phase position is also intermediate between the
two. We may express this voltage by

e=2ISn et +¢) . . . . . . (8)

where z and ¢ are two new quantities which determine the magnitude
and the position of the resultant e. Equating (7) and (8) we obtain

z28in 2znt + ¢) = zCos2zxnt + rSin2znt . . . (9)

This relation is true at any moment ¢; applying it first for n¢ = 0, and
then for nt = }, we obtain

- z2Sing =2z
ZCOsﬁ = r} L e e (10)
whence A
z=VZF+ R
t&n¢ = r+7T } e e e e e e e . (ll)

For given values of x and r, the values of z and ¢ may either be calcu-
lated from (11) or constructed as in Fig. 108. The “ combined resist-
ance ”’ z is called the impedance of an apparatus or of a circuit; it is thus
equal to the geometrical sum, and not to the arithmetical sum, of the
component resistance and reactance in series.

Returning now to the above numerical example, we see that a 4-
ohm reactance and a 3-ohm resistance act together as an impedance
z =442 + 32 = 50hms. The equation (8) may be represented sym-
bolically thus:

Ep=zip@) . . . . . . . (12)

where (¢) means that the wave of the current lags behind that of the
applied voltage by the angle ¢ (Figs. 102 and 109). This equation
compared to the equation (5) clearly indicates the influence of an
ohmic resistance in series with a reactance.

104. EXPERIMENT 5-C. —Study of a Reactance Coil with an
Appreciable Ohmic Resistance. —We assume now that the coil A-B
(Fig. 103) has an appreciable ohmic resistance . For experimental pur-
poses, it is better to have the coil itself of a negligible resistance, but
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have some resistance connected outside the coil, so as to be able to vary
it (Fig. 107). The purpose of the experiment is: (1) To prove that
a resistance and a reactance in series must be added geometrically;
(2) To investigate the influence of the factors enumerated in § 100,
as modified by the presence of resistance. To prove the triangle of
resistances, Fig. 108, send an alternating current through the coil and
the resistance connected in series. Measure the current and the volt-
age and determine the impedance z as the ratio of the voltage to the
current, according to equation (12). Then measure the reactance z
of the coil alone, also as a ratio of volts at its terminals to amperes
flowing through the coil. Finally put on a direct current, and measure
the ohmic resistance r. The three quantities thus determined must

Ohms

Reactance = Constant

Resistance Variable Resistance

Fia. 110. Influence of variable resistance on the Fia. 111. Explanatory diagram
value of an impedance. to the curves shown in Fig. 110,

form a rectangular triangle, as in Fig. 108, so that any two of them
check the third. Repeat this experiment with different values of
current.

The influence of various factors on the impedance should now be
investigated, as shown in Figs. 104 to 106. The two values to be meas-
ured are: The total impedance z and the ohmic resistance r. The
reactance z is figured out either graphically, as in Fig. 108, or from the
relation z = V22 — 72, During this investigation the resistance r is
kept constant. It will be noted that its influence -becomes more
pronounced, the smaller the reactance. It is also advisable to inves-
tigate the converse case (Fig. 110), the reactance being kept constant
and the resistance gradually increased. It will be seen that the total
impedance increases more slowly than the resistance. The geometrical
reason for this may be seen from Fig. 111.



Cuar. 5] REACTANCE AND RESISTANCE. 127

105. Triangle of Voltages. —It was shown in § 103 that a resistance
and a reactance cannot be added arithmetically, but must be added
geometrically at right’ angles; also that a drop of 40 volts across a
reactance, and of 30 volts across a resistance in series with it, gives a
total drop of only 50 volts, instead of 70 volts. This latter relation
is deduced directly from Fig. 108, by multiplying the three sides of the
triangle by the effective current ¢ (Fig. 109). This gives a triangle of
the effective values of voltage, across the resistance, across the react-
ance and across the total impedance. The triangle, Fig. 109, gives the
same information in regard to the electrical relations in the circuit, as
the set of sine waves in Fig. 102. The angle of lag ¢ is also represented
in the triangle in its true magnitude. The diagram is completed by
drawing a line which represents the current ¢. This line is in phase
with the ohmic drop ir, since the two corresponding sine waves reach
their maxima simultaneously.

Lines showing effective values and phase relation of alternating
electrical quantities are called vectors; thus Fig. 109 is a vector diagram
of currents and voltages in an inductive circuit. Such diagrams are
now used almost exclusively in place of sine waves. They give the same
information, and are much easier to read and to understand.

106. Phase Angle and Power Factor. —The phase angle ¢, Fig.
109, is of great importance in determining the average power spent
in a circuit. The actual power varies from moment to moment with
the instantaneous values of current and voltage. When inductance is
present, the power supplied becomes at times even negative; this is
when the inductance gives back the stored electromagnetic energy
(see §§ 96 and 97). For practical purposes only the average value of
power, during one complete period of alternating current, is of impor-
tance.

If e is an instantaneous value of the voltage and ¢ the corresponding
value of the current, as in § 103, the average power during the time T
of one cycle is

TJ, -
or
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The first term on the right side is = 0 because 7 is the same for any
two moments, differing by T. This shows that with periodically
fluctuating currents, no power is permanently lost or gained in a react-
ance; it is merely stored part of each cycle and returned to the circuit
during another part of the cycle. The power lost in the resistance is
represented by the familiar expression 2.

For circuits in which voltage and current vary according to sine law
another expression for power is obtained by substituting E Cos ¢ in
place of ir (Fig. 109). We find

w=Eg.i7. Cos¢p . . . . . . . (13

If the circuit is non-inductive Cos ¢ = 1 and the power is represented
by the product Ep.1¢p. This latter product is also called the apparent
power. Cos ¢ is called the power factor, for it is the factor by which
the apparent power must be multiplied in order to get the true power
w. Another proof for the expression (13) will be found in § 75.

By having in the circuit an indicating wattmeter W (Fig. 107) true
watts may be read directly in addition to the current and the voltages,
and the power factor calculated from (13). Another way of deter-
mining Cos ¢ is from the triangle of voltages (Fig.109). If the instru-
ments are in calibration, the two methods yield the same result.

107. EXPERIMENT 5-D. —Power Relations with Resistance
and Reactance in Series. — The purpose of the experiment is to make
clear the relations deduced in §§ 105 and 106. The connections are
shown in Fig. 107. A voltmeter switch T is used, by means of which
the voltmeter may be made to indicate at will either the total voltage,
the voltage across the inductance, or across the resistance. The connec-
tions to this switch are shown more in detail in Fig. 113. The resist-
ance 7, in Fig. 107 is meant to represent the small ohmic resistance
unavoidable in the reactance coil .

Select by trials such values of r and z as will give about the same
drop across BC as across C'D; read amperes, volts and watts. The volt-
meter connection is shown to include the drop in the ammeter; this is
advisable in order to have the same total voltage, as is impressed across
the potential coil of the wattmeter. The resistance of. the ammeter
must thus be included in the value of . Ohmic resistance is measured
at the close of the experiment by the drop-of-potential method, using
direct current. A double-throw switch D, shown in Fig. 113, is con-
venient for changing from .alternating to direct current. Take several
sets of readings, varying the applied voltage by the rheostat R. Repeat
the same test with different values of r and .



Caar. 5] REACTANCE AND RESISTANCE. 129

Report. (1) Plot amperes, watts and component volts to total
volts as abscisse (Fig. 112).

(2) Plot corrected values of pure resistance drop and pure reactance
drop, as shown by dotted lines. This is done by adding tr, drop to

Fic. 112. Variations in amperes, watts, etc., consumed in the circuit shown
in Fig. 107, with the change in impressed voltage. ’

ir and subtracting the total ohmic drop geometrically from the applied
voltage. '

(3) Show for a few points selected from the curves, that the power read
on the wattmeter checks with the calculated expression (r 4 7,) . 2.

(4) Check the values of Cos ¢ calculated as the ratio of true watts
to apparent watts [expression (13)] with those determined from the
triangle of voltages (Fig. 109). '

108. Impedances in Series. —The relations deduced in §§ 103 to
107 may now be extended to the case of two or more resistances and
reactances connected in series (Fig. 113). Such conditions are met
in practice when, for instance, both the line and the current-consuming
devices possess resistance and reactance, and it is desired to calculate
the station e.m.f. and the power factor of the generator load.

The relations are shown in Fig. 114; the diagram is constructed for a
given current ¢ (horizontal vector). The total voltage drop across
AC (Fig. 113) does not depend on the order in which the resistances
and the reactances are connected. Therefore, we may substitute an
equivalent resistance R = r; + rp for the two separate resistances r,
and r. In a similar way an equivalent reactance X = r; + z, may
be introduced. This gives th triangle A PC analozous to that shown



130 REACTANCE AND RESISTANCE. [Crar. 5

in Fig. 108; AC is the combined, or ‘equivalent impedance Z of the
circuit. Multiplying Z by i, according to equation (12), the total

Fig. 113. Impedances in series,

voltage AC’ is obtained. The triangle AM B shows the resistance,
the inductance, and the impedance between the points A and B of the
circuit; the triangle BNC gives the same values for the part of the

e

I
Current ‘3%
M M P P’

S 7 e Y

L N

Fic. 114.  Electrical relations with two impedances in series.

circuit between B and C. The triangle APC is a combination of
these triangles. It may also be said, that the impedance Z is the geo-
metric sum of the impedances z; and z,.

By changing the scale of the diagram in the ratio of AC’ - AC a
diagram AB’C’ of component voltages is obtained, as shown by dotted
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lines. AM’ is the voltage across ry; M’ P’ is that across r;. M'B’ =
P’ N’ is the voltage across z; and N’C” is that across z2. The voltage
across AB (Fig. 113) is represented by the vector AB’; the voltage
across BC by B’C’. 1t may be said, that AC’ is the geometric sum of
AB’ and B’C’. The angles of phase displacement between the current
and the various voltages may also be measured on the diagram.

If the terminal voltage AC’ is given instead of the current, the dia-
gram is constructed on the basis of a current arbitrarily assumed; then
the values obtained are reduced or increased in the ratio of the given
voltage to that found by construction.

109. The Three-Voltmeter Method for Measuring Power. —A
special case of the diagram shown in Fig. 114 is represented in Fig. 115.
The reactance z; = 0, so that one of the impedances is reduced to a non-

Y

Fia. 115. Specific case of the diagrams shown in Figs. 113 and 114, when the
reactance , is zero.

inductive resistance rg; in other respects both diagrams are identical.
This case is of considerable practical importance, as the method can be
used for determining power in an inductive circuit, without the use of
a wattmeter. Let BC (Fig. 113) be an apparatus, such as a single-
phase motor, and let it be necessary to determine watts power con-
sumed in it, without using a wattmeter. According to equation (13),
the power depends on the current, the voltage, and the phase displace-
ment between the two. The current and the voltage are measured
directly; the phase displacement may be determined from the diagram,
Fig. 115.

For this purpose, a non-inductive resistance rs is connected in series
with the apparatus BC; the three voltages AB, BC and AC (Fig. 115)
are measured, as is the current . The resistance r, being non-inductive,
its drop.4 2 {5 in phase with the current, so that the triangle A BC may
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be constructed in its true phase relation to the current ?. This gives
the desired phase-angle ¢ at B. Projecting BC on 7 gives E Cos ¢;
this value being multiplied by ¢ gives the required power.

If the value of 7 is known, it is not necessary to have an ammeter,
as the current can be calculated as the ratio, — voltage -+ resistance.

This method is called the three-voltmeter method, because power, or
at least the phase-angle, is determined from three voltmeter readings.
It has been used to some extent in former years, but is now applied in
exceptional cases only, since indicating wattmeters have come into
universal use.

110. EXPERIMENT 5-E. — Voltage and Power Relations with
Impedances in Series. — The connections are shown in Fig. 113, save
that a wattmeter should be added as in Fig. 107. (a) Adjust the
desired values of resistances and reactances, and take readings of

.C.Supply

p

F1. 116. Two impedances in parallel.

volts, amperes and watts. Read total watts, and watts across each
impedance, separately. Gradually increase the applied voltage by regu-
lating the resistance R; take similar readings with each setting of the
rheostat. Put on direct current and measure the ohmic resistances
by the drop-of-potential method. (b) Repeat the same experiment
with different values of resistances and reactances. (¢) For the
same impedance determine the power consumed in it, first using a
wattmeter, and then by the three-voltmeter method.

Report. Plot the results to total volts as abscisse. Draw the diagram
of voltages AM’B’ N’C’ (Fig. 114) and check the cosines of the angles
with those calculated from the wattmeter readings. Check the power
determined by the three-voltmeter method with that read on the watt-
meter, and with calculated 2r.

111. Impedances in Parallel. —The connections are shown in Fig.
116. Tt is required to find the total line current 7 and its phase rela-
tion to the voltage E applied between M and N. Let usnrsu consider
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the simplest case, when one branch has a pure inductance z only; the
other merely an ohmic resistance r (Fig. 117). The current in the
first branchis?; = E +
and lags 90 degrees be-
hind E; the current in
the second branch is
79 = E +r, and is in.
phase with E. The total
current ¢ is the sum of e.m.f, E

€ > >

the two and is repre- =5

sented” in the diagram Fioe. 117. Vector diagram of currents, with resist-
by the diagonal of the ance and reactance connected in parallel.

rectangle. It will be easily seen that with z the equivalent impedance

of the circuit
1_\/11 1\2 '
= (1)+(;).......(14)

as distinguished from the expression (11), when a resistance and a
reactance are connected in series.

When resistance and reactance are present in both parallel branches,
the two component currents 7; and 1, are lagging behind the impressed
emf. OA (Fig. 118) by certain angles ¢; and ¢,. The total current

1 = 0C is the geometric sum of the two
and lags behind OA by the angle ¢.
The same relations are shown in
¢‘ greater detail in Fig. 119. The applied

o 8 ,a Vvoltage between the points M and N

4 ~ (Fig. 116) is represented by the vector
Fig. 118. Component currents and QE, The voltages across the resistance

total current in the case of two o, gcross the reactance in branch 1 are

impedances connected in parailel. represented by the triangle OP E, as in
Fig.109. OP, is the drop in the resistancer,; P, E is that in the reactance
z,. The current %) being in phase with the ohmic drop is represented
by a vector OC;. The triangle OP,E gives similar relations for the
branch 2. If there are more branches in parallel, a triangle may be
constructed for each branch. The apexes P;, P,, . .. . of all such
triangles lie on a semicircle drawn on OFE as a diameter. This is
because all the triangles are rectangular, and all have OF for a hypothe-
nuse. The total current 7 in the line is a geometrical sum of #; and ¢,
and is represented by the vector OC. If there are more than two
branches in parallel, the vectors of the component currents are added
together as if they were mechanical forces radiating from the point O.

@
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112. EXPERIMENT 5-F. — Study of Impedances in Parallel. —
The purpose of the experiment is to illustrate the relations described in

(o) j ] “E
Fia. 119. Vector diagram of currents and voltages, corresponding to the connections
in Fig. 116.

§ 111. The connections are shown in Fig. 120; they are identical with

those in Fig. 116, except that one ammeter is used for all branches,

being connected to a polyphase board (see § 49). A wattmeter is

provided for determining phase relations. (a) Begin with the sim-
Ammeter Bound

N ~—4o0-% 3

R i - g 0 1
== ' = -
] :,
AC. : @ T35n R
1 v >
o

F1c. 120, Diagram of connections for investigating two impedances in parallel.

plest case, illustrated in Fig. 117, when one branch contains only
inductance, the other only resistance. Measure the three currents,
volts and watts. Gradually increase the voltage and take similar
readings. Finally measure the resistance r with direct current. (b)
Repeat a similar experiment with other values of resistance and react-
ance. (c) Take the more general case of r and r in both branches,
as in Fig. 116. Read amperes, watts and volts; also component voltages
in each branch.

Report. (1) Show that the three currents form a rectangular tri-
angle, when pure resistance is connected in parallel with pure induct- -
ance; check the phase-angle ¢ with that determined by the wattmeter.
Also show that the total power corresponds to #r in the resistance,
and that no power is lost in the reactance.
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(2) Draw several diagrams, as in Fig. 118, and show that the rela-
tions obtained from the volt and ampere readings check with those
calculated from the wattmeter readings.

(3) Construct, for one set of readings, a complete diagram, as in Fig.
119.

NOTE. Resistance 1, shown in Fig. 120, by dotted lines, is meant
to represent the influence of the core loss in the reactance coil. A coil
with iron loss in its core is electrically equivalent to an ideal coil with
a high resistance shunted around it.

113. EXPERIMENT 5-G. —Motors and Lamps Connected in
Parallel to the Same A. C. Supply.— This experiment is a practical illus-
tration of the case discussed in §§ 111 and 112. The load in most power
plants consists partly of incandescent lamps, which constitute a prac-
tically non-inductive load, and of induction motors having a lower
power factor. The resultant load in the power house is the sum of
the power taken by the lamps and of that taken by the motors; the
resultant power factor lies somewhere between the average power
factor of the motors, and 100 per cent.

In studying the electrical relations between inductive and non-
inductive load it is not necessary to have the experiment arranged on a
large scale, since the relations are the same at 5 amperes as they are
at 5000 amperes. A laboratory experiment may be considered as
representing the actual conditions when performed, for instance, on a
4 hp. motor and some 10 to 15 incandescent lamps connected in parallel
with it. By multiplying the results, say by 1000, we get the relations
taking place in a city having about 500 hp. in motors and from 10,000
to 15,000 incandescent lamps connected to the electric distributing
system. _

The load and the power factor vary in actual service in innumerable
combinations. To make the problem more definite select two extreme
cases: (1) All the lamps are turned on; motor load increases from
zero to maximum. (2) All the motors are running at full load; the
lamps are gradually turned on. The relations taking place in inter-
mediate cases can be readily understood from the results of these two
extreme conditions.

Connect the lamps and the motor in parallel to the power supply,
as in Fig. 120, and arrange switches and instruments to read watts and
amperes supplied to the lamps, to the motor, and to both. The voltage
must be kept as nearly constant as possible during the whole experi-
ment. Take two sets of readings, under the conditions described in
(1) and (2) above.
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Report. The results should be plotted to total watts as abscisse;
plot kw. lamp load, kw. motor load, lamp current, motor current, total
current, resultant power factor and motor power factor; also calculate
and plot wattless amperes. Two separate sets of curves should be
plotted: one for constant motor load, the other for constant lamp load.
The dlagram Fig. 118, is sxmphﬁed in this case to that in Fig. 121

because the load in one of the

c branches is non-inductive.

Check a few points of the above

o 7 #, curves by means of this dia-
: > D_’A gram. For instance, take the

observed component currents,
Fic. 121. Current relations when an induc-  find from the diagram the total
tive load and a non-inductive load are con- current and the resultant wer
nected in parallel (specific case of Fig. 118). an © po .
factor, and compare them with
the values directly observed. Or take the observed total current and
one of its components, and determine from the diagram the other
component current.
114. Mutual Induction. — The reactance of a coil, such as C, (Fig.
122), is reduced by the proximity of another coil C,, if the latter is

Exﬁoring Coil

Fi1c. 122. Effect of mutual induction on the electrical relations in a circuit.

short-circuited upon itself. The reason is, that the flux produced by
the first coil induces currents in the secondary coil. These currents
oppose the action of the primary currents, reduce the flux, and conse-
quently the counter-e.m.f. produced by the first coil.

The effect of the secondary coil depends, among other factors, upon its
distance from the primary coil and on the character of the circuit on
which it is closed (resistance 7, and reactance x:). The action is
greatly intensified if both coils are mounted on an iron core, I. This
interaction of two coils, without direct metallic connection, is called
mutual induction.

In some practical cases, mutual induction is highly desirable; thus
the action of transformers (Chapter X1I) is hased entirely upon it. In
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other cases it has a harmful effect; for instance, when a power-trans-
mission line parallels a telephone line, currents are induced, which mter—
fere with the transmission of speech.

The electrical relations between two circuits having a mutual induc-
tion are usually too complicated to be expressed by practical formule
or diagrams; it is merely desired that the student understand the
physical character of the phenomenon, and the influence of the factors
entering into it. This can be done as is explained in the following
experiment.

115. EXPERIMENT 5-H. — Effect of Mutual Induction on the
Reactance of a Circuit. — The phenomenon described in the preceding
paragraph may be studied experimentally with apparatus as shown
in Fig. 122. The coil C; under test is denoted the ‘Primary Coil.”
It is connected to an A. C. supply with an ammeter 4, a voltmeter V,
and a wattmeter W in the circuit, as usual. Another coil C, marked
“Secondary Coil ”’ is closed on a circuit consisting of a resistance rg,
reactance z; and an ammeter A;. The secondary coil may be placed
at any desired distance from the primary coil. In order to increase
the inductive action between the two coils, they may both be put on
a common iron core I. To investigate the influence of the position of
the secondary coil, short-circuit it upon itself through the ammeter A,,
and bring it as close as possible to the primary coil (position “ O ).
Adjust the primary current by the resistance R to the maximum safe
limit; read volts, amperes and watts. Gradually move Cy away, keep-
ing the primary volts constant. Take readings until the secondary
coil is removed so far that its influence on the primary circuit is hardly
noticeable. Finally open its circuit and again read the primary values.

As the coils are separated, the flux between them varies. The values
of the flux can be ascertained by an exploring coil E connected to a
separate voltmeter. The coil E is moved as shown by dotted lines,
and the variations in the flux measured by the variations in the induced
emf. The voltmeter current is so small, that the presence of the
exploring coil does not affect the electrical relations between the
primary and the secondary coils.

Now investigate the influence of the character of the secondary
circuit on the mutual inductance. Place the secondary coil at a short
distance from the primary coil, and take several readings of volts,
amperes and watts, varying the values of r3 and r,. Maintain either
primary volts or primary amperes constant, in order to have a basis
for comparison of results.

Report. Plot results to positions of the secondary cml as ahscisse
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(Fig. 123). Plot the effect of varying secondary inductance and
resistance; use as abscisse the quantity which was varied. Give a
physical explanation of the observed relations.

116. Measurement of Inductance with Wheatstone Bridge. —
Small inductances, such as are used in telephone and telegraph work,

\ Impedance without Secondary Cofl

e 3 4 5 & 1t 8 9 10
Positions of Secondary Coil

]
2O

Fia. 128. Curves showing the effect of mutual induction, with the connections as
per Fig. 122,

and in scientific research, are usually measured by means of a Wheat-
stone bridge, with direct or interrupted currents. The various methods
employed may be found in physical-laboratory manuals and in text-
books on electricity and magnetism.



CHAPTER VI.
ELECTROSTATIC CAPACITY.

117. Physical Conception of Electrostatic Capacity. —Imagine
two metallic plates C (Fig. 124) brought into proximity to each other,
but separated by an air space.

If the plates are connected to a source of electric potential, they will
be charged with equal and opposite quantities of electricity. This
combination of two plates with a dielectric intervening is called an
electric condenser. The quantity “of electricity which it is able to store
or “condense’ under definite conditions is called its electrostatic
capacity. The unit of capacity in the ampere-volt-ohm system is
called the “farad.” A condenser is said to have a capacity of one
farad, if one coulomb of electricity is stored on each plate, at a pressure
of one volt between the plates. The coulomb is the quantity of elec-

N
c >
}——04 .
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Fic.124. A convenient method for varying the voltage at the terminals of a condenser.

tricity supplied by a current of one ampere during one second.
Originally the ampere was defined as a coulomb-per-second, but of
late years the ampere has become so much more generally used than the
coulomb, that it seems legitimate to define the coulomb by means of
the ampere. *

The farad may also be defined by the volt and the ampere without
introducing the conception of the coulomb. A condenser has the capa-
city of one farad if it takes a charging current of 1 ampere when the
vollage at its lerminals varies at a rale of .1 volt per second. The farad is
too large a unit for practical purposes; therefore capacity of condensers
is usually measured in millionth parts of a farad, or in microfarads.

The presence of capacity in an electric circuit is manifested by some

of the current being used for charging it, instead of flowing through the
189
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circuit; if the applied voltage is alternating, the charge periodically
absorbed by the condenser is given out during the periods of
low e.m.f.

The following analogy may make clearer the action of a condenser.
Imagine a water supply pipe with a branch opening to which an elastic
bag is connected — bag as well as the pipe being filled with water.
As long as the pressure remains constant, the presence of the bag
does not interfere with the regular flow of water through the pipe. But
should the pressure in the pipe increase, part of the water, instead of
flowing through the pipe, enters the bag and stretches it, until its elas-
ticity balances the increased pressure. Should the pressure in the pipe
decrease, the elasticity of the bag forces part of the water back into the
pipe. Thus, if the pressure in the pipe varies periodically, there is a
periodic flow of water in and out of the bag, and the conditions of flow
become more complicated than if the pipe were solid.

In a similar way, the flow of current in alternating circuits is modified
by electrostatic capacity. When the voltage increases, extra current
flows through the line to charge the condenser; when the voltage is on
the decrease, the condenser is partly discharged through the line. In
long cables and overhead transmission lines, capacity is not concen-
trated in one place, but is distributed along the line. Each element of
the line acts as one plate of a small condenser, the earth, or another
wire of the same line acting as the other plate. To extend the above
analogy to this case, the pipe itself must be imagined as made of an
elastic material, so that its cross-section varies with the applied
pressure.

118. Electrostatic Capacity in Practice. —The most important
practical cases in which capacity is brought into play are:

(1) In submarine telegraph cables, where capacity is so large that
an appreciable time elapses before any current reaches the further end
of the cable. The first few moments after the circuit is closed, all the
current is used for charging the cable itself, so as to bring it up to the
required potential. This circumstante limits the speed of transmission
of signals.

(2) In high-tension cables and very long overhead transmission lines,
capacity has quite a noticeable disturbing effect on the transmission of
power, causing at times an abnormal rise of potential.

(3) Electrostatic capacity in telephone lines considerably affects
the quality of speech. To minimize this effect, telephone cables are
constructed so as to have as little capacity as possible. Inductance
coils are sometimes inserted in long telephone lines to neutralize the
effect of capacity.
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(4) Condensers are useful in cases where direct current should not
flow through a certain part of the circuit, while alternating currents
should pass through it with as little opposition as possible. Con-
densers are used for this purpose in central energy telephones (see
Figs. 534 and 536). \

(5) Condensers are an indispensable part of wireless telegraph out-
fits; also in other cases where it is necessary to produce electric oscil-
lations.

(6) Condensers are useful in many electrical investigations as auxil-
iary means for measuring various quantities, eliminating higher har-

nics, etc.

119. Factors Affecting the Capacity of a Condenser. ——The
capacity of a condenser, or its ability to store electric charges, depends
on its form and dimensions, and on the nature of the dielectric between
the plates. Increasing the surface of the plates C (Fig. 124) increases
the capacity in the same proportion, for the reason that each element of
area of one plate binds a certain quantity of electricity on the corre-
sponding element of the other plate; therefore increasing the surface of
the plates increases the total charge which the condenser can hold
for a certain pressure at its terminals. Bringing the plates closer
together also increases the capacity, because the attraction between
opposite charges is increased; this permits larger amounts of electricity
to be held mutually bound.

Capacity is also increased by substituting various insulating com-
pounds for air. It seems that electric charges attract and hold each
other more easily through these compounds than through the air.
Thus, substituting paraffine for air increases the capacity of a con-
denser about twice; the use of hard rubber in-
creases it 2.5 times, etc. The number of times T j)
by which capacity is increased by the substitu-
tion of some other insulating material for air
is called the specific inductive capacity of the
insulating material. It is about 2.5 for rubber,
about 2 for paraffine, and varies between 2 and
3 for many other substances. - Y ——

120. Construction of Condensers. — The F'(‘ff' l,z,ﬁ;ml I:lfef: q::,m;
capacity of condensers used in practical work is condenser, to increase
too large to be obtained by two plates, unless  its capacity.
the plates be given enormous dimensions. It therefore becomes
necessary to use several plates (Fig. 125) connected alternately to
opposite terminals. An air-insulated condenser of this kind is shown in
Fig. 126; it is used as a standard for measuring small capacities. For
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larger capacities, plates must be brought much closer together, and
their number greatly increased. Besides, it becomes necessary to-use
a dielectric other than air, since the thin metal sheets are not strong

Fig. 126. A standard air condenser.

enough to support themselves. This also increases the capacity of
the condenser from two to three times, because of the higher specific
inductive capacity of dielectrics other than air.

Mica is used for insulation in standard condensers; also in those
intended for high voltages. Such condensers consist of sheets of tinfoil
with sheets of mica between them. The whole is firmly pressed together

F1c. 127. An adjustable mica condenser.

in order that the distance between the plates and consequently the
capacity shall remain unaltered. A more satisfactory method than
using tinfoil is to have each sheet of mica coated chemically with a thin
" film of silver. A standard mica-condenser is shown in Fig. 127; it
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is subdivided into sections of 0.05, 0.05, 0.2, 0.2 and 0.5 microfarad.
By simple combinations of plugs, several values of capacity may be
obtained between 0.05 and 1 microfarad (I'ig. 128).

Mica condensers are quite expensive; therefore, where high accuracy
and particularly high insulation are not required, sheets of tinfoil are

& 5~
> B 9
I\_, 9 9 9 @ O

Fic. 128. Arrangement of sections in the condenser shown in Fig. 127.

insulated with paper instead of mica. Each sheet of paper is dipped in
hot paraffine during the construction, and the whole is immersed in
paraffine after completion, in order to exclude air. This makes the
condenser a solid mass, and insures constant distances between the
sheets of tinfoil. A paper condenser for voltages up to 500 volts, ad-

Fic. 120. A simple paper condenser.

justed within 3 per cent, is shown in Fig. 129. Paper condensers may
be subdivided into sections, as in Fig. 127.

. Condensers in Series and in Parallel. — Condensers may be
connected in series and in parallel, like resistances, and 1t is necessary
to know how to calculate their combined capacity.

(@) Condensers tn parallel. Suppose several condensers (Fig. 130)
of capacity ¢;, ¢z, €3, . . . . to be connected in parallel across a line
having a pressure E. The problem is to find the capacity C of an
equivalent condenser, such as can store at the same pressure E the same
quantity of electricity as the given condensers together. Let the
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quantities stored be ¢, ¢z, ¢3. . . . According to the definition of
capacity (§ 117), we have

@ = aFE; g3 = c3 E; ete.
For the equivalent condenser ,

@1 +¢+.... =CE.
Substituting we find

C = 2 c;

in other words, the combined capacity of condensers in parallel is equal

C Cy Cy Cs
C=2¢ E
—-Q—-E_q ' s 9

F1a. 130. Addition of capacities in parallel.

to the sum of their capacities. This result could be foreseen from the
physical conception of capacity.

(b) Condensers in series. Condensers connected in series are shown
in Fig. 131. The electric charge ¢ in each of them is the same,

¥ *
\ [}
L 2=
' q9
)
T 2
C '
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A ; [ — §-
E Cs '
l
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Fic. 131.  Addition of capacities in series.

though they may have different capacity. This must be, since each’
two direct-connected plates of adjicent condensers can be charged
only with equal and opposite quantities q of electricity, since the plates
are not connected to the line. These charges must be the same in all
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condensers, because only two equal charges can keep each other bound. .
The problem is to find the capacity C of one condenser that would hold

the same charge ¢ when connected across the line. Let the voltages

across the given condensers be e, e, €3, . . . .; we have then

g =C €] = Ca€g =C3€3 = . ...
For the equivalent condenser
g=CE=C(;+e+e+ ....);

Substituting the values of e, e, €3, ete., we find
[ 4

(3] C2 C3
1_w1
C—ZC'

This can be expressed in words by saying, that the sum of the reciprocal
values of capacities connected in series is equal to the reciprocal value
of the equivalent capacity. This is analogous to the expression for
ohmic resistances in parallel (see § 8).

Let us apply these results to the standard condenser shown in Figs.
127 and 128. The largest capacity is obtained by connecting all the
sections of the condenser in parallel, with plugs inserted alternately
in the two rows of holes, as in Fig. 127. The smallest value of capacity
corresponds to all the sections in series, with plugs at a and b (Fig. 128).
Intermediate values are obtained by other suitable combinations of
plugs. For instance, to get 0.15 microfarad, two sections of 0.2 mf.
each, are connected in series, which gives 0.1 mf.; then 0.05 mf. is con-
nected in parallel with them. With all the sections in series, we have

q=C(l.+_‘7_+_‘!_+ . ),

or

+ 2= =52,

1_2 ,2 .1
C 005 02 05
or C' = 1/52 mf.; this is the smallest value obtainable with this con-
denser. The largest capacity with all the sections in parallel is

2% 005 +2X024+05=1mf.

122. Methods for Comparing Capacities. — Most practical methods
for measuring capacity are based on comparing the capacity under
test to that of a standard condenser. The calibration of standard con-
densers themselves is done by special methods, and is outside the scope
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of practical engineering. The following are the methods of com-
parison commonly used:

(1) Direct-discharge method;
(2) Method of mixture;
(3) Thomson zero method.

In addition to these, capacity may be measured in terms of volts and
amperes with sinusoidal alternating currents. All these methods are
described below.

123. Direct-Discharge Method. — A standard condenser of capacity
C, is connected across a battery and charged at a certain voltage.
Then it is discharged through a ballistic galvanometer (§ 139); let the
deflection be d,. The same is repeated with the condenser under”test,

Earth =

Fic. 132. Direct-discharge method for comparing capacities.

the unknown capacity of which, Cy, is to be determined; let the deflec-
tion be do. Then, if the charging voltage is the same in both cases:

C|+C3=d1+dz.

This is true since electric charges on two condensers, at the same
voltage, are proportional to their capacities (§ 121 a). On the other
hand, deflections of a ballistic galvanometer are proportional to dis-
charges through it; consequently, in the case under consideration,
galvanometer deflections are proportional to the capacities of the
condensers.

When the capacity of a long cable laid underground is measured
by this method, the connections are as shown in Fig. 132. The lead
sheathing of the cable scrves as one plate of the condenser; as it is con-
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nected to the ground, one pole of the battery must also be grounded
to complete the circuit. N is a commutator; inserting a plug into the
hole 1 connects the standard condenser C; to the battery. The key
K is normally pressed against the upper contact, so that C, is charged.
Pressing the key discharges C; through the galvanometer. Then the
plug is inserted into the hole 2, when the cable is connected in place of
C,, and the same test repeated. The ratio of the deflections gives the
ratio of the capacities.

124. Method of Mixtures. — This method is illustrated in Fig. 133
and used for measuring small capacities, such as the capacity of tele-
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Fic. 183. The method of mixtures, for comparing capacities.

phone cables, or of short pieces of power cables. It consists in adding

the unknown capacity C: to a standard condenser C; which has been
previously charged; C; is then calculated from the resulting drop in

Standard
Capacity

Unknown
Capacity

Fic. 184. Mechanical analogy illustrating the method of mixtures.
voltage of C;. A mechanical analogy, shown in Fig. 134, may help to

understand the method. C; is a vessel of a known cubical (volume)
capacity; C is another vessel the capacity of which is to be determined.
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Close the valve K, and connect C) by means of the valve K; to a
source of compressed air. A certain pressure will be indicated on the
gauge P. Now close K; and connect C; with C,. The air expands
into Cz and the pressure is reduced. The resultant pressure depends
on the capacity of Cp, which thus may be calculated from the pressure-
volume law of gases.

In a similar way, the standard condenser C, (Fig. 133) is charged
from the battery, and the voltage measured on the multicellular static
voltmeter “St. V.” (see Fig. 47); let the indication be E volts. The
key K is then pressed, so that the charge is distributed between C,
and C connected in parallel; let the voltmeter indication drop to e.
As the total charge is the same in both cases, we have

charge = EC, = e(C, + C3),

from.which C2 can be calculated.
The capacity of the voltmeter itself can usually be neglected. If such
is not the case, the above formula becomes

E(C,+¢c)=¢e(C, +c+ Cy)

where ¢ is the capacity of the static voltmeter. The capacity ¢ may be
determined by performing the above measurement with a condenser C
of a known capacity.

When testing telephone cables by this method, the specification
usually requires that the test be made under the most unfavorable
conditions (maximum capacity). These are obtained when the lead
sheathing and all the conductors of the cable, but the one under test,
are grounded.

125. Thomson Zero Method for Comparing Capacities. — This
method, illustrated in Fig. 135, depends upon the two following opera-
tions: (1) The ratio of capacities is made equal to a ratio of resist-
ances, which ratio can be determined with great accuracy; (2) Balance
is obtained when the galvanometer returns to zero; this adds to the
accuracy of the method, and makes it unnecessary to have a calibrated
galvanometer.

Let the condensers C, and C; be connected as in Fig. 135; the key
K, is closed first, and a steady current established through the resist-
ances R; and R;. The keys K, and K, normally touch the upper con-
tacts, so that the condensers Cy and C; become charged. The voltage
at the terminals of each condenser — and consequently the magnitude
of the charge — depends upon the position of the slider N.

Now K, and K, are pressed down simultaneously. This allows the
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positive charge of C; to neutralize all or a part of the negative charge of
C,; the other charges, no longer bound, neutralize each other to the
same extent. The remaining charges are equalized through the gal-
vanometer (a., by pressing the key Kj. The adjustment consists in
finding such a position of the slider N that both condensers are charged
with the same quantities of electricity. When such is the case, pressing
the keys K; and K, completely discharges the condensers, so that
the galvanometer does not deflect, when the key Kj is closed.

When the correct position of the slider N is found, — with the

=

0K,

Fig. 185. The Thomson zero method for comparing capacities.

voltages across RB; and R; equal to e; and ez, — the following relations
will exist:
charge = ¢; C; = ¢3 C,.

But e, :e3 = Ry : Rp; eliminating e; and e3 we obtain
Cy Ry = C3 R,.

From this formula the unknown capacity Cs is calculated.

It must be remembered that some cables take quite an appreciable
time, sometimes several minutes, to become fully charged. In the same
way sufficient time should be allowed for the charges to equalize before
closing the key K,. When this method is used for determining the
capacity of a cable whose sheathing is grounded, the necessary con-
nections must be established through the ground. This is done by
grounding the connection between the galvanometer and the slider N;
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the sheathing of the cable acts as the positive terminal of the condenser
'C,. The rest of the connections are the same.

In addition to the above three methods for comparing capacities,
there are some others, mostly based on the use of a Wheatstone bridge.
These methods, while seldom used in engineering, are well adapted for
accurate scientific measurements. For a description, the reader is
referred to standard works on physics. '

/ ..

126. EXPERIMENT 6-A. —Comparing Capacities of Two Con-
densers. —The methods are described in the three preceding articles.
Try such of them as the apparatus at hand and the nature of the
capacity to be measured allow. In each case take several readings,
modifying the conditions (voltages, resistances and capacities) in such
a way as to have a thorough check on the result. Ascertain the limits
of accuracy of each method, and determine the conditions necessary for
obtaining maximum accuracy. Connect condensers, or sections of a
condenser, in series and in parallel, and check the relations derived in

121.

\/ 127. Capacity in A. C. Circuits. —Consider a condenser C con-
nected, as in Fig. 124, to a source of “A. C. supply. As the main current
flows through the rheostat R, by moving theslider N, any désired voltage
may be had at the terminals of the condenser (potentiometer principle).
This voltage is measured by the voltmeter ¥V, — the current through
the condenser is indicated on the ammeter Am. It may at first seem
that rio current can flow through the condenser, the cirguit at the gap
being open between the plates. A little consideration will show, how-
ever, that a condenser will become periodically charged with opposite
quantities of electricity when an alternating voltage is applied at its
terminals. This alternate flow of charging current back and forth,
at the frequency of the supply, produces the same effect on the ammeter,
as if the circuit were actually closed through a resistance.

We now desire to determine the value of the charging current which-
will flow through a-condenser of a given capacity C, with a given alter-
nating voltage E at its terminals, the frequency of the supply being
n cycles per second. According to the definition of capacity given in
§ 117, a condenser takes in a charging current of 1 ampere, when the
pressure rises at a rate of one volt per second, provided the capacity of
the condenser is 1 farad. Therefore, with a capacity of C farads and
the voltage rising at the rate of de + dt, the charging current is .

s=c%-
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Let the applied voltage vary according to the sine law, so that
¢ = E Sin 2rnt.
Substituting this value of e in the above, we find
1=27nC . ECo82znt . . . . . . . (1)

This equation shows that the charging current also varies according to
the sine law. The wave of the current leads that of the voltage by 90
degrees ; when the voltage is passing through its zero value, the current
has already reached its maximum. These relations may be expressed by
the equation
i = 2znC . Eg (90°),

where (90°) denotes symbolically the phase relation between the current
and the voltage. In thisformula the capacity is expressed in farads; in
practite, capacity is always expressed in microfarads. One microfarad
is equal to 107° farads, so that ‘

tg=2mmC.10% Ey (90°) . . . . . (2

From this formula the charging current through a condenser of a given
capacity may be calculated for a given voltage and frequency. Con-
versely, by measuring the current and the voltage, capacity C may be
calculated. This method of determining capacity is strictly accurate
with sinusoidal voltages only; the presence of higher harmonics may
appreciably affect the value of the current. This follows from the fact
that each harmonic gives a charging current of its own, and the values of
charging current increase in proportion to the frequency. Thus, in the
case that the seventh harmonic of the e.m.f. wave amounts to only 5 per
cent of the fundamental wave, the charging current due to the seventh
harmonic will be 0.05 X 7 = 0.35, or 35 per cent, of the current due
to the fundamental wave. This circumstance should be kept in mind
when using alternating currents for measuring capacity.

128. EXPERIMENT 6-B. — Condensers in A. C. Circuits. —
The purpose of the experiment is to illustrate the relations derived in
the preceding article. Connect a condenser C, as in Fig. 124, using a
resistance R and the slider N for-varying the voltage at the condenser
terminals, Take curves showing variations of the charging current
with: ’

(a) Capacity of the condenser;

(b) Applied voltage;

(¢) Frequency of the supply.

Connect a wattmeter so as to measure the power taken by the con-
denser; show that the charging current is practically wattless. A
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small amount of power may be consumed in the condenser, due to
imperfect insulation, and to what is called “ dielectric hysteresis ”’ in
the insulation. If possible, vary the wave-form of the current (see
§ 587) and observe its effect on the charging current.

Report. Plot curves showing the effect of the factors (a), (b) and
(c) on the charging current. Check a few points on these curves by
the formula (2). Describe the test showing that the charging current
is practically wattless. Give the effect of the wave-form on charging
current.

129. Capacity Reactance. — Equation (2) shows that with alter-
nating currents the expression 2znC, and not the capacity C alone,
determines the charging current of a condenser. This is similar to the
effect of reactance 2znL (§ 98) which was there denoted by z. We
shall denote accordingly

100 +27nC =y . . . . . . . (3
C; -
Phase 2, l
(e,
’ Am.
w
S I PG S
Phase1 E
z I
o r

Fic. 186. An experimental proof that capacity acts as a negative inductance (meas-
uring wattless power).

and call y the * capacity reactance ”’ of a condenser, as distinguished
from the magnetic reactance xz. The capacity reactance is also expressed
in ohms.

The considerations of §§ 103 to 112 may be applied to the case of
capacity reactance by substituting — y for z. The sign minus is
necessary, because current is lagging with magnetic reactance and
is leading in the case of capacity. In this respect, capacity acts in A.C.
circuits as if it were a negative inductance.

A good way to demonstrate this experimentally is by means of a
double oscillograph (Fig. 450). A reactance coil is connected in an
A. C. circuit, and the waves of the current and the voltage projected on
ascreen. The current wave appears in a certain position, lagging behind
that of the e.m.f. by nearly 90 degrees. Substituting a condenser
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for the reactance coil shifts the current wave by almost 180 degrees
and makes it leading instead of lagging.

Another experimental proof is shown in Fig. 136. ~ A reactance coil
z is connected in phase 1 of a two-phase circuit, and the “wattless”
power consumed in it measured by a wattmeter. The current and the
voltage being displaced by almost 90 degrees, the wattmeter connected
in the usual way would hardly give any indication at all. But
connecting the potential coil of the wattmeter to phase 2, displaced by
nearly 90 degrees, brings the two currents in the wattmeter almost into
phase, and the instrument gives a considerable deflection. Now if a
condenser C is substituted for the reactance coil — without changing the
wattmeter connections — it will be found that the wattmeter gives a
negative deflection, so that it becomes necessary to reverse either its
current or potential terminals. This shows that at the same point on
the e.m.f. wave the currents through the
inductance and through the capacity flow ]
in the opposite directions. If current in 1
the inductance is lagging, the capacity cur-
rent must of necessity be leading.

These relations are represented vectori-
ally in Fig. 137. The current 7, lags behind
the voltage e; by a considerable angle; the
capacity current %, leads e; by almost 90
degrees. With regard to the voltage ez in
the second phase, the two currents flow
practically in opposite directions; this is
the reason why the wattmeter terminals
must be reversed in the above experiment
when changing from an inductance to a
capacity. :

When capacity and ohmic resistance are mge‘l:fi:n cu"m:;.md voltage
connected in series or in parallel, current and g4 sh:v'matzzwl:lfu;? Fie.
voltage relations and equivalent impedances
may be determined from the triangles shown in Figs. 108 and 117,
keeping in mind that capacity reactance y may be considered as a
negative magnetic reactance z. The following experiment gives an
example of these relations.

te

-6,

te

.

130. EXPERIMENT 6-C. — Capacity and Resistance in Par-
allel. — The connections are the same as in Fig. 120, save that a con-
denser of variable capacity is substituted for the reactance z. This
corresponds to the practical case of a transmission line having an appre-
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ciable capacity, and supplying power to a non-inductive load. Keep the
resistance constant and gradually increase the capacity; read component
amperes, total amperes, volts and watts. Repeat the same experiment
with different values of resistance and of voltage, and at a different
frequency. Measure — with direct current — the values of resistances
used. .

Report. Plot to microfarads capacity as absciss® the curves shown
in Fig. 138. Check the following relations: (a) Total current must be

Culy in  Resistance

d‘“‘ Resistance
o
S
Im
Bedy Nee .
Microfarads

FiG. 138. Electrical relations with a resistance and a capacity connected in
parallel to an alternating-current supply.

a geometrical sum of the component currents, as in Fig. 117. (b)
Power factor calculated from wattmeter readings must be the same as
determined from the triangle of amperes. (c) Wattmeter readings
must check with the calculated 72r. (d) The charging current must
satisfy the expression (2), in § 127.

ELECTRIC RESONANCE.

131. Peculiar electrical relations arise in A. C. circuits, when capacity
and inductance are present simultaneously. The phenomenon mani-
fested is an abnormal rise of current, or of voltage, in part of the circuit,
sometimes far above the values supplied by the source of power. This
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is due to the neutralizing effect of capacity on inductance, and vice
versa (§ 129); the phenomenon is called electric resonance. The name is
derived from a similar phenomenon of mechanical vibrations produced
by the inertia and the elasticity of a system. It has been pointed out
in § 96 that inductance is analogous to mechanical inertia, while
electric capacity may be likened to elasticity (see mechanical analogy
in § 117). Thus a certain combination of inductance and capacity
gives rise to electrical oscillations of a definite frequency. If the
frequency of the supply happens to be a submultiple of or is equal to
that of these natural oscillations, the latter are greatly mtens:ﬁed pro-
ducing what is called electric resonance.

Am,

cy)

O -
Fia. 189. Conditions necessary for producing & current resonance.

The phenomenon is different according to whether inductance and
capacity are connected in parallel, or in series. When they are in
parallel (Fig. 139), current resonance is produced )when they are in
series (Fig. 142), voltage resonance is the result.

132. Current Resonance. — In the experiment illustrated in Fig.
136 capacity and reactance were supposed to be connected to the
supply in succession, the currgnts being represented in Fig. 137.
Should hoth be connected to the line, as in"Fig. 139, the current in the
main line becomes smaller than that in either branch. This is because
the lme current is the geometrical sum, or the short diagonal of the
parallelogram built on iz and 7.. Thus we obtain a seemingly para-
doxical result, that either of the component currents is larger than
their sum.
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This is actually observed when both switches S; and S, are closed
at one time. In the ideal case, when no ohmic resistance is present, the
current in the reactance is lagging 90 degrees behind the voltage, and is
equal to E + x. The current in the condenser is equal E + y, and
leads the voltage by 90 degrees. The line current 7 is the difference of
the two, or

N )

N |y
= |y

When the magnetic impedance and the capacity impedance are equal
to each other, in other words, when z = y, the line current ¢ is reduce:l
to zero, while a large current may circulate between z and C. The line
voltage merely determines the value and the frequency of the resonance
current, without actually supplying it. The condition z = y means

108 -
2znl = m' (")
or
- 3
Lo =10 (6)
2zn

In this formula L is in henrys, C in microfarads, and n in cycles per
second. For instance, with C = 50 mf. and n = 60 cycles per second,
perfect resonance takes place at a value of L deduced from the equation

I 1 /10002
4 == - = y
50 \27.60,

I. = 0.14 henry.

or

With this value of inductance

magnetic reactance x = 2z X 60 X 0.14 = 52.8 ohms;
106

m = 528 ohms’;

capacity reactance y =
the two being equal. Let the applied voltage be 220 volts; the
current through the magpetic reactance
© i =220 = 52.8 = 4.1 amp. (lagging);
the current through the capacity reactance
iy = 220 + 52.8 = 4.17 amp. (leading).

The total line current
".-_—’1.1“_ 1‘[/"‘10.
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Let the inductance now be 0.09 henry; the magnetic reactance
r = 27.60 X 0.09 = 33.9 ohms,
and 7. = 220 + 33.9 = 6.5 amp.

The total line current

7= 6.5 — 417 = 2.33 amp. (lagging).

The line current is less than

- each of its components;
this is a partial current
resonance.

The relations become
more complicated when
ohmic resistance is present
in eithér branch. The cur-
rents are then - displaced
less than 90 degrees from
the line voltage and must
be added geometrically.
The diagram shown in Fig,
140 corresponds to the case
when magnetic reactance
remains constant, while the
capacity is gradually in-
creased. When the charging
current is 1./, the resultant
current I’ in the line is lag-
ging behind the impressed
emn.f. With a large capa-
city current I.””’ the resuit-
ant current I’/ is leading.
At a certain value I,/ of
the capacity current the
total line current I’ is in
phase with the e.m.f.,as if
the circuit possessed no in-
ductance or capacity. The
same relations are shown in
Fig. 141 in the form of
curves. As the capacity is
increased, the line current first drops, then increases again as it
becomes leading.

F16. 140. A vector diagram showing current
resonance,
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133. EXPERIMENT 6-D. — Capacity and Reactance in Par-
allel. — Current Resonance. — The connections are shown in Fig. 139;
it is well to have a wattmeter in the circuit, so as to be able to calculate
the power factor of the line current. Close the switch S; and adjust the
reactance current to a desired value. Then close S» and gradually
increase the capacity. Read component amperes (in A; and A,),
total amperes, volts and watts. Note that the total current decreases
and then increases again. Instead of using three ammeters, it may be
more convenient to use one ammeter, and a polyphase board (§ 49).

Maximum. Resonance

Microfarads

Current Lagging Current Leading

Fio. 141. Curves illustrating the gradual rise of current resonance.

Introduce some resistance in series or in parallel with the inductance,
and repeat the same test. Also shunt the condenser with some resist-
ance. Finally insert resistance in both branches, always taking read- .
ings with a gradually increasing capacity.

Report. Plot the results as shown in Fig. 141; construct several
diagrams as in Fig. 140 and check the angles with those calculated from
the wattmeter readings. See how closely the values of charging current
check with those calculated from the expression (2) in § 127; also if
equation (7) is satisfied when the capacity current is equal to the
current through the reactance.

134. Voltage Resonance. — We shall now consider the resonance
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produced by a reactance z and a condenser C connected in series
(Fig. 142) in an A. C. circuit; the resistance r may at first be left out
of consideration (r = 0). Suppose a certain current ¢ flow through
the system; the voltage across the reactance leads the current by 90°;
the voltage across the condenser lags behind it by the same amount.
This means that the waves of voltage across MN and across PQ
are opposite and partly neutralize each other. Therefore the total
voltage M Q is smaller than one of the component voltages, either
across the reactance, or across the condenser. It may also be smaller
than either of them. This peculiar condition is called voltage resonance.
An example may make this clearer. Let the magnetic reactance have
a value of 10 ohms and the capacity reactance be 2.5 ohms, both values
at a frequency of 60 cycles per second. The equivalent reactance is
10 —2.5 = 7.5 ohms.
At a terminal voltage of 150 volts between M and Q, the current is =
150 +~ 7.5 = 20 amperes. The drop across the magnetic reactance is

cw

© A.C.Supply

Fic. 142. Conditions necessary for producing voltage resonance.

20 X 10 = 200 volts; that across the capacity 20 X 2.5 = 50 volts.
Thus the drop across the magnetic reactance is larger than the applied
voltage. If the capacity reactance were 5 ohms the current would
rise to 30 amperes and the drop across the magnetic reactance would
be 300 volts. With a capacity reactance of 10 ohms, the combined react-
ance becomes zero; the current and the voltage rise indefinitely.
When such a combination actually happens either the condenser breaks
down, or the inrush of current opens the circuit-protecting device.
Reducing the capacity still further, or, which is the same, increasing
the capacity reactance, makes the voltage drop across the condenser
larger than that across the reactive coil. For instance, with a capacity
reactance of 15 ohms the equivalent reactance becomes 15 — 10 = 5
ohms, and the current 30 amperes; in this case the current is leading.
The voltage drop across the condenser becomes 30 X 15 = 450
volts. _
Instead of varying the capacity, a perfect resonance could be obtained
by changing the frequency. Let us assume again the same values of

.

v



160 ELECTROSTATIC CAPACITY. [Crap. 6

reactances, 10 ohms and 2.5 ohms at 60 cycles per second. At a fre-
quency of 30 cycles, the equivalent reactance becomes

10 +2-25X2=0.

The current and the voltage rise indefinitely.

135. Vector Diagrams of Voltage Resonance. — Resonance is made
less harmful in practice, due to the presence of some resistance r (Fig.
142), — resistance limits the inrush of current and the rise of potential.
Assume that the resistance r and the reactance z remain constant,
while the capacity C is being gradually increased. This makes both the
current in the line and the voltage across M Q vary. To make the
conditions more definite we shall consider two limiting cases: (1) line’
current kept constant; (2) line voltage kept constant. The regulation
of current and voltage is made by the rheostat R.

(a) Line current constant (Figs. 143 and 144). The drop OA = iz -
in the inductive reactance is leading the vector of the current by 90°.

The ohmic drop AB

Aw:— T 8 =1 is in phase with
/ iy . the current. The
Il . drop BE’ = 7y in the

| capacity is lagging be-

I hind the current. The

' total voltage across

// % | L:a':l"inf's the combination of the

: three is represented

: by the vector OE’

005 iy = 1z, where z is the

r |E Curront ¥ ” equivalent impedance

I of the circuit. From
[ the figure OABE’

Z=V(z-y2+r,

y opposing the mag-
netic reactance z.
The current is lag-
ging behind the line
e.m.f. the action of
the inductance being
preponderant. With a larger capacity reactance (smaller capa-
city) the drop across the condenser may become as large as BE’.

|
I
|
} the capacity reactance
]
|
I
|

F1c. 143. Vector diagram of voltage resonance, at
a constant current.
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The applied voltage becomes OE’”, the current being in this case
leading. The equivalent reactance z of the circuit may have the same
value as before, except that (y — z) must be used instead of (z — y).

At a certain value of capacity, the drop across it becomes equal to
the drop across the reactance z, and.the resultant e.m.f. OE” is in
phase with the current. The line voltage is, in this case, just suffi-
cient for overcoming the ohmic resistance (OE” = ir); the capacity
and the inductance neutralize each other. If the circuit contained no
resistance, the current and the voltage would rise indefinitely.

Thus with variations of capacity, the extremity of the vector of the

Current- Const,

Maximum
Resonance

%
Voltaceﬁ‘% across Impedance x4 r

Microfarads
f«——Current Leading: Current Lagging ————— >

Fra. 144. Curves of voltage resonance at a constant current, as per Fig. 143.

applied voltage travels on BE’”, the current being lagging for large
values of capacity (small values of y), and vice versa. The corre-
sponding relations are plotted in Fig. 141.

() Line voltage constant (Figs. 145 and 146). The polygon O A’B’E’
is the same as OABE’ in Fig. 143. The current being variable, the
triangle of drop OA’B’ increases and decreases with the value of the
current, remaining similar to itself. At the same time the point E’
moves on the circle drawn with the line voltage E as a radius; the
assumption being that the line voltage is maintained constant by
means of the rheostat R (Fig. 142).
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For small values of capacity (large values of y) the figure assumes the
position O A" B"””E""’, the current becoming leading. At a certain value
of capacity, such that z = y, the eem.f. = E” is in phase with the
current, as if the circuit consisted of ohmic resistance r only. The
relations are represented by the curves in Fig. 146.

136. EXPERIMENT 6-E. —Capacity and Reactance in Series.
— Voltage Resonance. — The connections are shown in Fig. 142;

A 8’

ir

1,

>
Ty

Leading )
E” Current ¢

e.m.f.
Lagging

Fi1c. 145. Voltage resonance at a constant applied voltage.

it is‘'well to have in addition a wattmeter for determining the phase
displacement between the line voltage and the current. First try a
resonance in its pure form, without the resistance r. Introduce enough
resistance R in the circuit so that the current would not exceed a
predetermined value, even when & = y; or else protect the circuit by a
reliable circuit-breaker. Connect in as much capacity as possible, and
a large inductive reactance, so as to have a rather small lagging current.
This corresponds to the right end of the curves in Fig. 146. Gradually
reduce the inductive reactances measuring voltages across r and across
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C; also the line voltage and the current. The voltage curve (Fig. 146)
rises very abruptly ; therefore the student should be careful not to break
down the insulation of the condenser, — the current may not be very
large before the safe limit of voltage for the condenser is reached.
When the limit is reached, open the circuit and reduce the reactance
z considerably beyond the resonance point, so as to have a small
leading current. This corresponds to the left end of the curves in Fig.

Fie. 146. Curves of voltage resonance at a constant applied voltage, as per Fig: 145.

146. Close the circuit, and approach the point of maximum resonance
from the other side. During this preparatory experiment neither line
current nor the voltage needs to be kept constant.

Now connect some resistance r, such as to give, say, 10 to 20 per cent
ohmic drop at the desired current;take curves shown in Fig. 144, that
is to say, keeping the line current constant. Keep the resistance r
and the reactance z constant and vary the capacity within as wide
limits as possible. Finally short-circuit the condenser to realize the
limiting condition with an infinitely large capacity (horizontal line in
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Fig. 144). Perform a similar test, keeping the terminal voltage con-
stant (Fig. 146).

Take readings with different values of reactance, capacity, resistance,
and frequency, in order to see the influence of each factor.

Report. Plot curves, as in Figs. 144 and 146; check some of the
results by means of diagrams shown in Figs. 143 and 145.



CHAPTER VII.
THE MAGNETIC CIRCUIT.

137. THe fundamental electromagnetic relations may be conven-
iently studied on the apparatus shown in Fig. 147. It consists of
several sets of U-shaped pieces m, m’, of steel or iron and of magnetiz-
ing, or exciting coils pp, connected to a source of direct-current supply.

BallOa.
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Fia. 147. An apparatus for studying the fundamental relations in a magnetic circuit.

K is a reversing switch by means of which the iron cores may be mag-
netized in either direction. When K is closed, a current flows through
the coils pp and produces a magnetic flux, as shown by dotted lines.
The intensity of magnetization — or the flux — may be varied:

(a) By regulating the exciting current with the rheostat R.

(b) By changing the number of coils in the circuit.

(c) By increasing or-decreasing the air-gap between the upper and
the lower cores,

165
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(d) By changing the number of sections m, m’.

{e) By replacing the cores by others made of a better or of a poorer
magnetic material.

The exciting current is read on the ammeter 4. The amount of
magnetism produced in the core is measured by the exploring coils
s; and sy, connected to a ballistic galvanometer (§ 139) or a fluxmeter
(§ 140).

138. Ampere-Turns and Magnetic Flux. — The amount of magne-
tism produced in the cores m, m’, depends on the magnitude of the
exciting current, and on the number of turns in the exciting coils; but
the magnetism remains constant so long as the product ““current times
turns ”’ remains constant. For instance, a current of 5 amperes, flow-
ing through a coil with 20 turns, produces the same magnetizing
effect, as 20 amperes flowing through a coil having 5 turns, or 1 ampere
with 100 turns. The magnetizing, or the magnetomotive force is the
same in each case and is equal to 100 ampere-turns. The reason is easy
to see. Imagine a current of 1 ampere flowing through 1 turn of wire,
and take 100 such elements. Combine them in series and you get 1
ampere flowing through 100 turns; combining them in parallel gives
1 large turn with 100 amperes. The magnetic effect outside the coil
cannot depend on whether the turns are connected in series or in
parallel, but merely on the number of elements producing the action;
therefore it depends on the number of ampere-turns only.

The magnetic state in a medium may be imagined as a state of ten-
sion or attraction along certain lines; these imaginary directions are
called “magnetic lines’” or “lines of force.”” They are shown in Fig.
147 by dotted lines. In this connection the reader may be reminded
of the familiar physical experiment, in which iron filings arrange them-
selves around a steel magnet in certain directions; these are the direc-
tions of lines of force. Lines of force, apart from their direction, are
purely imaginary; it is convenient, however, to measure magnetism by
assigning a certain numerical value to each line of force. With this’
supposition, lines of force are considered closer to each other in places
where magnetization is stronger, and vice versa. This leads to the
conception of density of lines of force, so important in electrical engi-
neering.

The sum total of lines of force within a certain space is called the
magnetic flux. The usual way of measuring and defining the magnetic
flux within a coil, such as the coil s; in Fig. 147, is by the electric effects
produced by the flux. When the magnetic flux, passing through a
coil, increases or decreases, an e.m.f. is induced in the coil, propor-
tional to the rate of the variation of the flux. The rational unit of
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magnetic flux in the volt-ampere-ohm system should therefore be
based on the following definition: When a magnetic flux varies uni-
formly at the rate of one line of force per second, the e.m.f. induced in a
coil which surrounds it is one volt per turn. Such a unit of lines of
force is too large for practical purposes; the unit actually used is based
on a similar definition, except that a C. G. S. unit of electromotive
force is taken instead of the volt. This unit is 108 times less than the
volt; this coefficient enters therefore into all formule which express
an induced e.m.f. in volts in terms of flux.

To make the above definition clearer, suppose that a certain magne-
tism is produced in the cores m, m’ by exciting the coils p, p with a
certain current. Let it be required to express this magnetism numeri-
cally by the number of lines of force. Let the secondary or exploring
coil 8, consist of 100 turns of wire and be connected to a very sensitive
voltmeter. So long as the flux remains constant, the voltmeter shows
no deflection. Let now the exciting current be gradually reduced to
zero by the rheostat R, at such a rate, that the voltmeter shows all the
time 0.05 volt. Suppose 30 seconds of time elapse before the current
is reduced to zero and the flux disappears. From these data the
original flux is figzured out as follows: The e.m.f. induced in one {urn
of the secondary coil is, in C. G. S. units,

0.05 x 10®

00 - 50,000 (C.G.S.)

This, according to the above definition of the flux, shows that the
flux was decreasing at- the rate of 50,000 lines of force per second.
As it took 30 seconds for the flux to be reduced to zero, the original
flux was 50,000 X 30 = 1,500,000 lines of force.

In accordance with the modern fashion of naming magnetic and
electric units after famous scientists, the unit of flux, or one line of
force, as above defined, was named the mazwell, so that fluxes are
expressed in maxwells. While the unit of flux defined on the basis
of one volt per second is too large, the maxwell is too small a unit for
many practical purposes. A compromise is reached by using the fol-
lowing derivative units:

1 kilo-maxwell (or kilo-line) = 1000 maxwells.

1 mega-maxwell (or mega-line) = 1,000,000 maxwells.

It would be rather troublesome to measure magnetic fluxes by
gradually reducing them to zero at a rate to give a constant voltmeter
deflection; as described above. The following two methods, though
based on the same principle, are more convenient.
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139. Measurement of Magnetic Flux with a Ballistic Galva-
nometer. — A ballistic galvanometer is a measuring instrument whose
deflections are proportional to very brief electric discharges through it.
An electric discharge through such a galvanometer may be made pro-
portional to a sudden change in'a magnetic flux. For this reason the
ballistic galvanometer is widely used for measuring magnetic fluxes.
Like most galvanometers, so widely used in physics, a ballistic galva-
nometer (Fig. 149) consists of a coil of fine wire suspended in the field
of a permanent magnet. When a current passes through the coil, it
is deflected according to the strength of the current. The torsion of
suspension wires, or spiral springs (Fig. 34) return the coil to zero,
when no current flows.

The only difference between the usual type and the ballistic galva-
nometer is, that the moving part of the latter has a much greater
inertia. This is necessary in order that the coil should not begin to
move, until the total discharge has passed through it. Only under
this condition does the instrument give deflections, which depend
on total discharge, rather than on its duration or the instantaneous
values of the current. If, for instance, the moving part is made
so heavy, that the period of its swing is 10 seconds, the coil will not
move appreciably with any discharge that lasts, say, less than 0.5
second.

For measuring a magnetic flux, the ballistic galvanometer is con-
nected to the secondary coil s;, — if necessary through a resistance M
to reduce deflections. As long as the flux remains constant, the galva-
nometer shows zero, but if the flux is suddenly changed, an electric
discharge is induced in the galvanometer circuit, and the coil begins
to move. The final deflection multiplied by a constant of the instru-
ment is & measure for the change in flux. Let, for instance, the galva-
nometer constant be 50,000 maxwells per 1 cm. scale deflection. Then
should the deflection be 15 em., the change in flux is 50,000 X 15 =
750,000 maxwells, or 750 kilo-lines.

The theory and the calibration of ballistic galvanometers are ex-
plained in §§ 177 and 178.

140. Grassot Fluxmeter. — The disadvantages of the ballistic gal-
vanometer, described in the preceding article, are:

(1) It is necessary to change the flux in order to measure it.

(2) The change must be sudden, in order that the electric discharge
be completed before the galvanometer coil begins to move.

(3) The indications are only instantaneous, as the moving coil
immediately begins to return.

These disadvantages are eliminated in the Grassot fluxmeter, shown
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in Fig. 148. The details of the moving part are shown in Fig. 149. It
is essentially a ballistic galvanometer, except that the moving coil is

suspended from a single
cocoon fiber of negligible
torsional stiffness. In
an ordinary ballistic gal-
vanometer the coil is re-
turned to zero under the
influence of the torsion
of the suspension wire;
while in the fluxmeter
the coil remains at rest
in any position, and
creeps only excessively
slowly towards zero. The
upper end of the fiber i3
attached to the flat spiral
spring R to minimize the
effect of shocks. The stiff
wire frame E fixed upon
the coil B allows of a cen-
tral attachment of the

Fi1G. 148. The Grassot fluxmeter.

very thin silver strips s and &, serving to lead the current to and from
the coil B. The soft iron core A is supported within the coil, between
the pole-pieces NS of a permanent magnet, the field in the air-gap

Fic. 149. Arrangement
of parts in the Grassot
flaxmeter.

being of a great and uniform intensity. An ar-
restment, controlled by a milled button in front
of the instrument, serves to lock the coil when not
in use; at the same time it brings the pointer back
to zero.

The instrument is connected as shown in Fig.
147. When the switch K is closed, the coil of the
fluxmeter starts into motion and comes to rest in
a new position, the deflection being determined
solely by the magnitude of the flux (§ 177 b).
Whether the flux is increased suddenly or
gradually, the deflection is precisely the same.
When the flux is varied, the needle of the instru-
ment follows the variations. When the exciting
circuit is opened, the coil returns once more to its

zero position. The fluxmeter may be calibrated directly in maxwells;
it permits the reading of magnetic fluxes with the same facility with
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which currents and voltages are read on ordinary ammeters and volt-
meters.

141, Saturation in Iron. — Experience shows, that magnetic flux in
air and in other non-magnetic substances is strictly proportional to
the number.of ampere-turns which produce it. On the contrary, in
iron and steel the flux, while intensified many times, increases more
slowly than the exciting ampere-turns (Fig. 150). This peculiar
property of iron is expressed, for the lack of a better term, by saying
that the iron becomes gradually saturated with lines of force, and only
reluctantly allows their number to be increased. The following
example may make this clearer.

Let the iron cores in the apparatus, shown in Fig. 147, be removed,
and a current of 10 amperes sent through the exciting coils. Let the
fluxmeter register a small flux of 2 kilo-lines (in the air). With an
exciting current of 20 amperes it will register 4 kilo-lines. Now put
the cores in place and excite the coils again with 10 amperes; a much
larger flux will be found, say 800 kilo-lines. ~But at 20 amperes the
flux will probably be only 1200 instead of 1600 kilo-lines, showing that
the iron is approaching the
saturation limit. The influence
of saturation is seen by the

M~ .

E % S curve (Fig. 150) gradually
&% & oF g bending toward the axis of ab-
1 R > sciss®; for a given per cent in-
%' o S RS . . .

sl N crease in excitation, the flux

increase becomes less and less.

The curves in Fig. 150 illus-
Exciting Ampere-turns trate clearly the difference in
the magnetic properties of air
and iron. The addition of
a very small air-gap—a
few thousandths of an inch — decreases appreciably the flux produced
by a given number of ampere-turns. This is expressed by saying that
the permeability of air is much lower than that of iron.

For some practical purposes it is desirable to express the degree of
saturation numerically. The revised Standardization Rules (1907) of
the American Institute of Electrical Engineers specify the so-called
saturation factor as a criterion of the degree of saturation, attained in
a magnetic circuit. The saturation factor, by definition, is the ratio
of a certain (small) per cent increase in exciting ampere-turns to the
corresponding percentage increase in magnetic flux thereby produced.
In the lower part of the curve (Fig. 150) one per cent increase in excit-

Fia. 1560. Influence of small air-gaps
on the magnetic flux,
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ing ampere-turns produces one per cent increase in the flux; therefore,
the saturation factor here is unity. As the curve bends towards the
axis of abscisse the saturation factor gradually increases to infinity.
The reciprocal of the saturation factor, deducted from unity, is called
percentage of saturation. For a graphical method of determination of
the saturation factor and of the percentage of saturation see Articles
57 and 58 of the Standardization Rules.

142. EXPERIMENT 7-A.— Magnetization Curves and Influence
of Air=Gap. — The purpose of the experiment is to illustrate the funda-
mental relations between a magnetic flux and its exciting ampere-
turns. The connections are shown in Fig. 147. The constant of the
ballistic galvanometer or of the fluxmeter is supposed to be known;
otherwise the instrument is calibrated as described in § 178. Before
beginning the experiment, thoroughly demagnetize the cores from the
residual flux which they may contain after a previous experiment.
To do this, excite the cores to a considerable degree and then gradually
reduce the current to zero by the rheostat R, at the same time continu-
ally reversing the current by the switch K.

Eliminate the air-gap as thoroughly as possible, by bringing the
cores together, and excite the circuit with a small current, keeping the
galvanometer circuit open.

(a) With the circuit of the galvanometer closed, but with the coil at
rest, read the exciting current and suddenly reverse K; observe the
galvanometer deflection. It is preferable in practice to reverse the
exciting current, instead of opening the circuit, on account of some
indefinite residual magnetism which remains when the circuit is opened.
By reversing the current the flux is changed by a definite amount
N — (= N) =2N. Again open the galvanometer circuit, increase the
exciting current, and produce a second discharge through the galvano-
meter by reversing the switch K. Proceed in this way as far as the
exciting coils will stand the increasing current. To keep galvanometer
deflections within reasonable limits either the resistance M is varied,
or the number of turns in the coil s;.

(b) Again demagnetize the cores and repeat the same experiment with a
definite air-gap, say 0.010 inch. Such an air-gap may be easily obtained
by interposing a thin piece of fiber or paper between the cores; these
materials being non-magnetic have the same effect as so much air. Take
a magnetization curve as before. Make similar tests with larger air-gaps.

(c) Substitute cores made of other kinds of magnetic materials, say
wrought iron, and cast iron. '

(d) Check the statement made in § 138, that the exciting force
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depends on the number of ampere-turns, and not on the number of
turns and the current separately.

If a fluxmeter is used instead of a ballistic galvanometer it is not
necessary to reverse the exciting current. After the cores have been
demagnetized, connect the fluxmeter to the secondary coil s;, and
gradually increase the magnetizing current. Read exciting amperes
and fluxmeter deflections.

Report. (1) Plot curves as in Fig. 150.

(2) Plot values of saturation factor (§ 141) for an upper and a
lower curve.

(3) See if the increase in ampere-turns, with a given value of flux,
is proportional to the length of the air-gap.

(4) Determine for two or three values of flux, whether the increase
in ampere-turns due to the air-gap is proportional to the magnitude
of the flux. .

143. Influence of the Length and Cross=Section of a Magnetic
Circuit on its Reluctance. — Imagine the magnetic circuit, shown in
Fig. 147, to be entirely closed, that is to say, to consist of a solid
piece of iron without any air-gap. Experience shows, that in this case
the number of ampere-turns necessary to produce a given flux is propor-
tional to the length of the magnetic circuit; this length is the average
length of the lines of force, as indicated by the dotted lines. This
fact is analogous to a similar relation in the electrical circuit, namely,
that the e.m.f. necessary to produce a certain current in a conductor,
is proportional to the length of the conductor, other conditions being
identical. Here the exciting ampere-turns, or the magnetomotive force
is analogous to electromotive force, and the magnetic flux to electric
current. The magnetic circuit may thus be said to possess a certain
resistance to the passage of lines of force. To distinguish this magnetic
resistance from electrical resistance, the former is called ‘reluctance.”
Thus we may say that reluctance is proportional to the length of a
uniform magnetic circuit.

Experience shows also, that with non-magnetic materials, reluctance
is inversely proportional to the cross-section of the path of the flux.
This is again analogous to electrical resistance, which is inversely pro-
portional to the cross-section of a conductor. The rule is not altogether
true for steel and iron, on account of the peculiar phenomenon of satura-
tion described in § 141 (unless referred to a constant flux density). When
the number of lines of force per square inch, or the magnetic density,
increases, the required number of ampere-turns increases more rapidly
than the flux. This is equivalent to saying that the permeability
(magnetic conductivity) of iron decreases, as the flux density increases.



Cuap. 7] THE MAGNETIC CIRCUIT. 173

144. Flux Density and Ampere=-Turns per Inch. — The above con-
siderations show that the number of ampere-turns per unit length,
necessary for producing a given flux, in a given uniform magnetic
circuit, is proportional to the length of the circuit, and depends on the
magnetic density, but not on the value of the flux itself.* Thus, the
necessary number of ampere-turns may be expressed with the aid of
a single experimental coefficient: Ampere-turns per unit length at a
given flur density. In the above example (§ 141) let the cross-section
of the iron be 10 square inches, so that the flux density with 10 amperes
exciting current is 80 kilo-lines per square inch. Let the number of

Maxwells per 8q. inch (or sq. cm.)

Ampere-turns per linear inch (or cm.)

Fic. 151. Magnetization curve of a sample of iron, and the influence of an imper-
fect magnetic contact (the dotted line represents the ideal curve).

turns in the exciting coils be 320, and the length of the magnetic circuit
100 inches. Then, with the iron used,

320 X 10

100

necessary to produce the above flux density. This number, 32, char-
acterizes the material at the density of 80 kilo-lines, without regard ‘to
the length or the cross-section of the circuit. The curve shown in Fig.
151 is plotted in this way from the upper curve in Fig. 150. The

= 32 ampere-turns per linear inch

* The magnetic circuit is no different in this respect from the electric circuit. The

familiar Ohm's law may be written in the form
E=LF!
q9

or E_ k-I-
l q
which means, that the e.m.f. per unit length of conductor is proportional to cur-

rent density, but does not depend on the value of the current itself.
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dotted curve shows the ideal case when the cores consist of one solid
piece of iron; the curve below it is the one obtained with the arrange-
ment shown in Fig. 147, where a small air-gap is unavoidable.

145. EXPERIMENT 7-B. —Influence of the Length and Cross=-
section of a Magnetic Circuit on its Reluctance. —The arrangement
of apparatus and the method for measuring the flux is the same as in
§ 142. (a) Take one section of the cores m, m’ (Fig. 147) and bring
the ends together as accurately as possible, so as to reduce the air-gap
to a minimum. Take a magnetization curve, as in Fig. 150. (b) Now
take the cores apart and fasten between them two straight pieces of
iron, of the same cross-section and same quality of material as the rest,
so as to increase the length of the magnetic circuit. Taking a similar
curve, you will find that more ampere-turns are necessary to produce
the same flux, because of the greater length of the magnetic circuit.
(c) Takeout thestraight piecesand add more sections m, m’ in parallel,
so as to increase the cross-section of the magnetic circuit. Again take
a magnetization curve. It will be found that the same flux is obtained
with a considerably smaller number of ampere-turns. (d) Repeat the
same experiment with cores made of different material.

Report. Show from the results of the test that the number of ampere-
turns necessary to produce a given flux is proportional to the length
of the circuit, but increases faster than the decrease in the cross-section
of the magnetic circuit, due to saturation in the iron. For each
material tested plot a curve, as in Fig. 151.

146. Magnetic Leakage. — When two or more paths in parallel are
offered to an electric current, it is divided into parts inversely propor-
tional to the resistances of the paths. In a similar way, a magnetic flux
is divided when two paths are offered to it, as in Fig. 152. The apparatus
shown there is the same as in Fig. 147, only the exciting coils pp are
- placed unsymmetrically. The flux produced in the lower core in part
goes through the upper core, in part finds its way directly through the
air, as shown by dotted lines. This latter portion is called the leakage
flur, because in most practical cases it is not utilized for the purpose for
which the magnetic circuit is produced. Thus, in electric generators
and motors, part of the flux — instead of going through the armature
of the machine —is shunted around it, and passes uselessly from
pole to pole, directly through the air. The lower core in Fig. 152
corresponds to the field frame of a machine, the upper one to its
armature.

The harm occasioned by magnetic leakage consists in the necessity
for a larger flux to be produced than is actually utilized. This means



Crar, 7] THE MAGNETIC CIRCUIT. 175

more exciting ampere-turns, consequently more copper, and more
expenditure of energy for excitation. The case is made worse by
saturation in .iron, since any increase in flux means a disproportional
increase in the number of exciting ampere-turns. Suppose, for instance,
that the leakage in a certain case amounts to 20
per cent of the useful flux (this is not an uncom-
mon figure in practice). The increase in the ex-
citing ampere-turns necessary for producing 20
per cent additional lines of force may be 50 per
cent or more, due to a higher saturation in iron.
For this reason it is of importance to know how
t0 measure magnetic leakage, and to learn the
principal factors upon which it depends. In the
apparatus shown in Fig. 152, the leakage flux,
or the difference between the total. and the use-
ful fluxes, may be measured by a ballistic gal-
vanometer or a fluxmeter as before, by taking pig. 152, Arrangementof
discharges first through the coil s; (total flux), coils for studying mag-
then through s, (useful flux). It is more difficult Dbetic leakage with the
to study accurately the actual distribution of the ;?ém;:;“ illustrated in
leakage flux in space, because this means measur-
ing its magnitude and direction from point to point. At the same time,
a study of the map of magnetic leakage is of a considerable practical
importance, because it permits the designer to modify the form and
dimensions of the frame of a machine so as to minimize the leakage.
A preliminary study of distribution of the leakage flux may be made
with a small magnetic needle freely suspended from a silk thread. The
direction of the needle in different places of the stray field gives an idea
as to the directions of the leakage lines of force. After this, the flux
may be investigated either with a ballistic galvanometer, a fluxmeter,
or a bismuth spiral (§ 185). When a ballistic galvanometer is used,
a small exploring coil is connected to it, and is brought into the place
in which it is desired to measyre the leakage. The coil is held on a
pivot by a retaining spring. Relieving the spring, the coil is snapped
by 180 degrees. The flux cut during this movement produces a dis-
charge in the galvanometer proportional to the flux. If this is imprac-
ticable, for instance, because of a narrow space, the coil is made flat and
after having been brought into the desired place is withdrawn quickly
from the field. In some other cases the exciting current must be broken
or reversed in order to produce the desired galvanometer deflection.
When using a fluxmeter or a bismuth spiral, the mere fact of bring-
ing the exploring coil into the field gives the desired deflection.
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147. Factors on which Magnetic Leakage Depends. — Generally
speaking, the magnitude of a leakage flux depends on the relative
values of the reluctances of the useful path and of the stray paths.
Any factor which decreases the reluctance of the stray path or increases
the reluctance of the useful path creates conditions favorable for
leakage. Thus, for instance, making the U-shaped cores (Fig. 152)
narrower, in other words, bringing the two legs of each core closer
together, is sure to increase the leakage, as it shortens the path for the
leakage flux through the air. Increasing the air-gap between the two
U’s also increases per cent leakage, because it increases the reluctance
of the useful path. For the same reason per cent leakage increases
with the increase in saturation in iron. Moving the exciting coils lower,
increases the cross-section of the leakage flux (in the vertical plane per-
pendicular to the paper), consequently increases the leakage flux itself.

An important case of increase in leakage is that due to some counter-
acting ampere-turns (here put on the upper core, as shown by dotted
lines). This corresponds in practice to armature currents which coun-
teract the excitation produced by the field coils. The phenomenon is
known in generators and motors as the armature reaction. That
armature reaction increases magnetic leakage, may be understood from
the following example. Let it be required to maintain a certain flux
of N lines of force in the upper core (Fig. 152), whether or not a cur-
rent flows through the upper coils shown by dotted lines. Suppose
that each section of the coils has 40 turns, and that at no load the
necessary flux N is produced with 10 amperes exciting current, or
10 X 6 X 40 = 2400 ampere-turns. Let the leakage flux at no load
be 20 per cent of N. Now suppose that an opposing current of 15
amperes is sent through the upper coils, creating an armature reaction
of 15 X 2 X 40 = 1200 ampere-turns. Without leakage, the lower
exciting coils would have to produce 2400 + 1200 = 3600 ampere-
turns in order to give the same flux as before. With leakage this
increase is not sufficient, as is shown by the following simple calcula-
tion. The leakage flux in the lower core at no load was 0.2 N; the
increase in ampere-turns to 3600 increases the leakage to

02N x 3690 _o3N.

2400 A
Consequently, with the same total flux 1.2 N as before, the flux in
the upper core is now only 1.2 N — 0.3 N = 0.9 N, even though 50
per cent increase in ampere-turns were added on the lower core. This
shows the importance of keeping the magnetic leakage as low as

possible.
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148. EXPERIMENT 7-C. —A Study of Magnetic Leakage. —
The purpose of the experiment is to illustrate the relations explained in
the two preceding articles. The apparatus used is shown in Figs. 147
and 152. Magnetic leakage depends on several factors, and it is best
to investigate the influence of each factor separately. The total flux is
measured by discharge through the coil s, (F1g 152), the useful flux by
that through the coil s;.

(a) Influence of air-gap and of saturation. Set the exciting coils pp
as shown in Fig. 152, and place the upper core as close as possible to
the lower core (no air-gap). Take an accurate curve of fluxes in
8; and s3 with various values of the exciting current (Fig. 150). Read

14
1.8

1.0 .o
-0.8
0.6
0.4
0.2

Leakage Coefficient
moecgr_lit

Exciting Ampere-turns

Fie. 163. Increase in per cent leakage with increased saturation in iron.

the fluxes as in experiment 7-A (§ 142). Repeat similar tests with
two or three different values of air-gap.

(b) Influence of the position of the magnetizing coils. Select a value
of air-gap, and place the exciting coils symmetrically with respect to
the two cores, as in Fig. 147, and measure the fluxes in both cores.
Then gradually move the coils lower, as in Fig. 152, and take similar
readings. Repeat the same experiment with different values of air-
gap and of the exciting current.

(c) Influence of the shape of pole-pieces. Put pieces of iron on the
inner side of the ends of the lower core, so as to assist the leakage
through the air. Investigate the influence of the shape of these pole-
pieces with different degrees of saturation in the iron and with different
lengths of the air-gap.
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(d) Effect of armature reaction. Excite the coils on the upper core
to oppose the lower coils, as shown in Fig. 152. Determine the value
of the flux in's; necessary for producing a given flux in s;, with and
without the opposing coils. Reverse the current in the upper coils,
so as to make them assist the lower exciting coils; observe the change
in leakage. Repeat similar tests with different positions of the coils,
different degrees of saturation in the iron and various lengths of air-gap.

Report the results in such a form as to make cleagrthe influence of
each factor. The ratio of total flux to useful flux is called the leakage
coefficicnt.  Make use of this coefficient in order to bring out the results
of the experiment in a simple form. Sample curves showing the effect
of air-gap and of saturation on the value of this coefficient are given in
Fig. 153.

149. EXPERIMENT 7-D. —Maps of Stray Flux. — This experi-
ment supplements the preceding one, the purpose being to determine the
actual paths of leakage lines of force. The methods of observation are
described in § 146. Establish certain magnetic conditions, as in Fig.
152, and investigate as closely as possible the direction and the mag-
nitude of the stray flux at various places. Change the conditions, as
indicated in the preceding experiment, and see the effect on the stray
flux. Preferably select the same -conditions for which values of the
leakage coefficient were determined in the preceding experiment.

Report. Plot the principal directions of the stray flux in several
vertical and horizontal planes; mark the magnetic densities per square
inch or square cm. State whether the densities increase proportion-
ately in all places, with the increase in current. Discuss the influence
of the factors enumerated in § 148, and show how they should theoreti-
cally affect the distribution and the intensity of the stray flux.

MAGNETIC FIELD OF DIRECT-CURRENT MACHINES.

150. The fundamental properties of the magnetic circuit investi-
gated above will now be applied fo a study of magnetic fields in electric
generators and motors. In laying out a machine, the designer makes
certain assumptions by which he determines the value and the distri-
bution of the magnetic flux in the machine. A knowledge of the
experimental methods by which the magnetic quantities are measured
on actual machines is of primary importance, since the test data serve
as a foundation for design. The principal values of importance are:

(1) Total flux in the armature and field (Fig. 264).

(2) Leakage coefficient, or the ratio between the total and the
useful flux (§ 148).
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(3) Distribution of the flux in the air-gap (Fig. 154). These three
points will now be taken up more in detail.

151. Total Flux in Armature and Field.—Magnetic flux in the
armature of a machine is smaller than that in the field, since part of
the flux finds its way from pole to pole through the air surrounding the
armature, constituting what is called the leakage or the stray flux
(Fig. 152). Both fluxes may be measured by a calibrated ballistic
galvanometer, a®®Mm Fig. 147. To measure the flux in a pole-piece a
known number of turns of an exploring winding are wound on the pole
and connected to the ballistic galvanometer. A current is sent through
the regular field winding, and then the circuit is opened, or, still better,
reversed (to eliminate residual magnetism). Knowing the ballistic
constant, the flux can be figured out directly in maxwells from the
instrument reading. A fluxmeter (§ 140) may be conveniently used
instead of the ballistic galvanometer.

It is hardly practicable with large machines to suddenly open the
field circuit, or to reverse the current, on account of the very high
self-induction of the windings. The induced e.m.f.’s may reach several
thousand volts, are dangerous to the operator, and harmful to the
insulation of the winding. In such cases the flux is varied in steps. A
resistance is connected in series with the field winding, and is short-
circuited by a switch. By suddenly opening the switch the flux is
changed, due to the decrease of field current, and the ballistic impulse
(often called kick) may be observed. If a fluxmeter is available, the
field may be varied slowly, and a total magnetization curve taken in
a very few minutes.

The flux in the armature is measured by putting on it an exploring
winding, which embraces the useful flux passing from one pole to thé
next through the armature iron. The exploring coil is connected to
the ballistic galvanometer as before and impulses produced by varying
the field current. Another simple method for determining the total flux
in the armature is to drive the machine at no load, and to calculate the
flux from the induced e.m.f. by the familiar formula

_® X n X (rp.m) —s
E = 60 X 1078,
n is the total number of conductors on the armature, and ® the useful
flux (per pole) of the machine, in maxwells. The formula is applicable
to bipolar machines and such multipolar armatures as are multiple-
wound (see § 580). For series-wound multipolar armatures
E-p2X™® ﬁé(ry-m-) X 107,

where p is the number of pairs of poles.
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When the value of the leakage coefficient of the machine is known,
the corresponding flux in the'pole-pieces can be calculated, or at least
estimated. :

One of the most important problems in connection with flux calcu-
lations is that of estimating the influence of armature reaction, or the
armature demagnetizing ampere-turns. This influence may be deter-
mined experimentally by sending a current through the armature from
an outside source; the armature must be clamped so that it cannot
revolve. The flux existing in the field with various currents in the
armature, and different settings of brushes, is measured as before.
With the brushes set on one side of the neutral, the field is weakened by
the armature reaction; on the other side it is strengthened.

152. EXPERIMENT 7-E.— Measurement of Magnetic Flux in
D. C. Machines. — A calibrated ballistic galvanometer (§ 139) or a flux-
meter (§ 140) must be provided for the purpose. Put a certain num-
ber of turns of fine wire on one of the field coils, and the same number
of turns on the armature. Begin the experiment with the field at zero
value, having previously demagnetized the iron (§ 142). Increase the
flux in steps, observing each time the ballistic throw. It is best to go
over the complete cycle several times to be sure that the deflections are
correct. Make similar runs with the ballistic galvanometer connected
to the exploring coil on the armature.

After this, investigate the influence of the armature reaction. Clamp
the armature, so that it cannot revolve; set the brushes on the neutral.
Send a comparatively large current through the armature, and take
the same magnetization cycles as before. This part of the experiment
can be much moye conveniently performed with a fluxmeter than with
a ballistic galvanometer. Shift the brushes by one commutator seg-
ment, and repeat the same run, shift the brushes again, etc. Carry
this operation as far as the brush-holder can be moved. Make similar
runs with the brushes shifted in the opposite direction.

If possible, perform this test on a machine provided with compen-
sating poles (§ 340), in order to see the influence of the compensating
winding.

If the number of turns in the armature winding and the connections
are known, take a no-load saturation curve (Fig. 266) in order to check
the values of the flux by the formula given in § 151. Or, this method
may be applied for determining the constant of the ballistic galvano-
meter.

Report. Plot to exciting current as absciss®, values of flux in the
pole-pieces and in the armature; plot to the same abscissae the ratio of
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the fluxes, or the leakage coefficient of the machine (>1). Check the
values of the armature flux obtained ballistically with those calculated
from the induced e.m.f. Plot to brush positions as absciss® values of
flux as influenced by the armature reaction; draw on the same sheet
a horizontal line showing the flux with the armature circuit open.
Explain the cause of the demagnetizing action of the armature, and
the influence of the position of the brushes.

153. Leakage Coefficient. — The leakage coefficient, by definition,
is the ratio of the total flux produced in a pole to the flux actually used
in the armature for inducing e.m.f.’s. This ratio varies in modern
machines from 1.20 to 1.50, according to the type, proportions, and
saturation in the iron. A leakage coefficient of 1.30 means that out of
every 130 lines of force produced in pole-pieces, only 100 actually pass
into the armature; the rest find their path directly through the air
from pole to pole.

It is important to keep the leakage flux as low as possible, since any
increase in flux means a disproportionate increase in field copper, on
account of saturation of the iron (§ 147). Moreover, machines with
large leakage give a poor voltage regulation, because the armature
reaction- more easily deflects the flux into leakage paths. The leakage
coefficient increases with saturation, because of the increase in the
reluctance of the useful path in the armature, while that of the leakage
paths in the air remains constant.

With the same useful flux, the leakage is larger when the machine
is loaded than at no load, because the magnetomotive force between
the poles is larger (§ 147).

The leakage coefficient may be determined as explained in § 152 by
measuring ballistically the fluxes in the field and the armature and
taking their ratio. The galvanometer does not need to be calibrated;
the ratio of deflections gives directly the value of the leakage coeffi-
cient.

Mr. R. Goldschmidt suggested a compensation (or zero) method
which does not require a ballistic galvanometer. According to this
method a smaller number of exploring turns is put on the pole-piece
than on the armature; the two exploring coils are connected in opposi-
tion, and in series with an ordinary low-reading voltmeter (in place of
a ballistic galvanometer). When the flux is varied, the impulses
induced in the two coils are in opposite directions, and the voltmeter
receives the difference of the two. The ratio of the number of turns in
the two coils is varied' until the voltmeter necdle remains at zero —
when the flux is increased or decreased. Then the inverse ratio of the
number of turns gives the ratio of the fluxes, or the leakage coefficient.
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Suppose, for instance, that 20 turns were put on the armature. With
15 turns on the field, the voltmeter gave a small deflection in one direc-
tion; with 16 turns, in the opposite direction. The ratio of the fluxes,
or the leakage coefficient, is between

20 20
= =1 d= = 1.25. -
5 = 1.33 an 16 1.25

The true value may be estimated by noting the relative values of the
deflections. This method is not as accurate as the ballistic method,
but is accurate enough for technical purposes, and more convenient
for testing floor work.

When using Goldschmidt’s method the moving system of the volt-
meter must be slightly weighted, so as to increase its moment of inertia.
Otherwise the pointer moves both ways while the flux is being changed.
This is because the flux often does not vary at the same rate in the field
and in the armature.

In some cases, especially with new designs, it is desired to know not
only the value of the leakage coefficient, but also the actual distribu-
tion of the leakage flux. This enables the designer to find where most
of the flux is lost and to change the forms and the proportions. The
methods for exploring the stray flux are described in §§ 146 and 149.

154. EXPERIMENT 7-F. — Determination of Magnetic Leak=
age Coefficient in Electrical Machines. —The arrangement of the
apparatus is the same as in § 152; in fact, the two experiments may be
performed simultaneously. Investigate the influence of the factors men-
tioned in § 153. At the end of the experiment increase the pole.arcs by
adding strips of iron on both sides of the pole-pieces; observe the result-
ant increase in leakage. It is not necessary to fasten the strips; they
will be securely held in place by magnetic attraction. Try Gold-
schmidt’s method of measuring the leakage coefficient with an ordinary
voltmeter.

Report. Plot to exciting currents as abscisse, values of leakage
coefficient with no current in the armature. Plot to brush positions
as absciss®, values of leakage coefficient with a certain current in the
armature. Show the influence of an increased pole arc. Give the
results obtained by using the opposition method, with an ordinary
voltmeter.

155. Distribution of Flux in an Air-Gap. —The actual distribution
of flux in the air-gap of an electrical machine (Fig. 154) may be deter-
mined by inserting there a flat bismuth spiral (§ 185), or a flat coil
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connected to a fluxmeter. These methods are more of an academlcal
character, and are seldom used in practice.

The method actually used with direct-current machines involves the
measurement of the e.m.. induced in the armature coils when they
pass through a certain point in the air-gap. Two small brushes are
mounted on a temporary brush-holder, and the distance between them
is adjusted to be equal to the distance between the centers of two
adjacent -commutator segments. The brushes are insulated from
each other, and connected to a low-reading voltmeter. When the
machine is revolving, these two “pilot ”’ brushes measure in succession

Fic. 1564. Field distortion in a direct-current generator, due to the armature
reaction.

the voltage at the terminals of all armature coils, when the same come
into a certain position with respect to the field. In other words, they
measure the voltage induced in a certain place of the field; this voltage
is proportional to the flux density at the point under consideration.

By gradually moving the pilot brushes around the commutator, the
distribution of the flux density may be measured from pole to pole; the
results should be plotted as in Fig. 154. The same experiment, repeated
with the armature loaded, gives a different distribution, because of t}
weakening and distorting action of the armature ampere-turns.

This method requires putting an extra brush-holder on the machine,
and a divided sector for measuring angles. A simpler arrangement,
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sufficiently accurate for practical purposes, was described in the Elec-
tric Club Journal 1904, p. 484. The device consists of a template
made of cardboard, with holes for voltmeter points. The- holes are
spaced 8o as to correspond to a certain number of commutator bars.
The template is laid around the commutator, as close as possible, but
without touching it, and is securely fastened to the brush-holder.
When the machine is revolving, voltmeter points are inserted in each
two adjacent holes and the voltage measured. Ordinary metal points
may scratch the commutator; it is better to use hard drawing pencils.

In alternators, the distribution of magnetic flux in the air-gap may
be best determined by taking a curve of induced e.m.f. in an exploring
coil placed on the armature. This can be done either by the point-
to-point method (§ 588) or with an oscillograph (§ 591).

156. EXPERIMENT 7-G. — Determination of Magnetic Distri=
bution in the Air-Gap of a D.C. Machine. — The purpose of the exper=
iment is to obtain curves similar to those shown in Fig. 154; the method
is described in the preceding article. Either two movable pilot brushes
may be used, or a template and voltmeter points. (a) Bring the
machine to full speed, run it light as a generator at normal voltage,
with the regular brushes in the neutral line. Take the magnetic dis-
tribution curve, as shown in Fig. 154, by reading volts between consec-
utive commutator segments and angular positions of the contacts.
(b) Take similar curves with the field, first highly saturated, and
then with a very low saturation. (c¢) Load the machine on resistances
and take similar curves; if possible again have the same three terminal
voltages. The brushes should be set at the point of minimum sparking.
(d) Run the machine as a motor, driving a generator; take the same
three curves within as wide range of field currents as possible. (e)
If a machine with compensating poles is available, take curves with
and without the compensating winding; also, if possible, with the
compensating winding connected in the wrong direction.

Report the results in the form of curves shown in Fig. 154; explain
the observed differences in the distribution of the flux.

TESTS OF LIFTING AND TRACTIVE ELECTROMAGNETS.*

157. Electromagnets are used in practice for various duties, par-
ticularly for exerting mechanical pull, or lifting weights. They are
especially convenient for intermittent work, where a short stroke and
quick action are required. Thus, they are used for releasing crane and

* Figs. 156 to 160 are taken by permission from Mr. C. R. Underhill’s booklet,
Facts about Eleciromagnets.
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elevator brakes (Fig. 496), for operating switches and starters (Fig.
484), for supporting weights carried by a crane (Fig. 155). Electro-
magnets are also widely used as relays for closing all kinds of auxiliary
or operating circuits (see Fig. 538).

Electromagnets used for heavy mechanical duty may be subdivided
into two classes: lifting magnets and tractive magnets. The first
(Fig. 155) are employed for merely
supporting weights; the second
(Figs. 156, 157, and 158) for 1'
performing certain work by the
movement of a plunger. The
characteristics of each class will be
described separately.

158. Lifting Electromagnets.—

Electromagnets of this type, Fig.

155, are used in shops and in roll-

ing mills where large pieces of iron

are regularly carried by cranes.

An electromagnet, suspended from a

crane in place of the usual hook, is

lowered to the piece of iron to be car-

ried, and is energized. The piece

is attracted, and may be safely

lifted by the crane. To release the Fic. 165. A lifting Aelect.romagnet.
piece, it is sufficient to open the

exciting circuit of the electromagnet. The advantage of this method
over the ordinary hook is that the work is performed more quickly,
as no time is lost in fastening the hook, and in unhooking the piece at
the end of the travel. The lifting electromagnet, shown in Fig. 155,
consists of a steel casting with a circular hole in it for the exciting coil.
Lines of force pass through the-inside core, then through the object to
be lifted, and the path is completed through the outside part of the
electromagnet frame. The armature and the hook, shown in the
sketch by dotted lines, are not used in regular operation; they are
shown merely to indicate the way in which the electromagnet may be
tested for tractive effort.

Lifting electromagnets are made of different shapes, according to
the purpose for which they are intended to be used. Thus, in rolling
mills, where large sheets are carried, lifting electromagnets are made
with several short projecting poles, each provided with an exciting coil.
This is done in order to support the sheet in several places simulta-
neously. For carrying pig-iron of irregular form, electromagnets are
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provided with long, projecting poles, which may -be sunk into a heap
of pig-iron; —the pieces stick to the poles on all sides. To make the
action still more effective, the poles, or fingers, may be made movable
in the vertical direction, so that each pole is sure to come in contact
with the heap.

The lifting power of an electromagnet depends not only on its con-
struction and on the exciting current, but also on the form of the piece
to be lifted, and on the quality of iron in it. This is because the mag-
netic flux is closed through the piece to be lifted; hence the reluctance
of this piece determines the value of the flux. To make the conditions
definite, when testing such an electromagnet, an armature should be
used with the smallest possible reluctance; such an armature is shown
by dotted lines in Fig. 155. Under such conditions the electromagnet
develops the maximum possible lifting power. If, however, the elec-
tromagnet is intended for a definite service, for instance, for lifting a
certain kind of plates in a rolling mill, the test may be performed by
using such plates, instead of an arbitrary armature.

159. EXPERIMENT 7-H. —Test of a Lifting Electromagnet. —
Suspend the electromagnet (Fig. 155) from a secure place and provide
an iron armature with a hook, as shown by dotted lines; weigh the
armature before using it. Place the armature under the electro-
magnet, and gradually excite the ‘coil until the armature is supported
by the magnetic attraction. Note this critical value of the current.
Place some weight on the hook, and increase the exciting current until
it becomes again sufficient to support the armature. Proceed in this
way until the saturation limit is reached, or until the limit of safe heat-
ing is reached. In performing this test, have under the armature a
suitable support, preferably on springs, to limit the motion and to
reduce the noise, when the armature is released and strikes the sup-
port. Perform the same test, varying different factors, vz.: (a) use
a different armature; (b) interpose an air-gap, by placing a piece of
paper, fiber, etc., between the magnet and the armature; (c) lift irregu-
lar objects. Before leaving the laboratory, measure the dimensions
of the magnet and determine the number of turns in the exciting coil.

In the absence of a regular lifting magnet, the apparatus shown in
Fig. 147 may be used for the experiment, and the influence of various
factors investigated.

Report. Plot curves of pounds lifting power to amperes current as
abscisse. TFigure out for a few points magnetic density B from the for-
mula (3) in § 166. Show that this density checks within reasonable
limits with that calculated from the number of exciting ampere-turns
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and the dimensions of the magnet; use for comparison standard B-H
curves given in various textbooks and pocketbooks. Discuss the
influence of the various factors on lifting power.

160. Tractive Electromagnets. —Three common types of tractive
electromagnets are shown in Figs. 156 to 158; the difference in their

Fi1g. 166. A coil-and-plunger type tractive electromagnet.

characteristics may be judged from the curves of pull, in Fig. 159.
The electromagnet, shown in Fig. 156, consists of a coil surrounding
a plunger; the curve of pull shows, that as the plunger is sucked into
the coil, the pull first increases, and then again decreases. The addi-
tion of an iron frame on the outside (Fig. 157) increases the pull at the
end of the stroke, as shown by the curve marked “Iron Clad.” A
further increase in pull is obtained by adding an inside core C' (Fig.
158). The plunger is tapered and the core is countersunk, in order to
increase the pull by reducing the reluct-
ance of the air-gap; in many cases, how-
ever, flat-faced core and stop are suffi-
cient. From the fact that an iron-clad

F16. 157. An iron clad Fia. 158. An iron-clad tractive electromagnet,
tractive electromag- provided with a core C for increasing the pull
net. at the end of the stroke.

electromagnet with a core gives the greatest pull does not follow
that this type should be used in all cases. The selection of one or
another type depends upon the character of the work for which the
magnet is intended. Knowing the requirements of a particular case,
the best type may be selected with reference to the curves of pull.
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A convenient apparatus for testing tractive electromagnets is shown
in Fig. 160. The coil C of the electromagnet under test is connected
to a D. C. supply, through the switch S, regulating rheostat R, and the
ammeter A. The plunger P is suspended from the beam of & balance.

Pull in Pounds

i 5 1 i
" Position inside of Winding fnch

Fia6. 1569. Curves of comparative pull of the electromagnets shown in Figs. 156 to 158.

The balance has fulcrums at F; and F,, and two sliding weights w,
and wp. With this construction of the balance large pull is counter-

- V¥ N
[ ]
7
D.C.5] g 3
.C.o]
s R @A le
%0000 o B
[ ]

Fia. 160. An apparatus for testing tractive effort of electromagnets.

" balanced with small weights; the apparatus is thereby made sensitive
and convenient to handle. The curves shown in Fig. 159 were taken
by means of this device.

161. EXPERIMENT 7-I. —Test of a Tractive Electromagnet. —
The purpose of the experiment is to determine curves of pull (Fig. 159)
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of different forms of tractive electromagnets. An apparatus, similar
to that in Fig. 160, is convenient for the purpose. (a) First test an
electromagnet.of the type shown in Fig. 156; take curves of pull with
a certain position of the plunger, through a wide range of exciting
currents. (b) Repeat the same test with different positions of the
plunger. (c) Then take the same coil and provide it with an iron
core, as in Fig. 157. Perform a similar test throughout the same
range of currents and with the same positions of the plunger. (d)
Finally put an inside stop C (Fig. 158) into the coil and test the magnet
again for pull.

Report. Plot curves showing variations of the pull with the position
of the plunger; also curves showing variations in pull with the exciting
current. Give a theoretical justification for the general form of the
curves,



CHAPTER VIII.
PERMEABILITY TESTS.

162. StEEL and iron used in the construction of electrical machinery
must possess a high permeability, or high magnetic conductivity.
This means that a required magnetic flux should be produced with the
smallest possible number of exciting ampere-turns. Many devices
have been elaborated for testing permeability of steel and iron, so that
it becomes a rather difficult task to give a classification of the pieces of
apparatus used. The principal distinction between types seems to be
in the method used for measuring magnetic flux. From this point of
view, the devices described below may be subdivided into those in
which the flux is measured:

(1) By tractive effort;

(2) By inductive discharge through a ballistic galvanometer;
(3) By a steady magnetic or electric action;

(4) By an increase in the electrical resistance of bismuth.

Before describing the testing devices praper, it is necessary to review
some points of general theory, and to indicate the manner in which
results of permeability tests should be grouped for purposes of practical
comparison.

163. Magnetization or B-H Curves. — The most convenient way to
represent results of a permeability test on a sample of steel or iron is to
plot the results in the form of a curve (Fig. 151) which gives the number
of ampere-turns per unit length of the sample, necessary to produce in it
a certain flux density B. The designer is immediately enabled to
compute the number of ampere-turns required for the excitation of a
frame of given dimensions in order to obtain a desired magietic flux.

The older way was to plot flux densities B in iron to flux densities
which would take place if iron were removed and substituted by air.
A curve of this kind shows how many times the flux has increased because
of the presence of iron; in other words, it shows how many times the
permeability of iron is greater than that of air. The permeability
of air is arbitrarily fixed as of unity value so that the ratio B + H gives
directly the permeability of iron. But the numerical value or per-
meability is of slight importance in practical work; what is needed is

190
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the number of ampere-turns for producing a required flux density in
iron. This number must not be above a certain limit, otherwise the
steel is rejected as being of an inferior magnetic quality.

The name B-H curves is, however, retained for curves plotted to
ampere-turns as abscisse; it simply means, that the curve shows a
relation between a flux and the exciting ampere-turns which produce it.
Another common name for B-H curves is magnetization curves.
Both names are used below indiscriminately.

164. Hysteresis Loop. — Magnetization, or B-H curves (Fig. 161)
should be taken with the exciting current bothincreasing and decreasing;

Fig. 161. Magnetization curve and hysteresis loop of a sample of iron.

also with the current reversed, for the reason that the flux density at a
given excitation depends somewhat upon the previous state of magnet-
ization in the sample. Assume first, that the sample is altogether free
from magnetism. Gradually increasing the excitation gives the curve
OAM ; this is called the virgin curve (Jungfrauliche Kurve). When now
the excitation is reduced again, the flux density does not decrease as
rapidly as it increased, but varies according to the curve MR. When
the exciting circuit is opened, the iron still possesses a residual magnetic
density OR. Reversing the exciting current, this density is gradually
decreased; the iron being deprived of its residual magnetism, when the
exciting ampere-turns = OK. When the exciting current is further
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increased (in this reverse direction), the magnetization in the iron is
reversed, and varies according to the part KM, of the curve. Decreas-
ing the current again, and reversing it makes the densities vary accord-
ing to the branch M, K, M of the curve.

This peculiar phenomenon, — that two different densities are possnble
with the same value of exciting current, — is called hysteresis. It is
attributed to some kind of molecular friction in iron; the root of the
word signifies “ to lag behind.” The curve M KM, K, is called the
hysteresis loop. In accurate permeability tests, it is advisable to take
both the virgin curve and the hysteresis.loop.

A large value of residual magnetism OR is objectionable in cases where
the flux is supposed to follow closely any variations of the exciting
current, as — for instance — in fields of generators and motors. On
the other hand, large residual magnetism is desirable in steel intended
for permanent magnets, such as are used in measuring instruments, and
in telephone instruments. :

165. Magnetic Flux in Air. — In some of the tests, described below,
it is required to figure out ampere-turns necessary for producing a certain
flux density in air, instead of iron. This can be done with sufficient
accuracy, only when the lines of force are parallel to each other, as for
instance in a small air-gap between two large pieces of iron, or within a
long solenoid. Theory and experience show, that under these condi-
tions one ampere-turn per 1 cm. length of path in air produces a flux
densuy H = 1} lines of force (maxwells) per sg. cm. (more accurately

—6 = 1.257). Magnetic densities in air are usually denoted by H to

distinguish them from those in iron, which are designated by B. Thus
to produce a density H in an air-gap ! cm. long.(in the direction of
lines of force)

nt=08Hl . . . . . . ... Q)

ampere-turns are required. If [ is in inches, and H in lines per 1 sq.
inch, the formula becomes

H

ni = 0.796 2.54)7

X (2541) =0313 H . . . . (1a)

Let it be necessary, for instance, to produce a flux of 300,000 lines
in an air-gap 0.3 cm. long, and of a cross-section of 50 sq. cm. The
flux density H = 300,000/50 = 6000 maxwells per 8q. cm. If the
air-gap were 1 cm. long, the necessary number of ampere-turns would be
0.8 > 6000 = 4800. As the air-gap is only 0.3 cm. long, the actual
number is 0.3 X 4800 = 1440 ampere-turns.
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A theoretical proof of the expression (1) may be found in any
standard textbook on electricity and magnetism. For practical pur-
poses it is sufficient to accept this expression as an experimental fact,
which has been verified a great many times in actual practice.

TRACTIONAL METHOD.

166. Thompson Permeameter. — One of the simplest pieces of
apparatus for testing iron and steel, the so-called Thompson permea-
meter, is shown in Fig. 162. It is based on the
measurement of the mechanical force necessary
for separating two parts of a magnetic circuit.
The samp!z T to be tested is made in the form of
a rod; it is placed within an iron yoke y, of a T 1
negligible magnetic resistance (reluctance). The
closed iron circuit thus formed is magnetized by the
coil C. Then the sample T is pulled out of the
yoke by turning the handwheel H; the pull is read
on the spring balance B.

The apparatus is intended primarily for approxi-
mate relative measurements; the better the sample T
(the higher its permeability) the more force is
required to pull it out of the yoke, with the same
magnetizing current. The device is used for such ap- || \_
proximate tests by some electric manufacturing com-
panies. Whenever a new lot of the material is re- Y'@-162. Thompson
ceived, samples of it are tested in the permeameter; permeameter.
the force necessary to pull the specimens out of the yoke must be at
least equal to that previously found for the lowest acceptable grade of
material, otherwise the entire consignment is rejected. A knowledge
of the absolute value of permeability is. not necessary in this case.
The number of turns on the field windings of machines cannot be
changed to suit the permeability of each lot, but is designed for a certain
average grade of iron. The right number of ampere-turns in each
individual machine is obtained by regulating its field rheostat, so as to
get the desired voltage.

The permeameter may also be used for determining actual magnetiza-
tion curves (Fig. 161) of samples; this is done by comparing the force
necessary for pulling out the sample under test, to that required with a
standard sample whose magnetization curve has been previously
determined by some other method. The comparison is made on the
basis of the fact, that the mechanical force of attraction between two

H
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parts of a magnetic circuit is proportional to the square of the magnetic
density at the separating surface (Maxwell’s law). This law may be
deduced as follows: The attraction at the separating surface may be
imagined as due to two equal and opposite magnetic masses. When
the magnetic density increases n times, each mass increases n times.
The force of attraction is proportional to the product of the masses;
therefore it increases n?® times.

Thus with the same magnetizing current, if F, is the spring balance
reading with the sample under test, and F, that with the standard

sample, we have
&’=El.
(Bz) Fz........(2)

If magnetic density B, is known from the magnetization curve of the
standard sample, B; may be calculated, and the magnetization curve
for the sample under test plotted.

The magnetization curve of a sample can be obtained with the
Thompson permeameter even without having a standard sample:
Let B be the magnetic density in the sample (number of lines .of force
per sq. cm.); S the cross-section of the rod, and F the pull (in dynes).
The force of attraction is proportional to the square of density and to
the surface S of contact between the sample and the yoke. From
theoretical considerations, if F is in dynes, the coefficient of propor-
tionality is 1/8z. Thus we have:

F=-1 5B~ Hy,
87

where H is the number of lines of force per sq. cm. left in the air after
the sample has been pulled out. (B — H) is introduced into the
formula instead of B, because only (B — H) lines fo force are‘‘ broken ”’
when the sample is removed. From the above formula, substituting
practical units, we get

B=wn¢%+H....... 3)

where B and H are as before magnetic densities per sq. cm., S is the
cross-section of the sample in sq. inches, and F is the pullin lbs. H.is
calculated from the formula (1) given in § 165:

4z m
W’O 1 e s e e e e e (1)
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where nt is the number of ampere-turns of the magnetizing coil, and
lis its length in em. If ! is expressed in inches the formula becomes

H = 0.495.'%’3

The values of B and H per square inch are 6.45 times higher than those
expressed per sq. centimeter.

The Thompson permeameter is adapted for quick comparative tests
rather than for taking exact magnetization curves. A spring balance
is not reliable enough to allow of accurate measurements, and moreover
the results are vitiated by two air-gaps between the yoke and the
sample. To reduce the error due to this cause the sample must fit
nicely into the hole in the upper part of the yoke, and the two surface,
to be pulled apart must be well planed.

Another device based on the same principle is the Ewing magnetic
balance. It has a beam with a sliding weight instead of a spring
balance; the specimen rests on the yoke with its cylindrical surface,
instead of touching the yoke with an end, as in the Thompson per-
meameter. This feature does away with the planing of one end of
the sample, and makes it unnecessary to have a hook on the other end;
besides this, a more uniform contact is obtained. The scale is cali-
brated directly in flux densities by means of a standard sample, pre-
viously tested by some other method.

167. EXPERIMENT 8-A. —Magnetization Curves of Iron with
Thompson Permeameter. —The purpose of the experiment is to obtain
for given samples B — H curves as shown in Fig. 161, or in Fig. 151. It
is desired that the student test samples of cast steel, wrought iron, and
cast iron, to see the difference in the magnetic properties of these
materials. (a) A sample must be demagnetized before beginning the
experiment. For this purpose it is put in the apparatus, and magne-
tized as highly as possible; then the exciting current is gradually
reduced to zero, meantime being constantly reversed. Or else the
sample may be magnetized with an alternating current, and gradually
withdrawn from the coil. (b) First take a virgin curve OAM; read
amperes excitation and lbs. tension necessary to tear the sample from
the yoke. Carry the magnetizing current as high as the coil will per-
mit. Then take a complete hysteresis loop. (c) Repeat the same test
with other samples. Before leaving the laboratory, measure the cross-
section” of the samples tested, and the axial length of the coil; also
ascertain the number of turns in the coil.

The permeameter is not a very accurate instrument, and each point
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should be obtained as an average of several readings. See that the
Jample and the yoke are nicely surfaced and that the spring balance
exerts an axial pull. Another precaution, impostant in all permeability
tests, is that once the current is raised to a certain value, it should not
be reduced again, until a branch of the magnetization curve is com-
pleted. Otherwise indefinite hysteresis effects are introduced.

Report. Plot lbs. pull to exciting amperes as abscissz, for all the
samples tested. Do this before making any calculations, in order to
obtain smooth curves and to eliminate possible errors of observation.
Change the curve for one of the samples into a magnetization curve,
shown in Fig. 151, by using formula (3). Use ampere-turns per inch
as abscissz, maxwells per square inch as ordinates. If the sample was
previously tested by another method, check the results. With this

FiG. 163.  Du Bois magnetic balance.

curve as a standard, plot a similar curve for another sample, using
formula (2).

168. Du Bois Magnetic Balance. —This is also a tractional device
(Figs. 163 and 164), more sensitive and accurate than the two devices
described in § 166. The sample under test T is clamped between two
heavy pole-pieces PP and magnetized by the coil C. Clamps are
provided for accommodating either a round or a square sample; also
a bundle of laminations. Two specimens are shown lying on the table.
in Fig. 163. The magnetic circuit is closed through the iron yoke Y'Y
the yoke is supported by knife-edges at 0. like the beam of a balance.
The shorter arm of the yoke is made of the same weight as the longer
one, by weighting it with lead: the voke is in balance when the coil C is
not energized and the weights W, and W, are on zero.
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When the sample is magnetized, the yoke tips over to the left, because
the attraction in the left-hand air-gap acts on a longer lever. To
bring the yoke in balance the weights are moved to the right. When
the balance is obtained, the flux density in the sample is read directly
on the scale, in maxwells per sq. cm. The movement of the yoke is
limited by adjustable stops, SS (Fig. 163). To simplify the balancing,
the stops on one side may be provided with platinum tips, and con-
nected to a local circuit consisting of a dry cell and a bell or a galvano-
meter; a signal is given when the yoke touches one of the stops.

A certain flux in the sample and in the pole-pieces gives a definite force
of attraction at the air-gaps aa. Therefore the scale of the instrument
could be calibrated directly in fluxes. But as all samples are of the
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Fic. 164. Schematic representation of the Du Bois magnetic balance.

same cross-section, to each flux corresponds a definite density. There-
fore the scale is calibrated directly in magnetic densities. The cali-
bration is done by means of a specimen whose magnetization curve has
been determined by some other method. A good feature of the
instrument is that the reluctance of the air-gaps is large as compared to
that of the sample; in this way small inaccuracies in the contacts between
the sample and the pole-pieces are of no consequence.

169. EXPERIMENT 8-B. —Magnetization Curves of Iron with
Du Bois Balance. —The experiment is performed in the same order, as
the experiment 8-A (§ 167). Before leaving the laboratory weigh the
sliders, measure the length and the cross-section of the air-gaps and
their horizontal distance from the knife-edge supports. Make a copy
of the scale; measure the cross-section of the samples; note the number
of turns in the magnetizing coil.
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Report. (1) Plot curves of flux density to ampere-turns per cm. (or
inch) as abscisse (Figs. 151 and 161). If possible, use the same sheet
of cross-section paper for all the samples, so as to have a direct cormn-
parison for the quality of the materials. (2) Show in a numerical
example how to use these curves for determining the number of ampere-
turns required to produce a given flux in a magnetic circuit. Take, for
example, a circuit like the one shown in Fig. 147. The dimensions of
the cores and the length of the air-gap are supposed to be given. (3)
Figure out the actual pull on the yoke of the balance with a given lux
(§ 166); see how closely the calculated magnetic torque checks with
that of the weights.

BALLISTIC METHOD.

170. In taking magnetization curves two quantities are to be
measured: Exciting ampere-turns and the flux produced by them.
The chief difficulty lies in measuring the flux. It can be measured
much more accurately by a discharge through a ballistic galvanometer
than by tractive methods described in §§ 166 and 168. The use of the
ballistic galvanometer for measuring fluxes is described in §§ 139 and
142. While this is the most accurate method for measuring fluxes,. it
was not until recently that devices have been perfected, such as make
the method convenient for technical purposes. It may not be amiss to
give here a brief history of the development of this method.

171. The Development of the Ballistic Method. —The original ar-
rangement (Fig. 165) required samples to be made in ring form, each
wound separately with exciting and secondary coils. This, of course,
was a serious objection from a practical point of view. Hopkinson
introduced the ‘“divided-bar ’’ apparatus (Fig. 166) in which the samples
TT are made in the form of rods; these are much easier to prepare
than rings. Permanent coils are used; the magnetic circuit is closed
through a heavy voke YY. An objection to this method is that,
— due to the necessarily imperfect contacts between the yoke and the
samples, — the quality of iron appears worse than it is in reality (see
Fig. 151).

Ewing remedied this by testing samples with two different lengths of
the magnetic circuit (Fig. 167); the resistance of the contacts is elimi-
nated from two measurements. His method is objectionable, because
it requires two identical samples, which sometimes are difficult to get.
Picou, on the other hand, eliminated the influence of contacts (Fig. 169)
by additional windings which compensate for the reluctance of the air-
gaps. With all these improvements there still was a need for an
apparatus for measurement of permeability of large castings as a whole,
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without preparing special samples. Dr. Drysdale’s permeameter (Fig.
170) fills this demand.

Another objection to the ballistic method has been found in the
ballistic galvanometer itself; in its original form, with a_telescope, and
with undamped swings, it was not a convenient device for practical
work. Here also considerable progress has been made of late. Ballistic
galvanometers of sufficient sensitiveness are now to be had, that are
provided with a pointer and a scale, like ordinary voltmeters and
ammeters; moreover, they are made perfectly damped electromagneti-
cally, so that readings may be taken in quick succession. Finally the
advent of the fluxmeter (§ 140) makes it possible to obtain continuous
indications of fluxes instead of instantaneous deflections of a ballistic
galvanometer.

The above-mentioned devices, based on the ballistic method, will
now be described more in detail.

172. Ring Method. — The sample of iron or steel to be tested is
turned in form of a ring I (Fig. 165) of a comparatively small radial

D.C.,
Bupply

Fie. 165. Testing permeability of a sample in ring form.

breadth. If sheet steel is to be tested, separate rings are punched,
assembled together, and turned down on the sides. The ring is uni-
formly wound with a known number of turns of wire, connected to the
terminals P (primary). A secondary or exploring coil E is wound on
the first coil and connected to a ballistic galvanometer. The core is
excited from a source of D. C. supply, through a regulating rheostat R
and a double-throw switch D. An ammeter, not shown in the figure,
is connected into the primary circuit. It is thus the same arrangement
as is shown in Fig. 147 and described in §§ 137 and 138, except that the
magnetic circuit is perfectly closed, and no inaccuracy produced by an
air-gap.

The sample is thoroughly demagnetized by exciting it to as high
saturation as possible, and then graduallv reducing the excitation to
zero, at the same time continually reversing the current. After this,
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the sample is magnetized again in steps, and the corresponding deflec-
tions of the galvanometer noted. This gives the virgin curve (Fig. 161);
a complete hysteresis loop may also be taken in a similar way, if desired.
The curves shown in Figs. 151 or 161 may be plotted by knowing the
dimensions of the core, the number of turns on both windings, and the
constant of the ballistic galvanometer.

In some cases it is possible to have specimens in the form of very
long rods. Experience shows that a rod whose length is at least 500
times its diameter may be considered magnetically as infinitely long.
This means that the same number of ampere-turns per inch are required
in order to produce a certain flux, whether the rod is straight or made
into a closed ring, without air-gap. This is not true for shorter rods on
account of demagnetizing action of the ends; again, with a very long rod

Fic. 166. Hopkinson divided-bar method for testing iron.,

the reluctance of the path of lines of force back through the air is practi-
cally zero, on account of a very large cross-section of this path. For
this reason the required number of ampere-turns is the same as if the
rod was bent into a ring. .

When such a rod is available for test, it is inserted in a straight coil
which is slightly longer than the sample, and is tested as in Fig. 165.

173. Divided-Bar Method. — An objection to the practical use of
the ring method is, that the preparation of samples is rather compli-
cated. Hopkinson found a way out of this difficulty by making samples
in the form of two straight bars. TT (Fig. 166). The magnetic
circuit is closed through a heavy iron voke YY of negligible reluc-
tance; so that the reluctance of the circuit is practically caused by
the samples alone. The left-hand bar is securely clamped to the yoke
by the screw n. The right-hand bar is provided with a handle H, by
means of which it may be pulled out of the voke. The exciting or pri-
mary coil ' is wound in two sections; it is connected to the terminals
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P. The exploring coil E is inserted between the two sections and is
connected to the terminals S. The electrical connections are the
same as in Fig. 165.

To measure the flux produced in the samples by the coils CC, the
right-hand sample is suddenly withdrawn from the yoke. This
releases the coil E, and the spring k instantly snaps it out of the mag-
netic circuit. The change in flux embraced by this coil produces a
discharge in the ballistic galvanometer, as in the ring method.

Instead of using two samples and pulling out one of them, one long
sample may be used, and the ballistic discharge obtained by changing
or reversing the current in CC, as in the ring method. The apparatus
is fairly accurate for practical purposes, but great care must be exer-
cised to have good magnetic contacts between the yoke and the sample.

167. Ewing double-bar method for testing iron.

174. Ewing Double-Bar Method. — To eliminate the influence of
contacts and the reluctance of the yoke, Kwing suggested the apparatus
shown in Fig. 167.* The magnetic circuitis formed by two test bars 4 A’,
BB, and two heavy yokes Y'Y’ made of wrought iron. Each bar is
surrounded by a magnetizing coil, as in Fig. 177. A secondary coil,
connected to a ballistic galvanometer, is wound on one of the exciting
coils. The coils are mounted in the wooden case C; the terminals PP’
are connected to a source of D. C. supply, the terminals SS’ to a ballistic
galvanometer. The number of turns in the secondary coil may be
varied at will by the switch shown on top of the box. At the same time
some resistance is automatically inserted into the galvanometer circuit,
as the sections of the coil are cut out. In this way the resistance of the
galvanometer circuit is kept constant, and its deflections made propor-
tional to the number of secondary turns. The reason for varying the
number of turns is to have galvanometer deflections within its best
range with widely different values of the flux.

* Fig. 167 is taken by permission, from Prof. K. S. Ferry’s Practical Physics,
Vol. IIT.
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The  test is performed exactly as with the ring method. After a
magnetization curve has been obtained, one of the yokes and the box
C are removed by loosening the screws. A shorter box D is slipped in
place, and the magnetic circuit completed again, the yokes being
brought closer together. A magnetization curve is taken as before.
It differs from that previously obtained because of a shorter length of
the circuit and a smaller number of magnetizing turns in the box D.
The magnetic resistance of the yokes and of the contacts is the same in
both cases, and may be eliminated by comparing the two curves. Let,
for instance, 850 ampere-turns be necessary in order to produce a
certain flux with the box C, 10 inches long; let 450 ampere-turns give
the same flux with the box D, 5 inches long. This shows that 400 ampere-
turns were used in the first case for 5 X 2 = 10inches of the length of the

FiG. 168, The Picou permeameter.

samples, so that the true ampere-turns per inch of the sample are:
400/10 = 40. If the shorter box were not used, the reluctance of the
contacts and the yokes would have to be neglected; the number of
ampere-turns per inch of the sample would have to be taken as 850/20
= 42.5, which is about 6 per cent too high. The experiment with the
shorter box enables one to separate the 50 ampere-turns lost in over-
coming the reluctance of the contacts and the yokes.

The details of the apparatus shown in Fig. 167 are due to Prof. J. W.
Esterline; in particular he deserves credit for the boxes, the method of
clamping, and for the scheme of using variable secondary turns with
constant resistance.

175. Picou Permeameter. —In this apparatus (Fig. 168) the dis-
turbing influence of the contacts is compensated by additional magnet-
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izing windings. The principle of compensation is shown in Fig. 169.
The sample T under test is made rectangular, or consists of a bunch
of steel laminations. It is clamped within the magnetizing coil C;
between two U-shaped yokes Y'Y, provided with compensating wind-
ings C;, C2. The winding C3 supplies just enough ampere-turns to
carry the flux through the test sample alone; the coils C; and C,
provide the magnetomotive force necessary for overcoming the reluct-
ance of the yokes and the air-gaps. A secondary coil is wound on each
of the three magnetizing coils, and may be connected at will to a bal-
listic galvanometer.

The first step in testing a sample is to compensate for the reluctance
of the yokes and the air-gaps. For this purpose the circuit of the main
coil Cj3 is left open; the coils C; and C; are energized so as to produce
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Fic. 169. Principle of compensation for the reluctance of air gaps, in the Picon
permearneter.

a flux through the yokes only, as shown by dotted lines in the sketch to
the left. Each coil supplies the ampere-turns necessary for overcom-
ing the reluctance of one yoke and two air-gaps. The desired value of
the flux is established by trial discharges through the ballistic galva-
nometer. Now the current in one of the coils is reversed, so that the
flux is deflected into the sample under test, as shown by dotted lines in
the sketch to the right. Iach of the coils, C;, and C3, has now to over-
come the reluctance of its yoke, of two air-gaps, and in addition the
reluctance of one longitudinal half of the sample under test. The flux
is naturally reduced; to bring it to its former value, the middle coil
C; is excited so as to assist the two other coils.

When the former value of the flux is established in the yokes (as
recognized by ballistic deflections), it is evident that the two outside
coils again supply the ampere-turns necessary for the yokes and the
gaps, while the middle coil carries the flux through the sample under
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test. Knowing the number of ampere-turns per inch in the coil Cjp
and taking a ballistic discharge through the secondary coil which sur-
rounds it, a set of data is obtained for the magnetization curve. The
same test is repeated with other values of flux.

All the necessary adjustments and changes of connections are con-
veniently performed by means of the levers 1 and 2 and handles A and
B (Fig. 168).

176. Drysdale Permeameter. —This instrument, shown in Figs.
170 to 172, is used for testing frame castings of electric generators

FiG. 170. Cross-section of the Drysdale permeameter, showing
the plug in the casting under test.

and motors, without preparing special samples. The magnetizing
and the exploring coils (Fig. 170) are wound on a plug (Fig. 171); the

Fig. 171. The exploring plug of the Drysdale permeameter.

plug is inserted into a hole drilled at any desired place of the casting to
be tested. The magnetic circuit is excited as shown by dotted lines,
and a discharge taken through a ballistic galvanometer, or a fluxmeter.
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The hole in the casting has the form shown in Fig. 172. The pin left in
the center constitutes the sample under test. A special hollow drill
(Fig. 172) is used for making these holes, so that they will exactly fit
the testing plug. It is well to test a casting in several places, in order

Fi16. 172. The drill and the sample prepared by it, for use with the Drys-
dale permeameter.

to get its average permeability. The instrument is calibrated empir-
ically by a sample of known magnetic properties.

177. Theory of the Ballistic Galvanometer. —The methods
described in §§ 172 to 176 require the use of a ballistic galvanometer.
The general features of the instrument are described in § 139; a proof
will now be given, that its deflections are proportional to variations in
the flux through the secondary coil. It will be proved (a) that elec-
trical discharges through the galvanometer are proportional to variations
in flux, and (b) that galvanometer deflections are proportional to elec-
trical discharges. From these two facts will follow immediately that
deflections are proportional to variations in flux.

(a) Electrical discharges through a ballistic galvanometer are propor-
tional to changes in flur. Let N be an instantaneous value of a variable
magnetic flux; the instantaneous e.m.f. e induced by a variation of this
flux in an exploring coil that surrounds it, is, according to § 138,

dN_
Sl
where s is the number of turns in the coil. Let r be the total resistance
of the galvanometer ¢ircuit, L its inductance; according to the equation
(6), in § 103, the instantaneous current ¢ in the galvanometer is
determined by the relation

e=3s 10~¢

. di
= L=.
e nr + a
Substituting e from the above, gives
dN s _ : di
8. .10 "+Ldt'

or
8§.dN .10 =1r.dt + L .dx.
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Let N; and N be the initial and the final values of the flux during
the short period ¢ of the change. Integrating the preceding equation
over the period ¢ we obtain

8 (Ny — N3) 10~ = rf'wu + L ().
1]

The integral on the right side represents the total quantity of elec-
tricity in coulombs or ampere-seconds which are discharged through the
galvanometer; let this discharge be denoted by Q. The second term
to the right = 0, because the current is zero at the beginning and at the
end of the discharge period. Thus we have

8(Ny = N»)10*=r@Q . . . . . . (4

This proves the above statement that an electrical discharge through
the galvanometer is proportional to the variation in the flux.

(b) Deflections of ballistic galvanometer are proportional to brief dis-
charges through it. After an electric discharge has passed through the
moving coil of a galvanometer, the coil begins to move against the fol-
lowing forces:

(1) Torsion of the suspension wire, or the springs.
(2) Currents induced in the coil and in its aluminum frame.
(3) Air resistance.

Let the final deflection be a; degrees with a given discharge of @ cou-
lombs. The force of torsion is proportional to the angle of torsion; thus
the total resisting impulse of the suspension wire is proportional to

j:'a d.

The currents induced during the movement of the coil are proportional
to instantaneous angular velocities da /d¢; their impulseis proportional to

£"‘(‘%>d¢=a. )

Now suppose a different discharge Q2 to be sent through the galvano-
meter, such that the new angle of deflection @z = 2 @;. The time of one
swing of the galvanometer is practically independent of the angle of
deflection (as in the pendulum); therefore all intermediate angles @ and
angular velocities must be doubled. Thus the impulse of the suspension
wire is doubled, and that of the induced currents. Therefore Q2 must
be = 2@, in order to give a double moving impulse. This proves
that electrical impulses, or discharges, and galvanometer deflections are
proportional. The air resistance is not exactly proportional to angular
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velocity, and therefore somewhat vitiates the result; but its influence
is usually negligible.

The same theory applies to the fluxmeter (§ 140), only the time of
the discharge does not influence the results. This is because the
instrument possesses no resisting torsion, and all of the electric impulse
is absorbed by induced currents, according to expression (5).

(¢) Final formule. Denoting the galvanometer constant by b, we

bave Q = ba I ()
where « is the scale deflection. Consequently
s(N,; —N2)10“°=b1'a N (D)

Let, for instance, the constant of the galvanometer be b = 15 X 10~
coulombs (ampere-seconds) per 1 cm. of scale deflection; let the
resistance of the galvanometer circuit, 7, equal 2000 ohms, the number
of turns in the exploring coil s = 100. A certain flux was established
through the coil, and then the exciting circuit suddenly opened, causing
a galvanometer deflection @ = 30 em. The final flux N; = 0, and w

have lol *
M =100 X 15 X 107 X 2000 X 30 = 900,000 maxwells.

178. Calibration of a Ballistic Galvanometer. — Ballistic galvano-
meters are usually calibrated with a standard condenser, or with a
standard inductance coil.

(a) Let a condenser of a known capacity of C microfarads be
charged at a certain voltage e, and then discharged through the ballistic
galvanometer;. let the deflection be a. According to §117, the charge
Q = Ce . 10™® coulombs, so that with reference to equation (6) we

have Ce.10° = ba.
All quantities in this equation are known except b, which can be
determined.

(b) A standard coil is a long solenoid without iron, with an explor-

ing coil placed about its central part. According to the equation (1)
in § 165 the flux density in the middle part of the coil

If the cross-section of the coil is 4 sq. cm. the total flux = A H. The
coil is excited with a known current 7, and the circuit opened, producing
8 discharge in the ballistic galvanometer. According to the equation

(7) we bave sAH.10~* = bra,
from which b may be calculated.
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179. EXPERIMENT 8-C. — Magnetization Curves of Iron by
the Ballistic Method. — The experiment comprises the use of any of
the instruments described in §§ 172 to 176. The sample is thoroughly
demagnetized, and a virgin curve OAM (Fig. 161) taken. After this
one or more hysteresis loops may be taken. The test should be per-
formed on samples of steel, soft wrought iron, and cast iron. If the
constant of the ballistic galvanometer is not known, the instrument
must be calibrated as explained in the preceding article. Aside from
learning the method itself, and the operation of a permeameter, it is
expected that the student will make clear to himself: (a) The details of
its construction, (b) the sources of error, (c) the limits of accuracy.

Report. (1) Plot the magnetization curve of one sample, using
ampere-turns per inch as abscisse and B per square inch as ordinates;
for another sample use densities H in air as abscisse and B per sq.
cm. as ordinates; a third curve should give values of permeability B + H
to densities B as absciss®. In this way the student will learn the
various methods of plotting magnetization curves.

(2) TIllustrate in a numerical example the use of these curves for
determining the number of ampere-turns in a given case, — for instance.
to produce a given flux in a magnetic circuit like the one shown in Fig.
147. The dimensions of the cores and the length of the air-gap are
supposed to be given.

(3) Figure out hysteresis loss by integrating one of the curves, as
explained in § 203.

(4) Discuss the advantages and disadvantages of the apparatus used,
sources of error, limits of accuracy, etc. .

STEADY DEFLECTION METHODS.

180. Koepsel Permeameter. — In its principle the device is a milli-
voltmeter (Figs. 173 and 174), in
which the permanent magnet is
replaced by an electromagnet; the
sample under test is a part of this
electromagnet. The instrument
consists of two heavy pole-pieces .JJ
(Fig. 173) in which is fastened the
rod P to be tested; S is the magnetiz
ing coil. The flux produced in the
» sample and in the pole-pieces is meas-
F16. 178. A cross-section of the Koep- yred by means of a moving coil s.

sel permeameter. similar to those used in direct-
current ammeters and voltmeters (Fig. 34). The coil is supplied with
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current from a small auxiliary dry battery; deflections are indicated
by a pointer on the dial (Fig. 175); the scale is calibrated directly in
magnetic densities B per sq. em.

U in Figs. 173 to 175 is a double-throw switch for reversing the
current in the magnetizing coil S; I}, in Fig. 175 is a rheostat for regu-
lating the current in the same coil. W, is a rheostat for regulating the
current in the moving coil; it has three handles, for coarse, medium
and fine adjustment. S; and S, in Fig. 174 are compensating coils con-

Fic. 174. The Koepsel permeameter with the cover off.

nected in series with S and opposing it magnetically. These coils are
adjusted so that the instrument shows zero, when the sample is taken out;

Fic. 175. The electrical connections in the Koepsel permeameter.

in other words, they compensate for the magnetic action of the coil S
itself. In this way the apparatus is made to indicate directly the
magnetic induction due to the sample under test.
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The apparatus is intended for taking complete magnetization curves,
similar to one shown in Fig. 161. The values of B are read off directly
on the scale (Fig. 176), when the current 1 in the moving coil is adjusted

to a value given on the
instrument. This cur-
rent 1 = k + ¢, where k
is an instrument con-
stant, and q is the cross-
section (in sq. cm.) of the
sample under test. The
smaller this cross-sec-
tion, the smaller the
flux, and the larger must
be the current in the
moving coil, in order
to produce the same de-
flection.
. The exciting ampere-
Fia. 176. The Koepsel permeameter. turns are obtained by
multiplying the current I
in the coil S by its number of turns. The apparatus, as it is manufac-
tured now, has 79.6 turns per cm., so that the exciting ampere-turns
per cm. length of sample are = 79.6 I. This is done in order to make
the instrument direct-reading for magnetic densities H in the air
(§ 165). Namely, from the formula (1),

© 07961 0.796

There is no reason, however, why the instrument should not be made
with 100 turns per cm., or per inch, so as to be direct-reading for
ampere-turns per centimeter, or per inch.

The use of this apparatus is extremely simple: a sample of known
cross-section is put into it, and the auxiliary current adjusted according
to the formula 7 = k + q; the value of k is given on the instrument
itself. Then the main current is closed through the magnetizing coil,
and simultaneous readings taken on the ammeter in the primary cireuit,
and on the dial of the apparatus. Ammeter readings multiplied by
79.6 give exciting ampere-turns per cm. (or, multiplied by 100, give
values of H). The value of B is read off directly on the scale of the
apparatus. By varying the current in S a complete B-H curve of
the sample can be obtained.
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Care must be taken to protect the apparatus from external mag-
netic fields; strong magnets, or large pieces of iron, should not be
allowed near it, while readings are taken. The sample itself must
have no long ends sticking out of the yoke, as they produce a stray field.
The apparatus is sensitive even to terrestrial magnetism; in order to
eliminate this error the device must be placed so that the line marked on
the dial is in the direction *“ north-south.” When the instrument is
in this position and both currents are ‘“on,” the pointer must remain
on zero, so long as there is no test sample in the apparatus.

There is in this, as in some other devices, a source of error, which is
difficult to eliminate, namely, imperfect contacts between the yoke and
the rod under test. The result is, that it takes more ampere-turns to
produce a certain flux than it would without these unavoidable air-
gaps; consequently, the apparent permeability comes out lower than
it is in reality. An air-gap only 1/1000 of an inch long is equivalent
in its magnetic resistance to nearly } inch of a good iron rod; therefore,
when accurate results are required, the experimentally observed B-H
curve must be properly corrected. Correction curves are usually
supplied with the apparatus.

181. EXPERIMENT 8-D. — Magnetization Curves of iron with
Koepsel Permeameter. —Test a steel specimen, a cast-iron specimen,
and a bunch of iron laminations. Special clamps are provided with the
instrument for accommodating round and rectangular samples. Set the
instrument in the N-S direction; see that the needle shows no deflection,
without the sample; and with both currents on. Insert the sample, and
demagnetize it (§ 167); use the commutator shown in front in Fig. 174
for reversing the current. Take the curves shown in Fig. 161. Correct
the data obtained, as per standardization certificate of the instrument.
Investigate in how far the apparatus is sensitive to stray magnetic
fields, to the influence of terrestrial magnetism, and to large iron masses
in its proximity.

Report. Identical with § 179.

182. Esterline Permeameter. — The apparatus devised by Prof.
J. W. Esterline for testing permeability, is essentially a small direct-cur-
rent generator; the sample to be tested completes the magnetic circuit
of the machine. The working principle of the device may be under-
stood with reference to Fig. 174, if the moving coil s be replaced by a
regular direct-current armature driven by a motor. The magnetizing
coil 8, the sample P and the pole-pieces JJ are essentially the same as
in the Koepsel permeameter. The flux in the sample, instead of being
measured by a deflection of the moving coil s, is measured by the voltage
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induced in the revolving armature. The magnetic density is figured
out from the formula

density = const. X _volts_

speed

This follows from the fact that the voltage induced in the revolving
armature is proportional to the flux and to the speed of rotation. Com-
pensating coils are used to account for the reluctance of the air-gap and
of the parts of the circuit, other than the bar under test.

In the apparatus as it is now manufactured, the exciting ampere-turns
are varied by changing the number of turns in the magnetizing coil.
There is no reason, however, why this should not be done by simply
regulating the current in the coil by a suitable resistance, as in the
Koepsel permeameter. The Esterline apparatus is substantially built,
is not affected by terrestrial field, and is designed so as to be suitable
for ordinary commercial work. It is claimed that an inexperienced
operator, with hardly any knowledge of electricity and magnetism, can
obtain accurate results after very little practice. The device is de-
scribed in detail by the inventor in the Proceedings of the American
Soctety for Testing Materials, VI, 1906.

183. Ewing Permeability Bridge. — An ingenious method for com-
paring specimens of steel and iron to a standard sample was devised
by Prof. Ewing (Fig. 177).
S is a standard rod whose
magnetization curve is known;
T is the sample under test.
N\ Both are surrounded by mag-
netizing coils and are clamped
i in heavy iron yokes P P.
9 y  The magnetic circuit is closed

T as shown by the arrows. The
standard sample is excited
with a certain number of am-
S —> pere-turns; the number of am-
pere turns on the sample
under test is varied until the
T <~— fluxes in both samples be-
come equal. This moment
is recognized by the pivoted-
magnetic needle m returning
to zero. When the fluxes in the two samples are different, some
lines of force must find their path through the horns HH and the

o

Fi1a. 177. The Ewing magnetic bridge.
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air-gap between them, deflecting the needle. When the fluxes become
equal, no stray flux passes through H H, and the needle returns to
zero, under the influence of the permanent magnet g.

In the apparatus, as it is actually made, the number of turns around
the standard sample S is fixed, that around the specimen T may be
varied by a radial arm and contacts. A double row of contacts is pro-
vided, so that when a section of the coil is cut out of the circuit, an
equivalent resistance is inserted in its place. This is done in order to
maintain a constant current. The two magnetizing coils are connected
in series, so that the ratio of active turns gives directly the ratio of
ampere-turns. With this arrangement one ammeter is used instead
of two.

The magnetization curve of the sample under test is plotted by
changing the abscisse of the magnetization curve of the standard
sample. Let, for instance, the standard sample require 80 ampere-
turns per inch at a density of 100 kilo-maxwells per sq. inch. Send
through the magnetizing coils a current, such as to produce 80
ampere-turns per inch in the standard sample; adjust the number of
turns of the specimen under test, until the needle m returns to zero.
Let. the number of turns in the standard coil be 100, that on the other
coil 150. This shows that in order to obtain a density of 100 kilo-
maxwells in the sample under test

150 _ 1,
80X o0 = 120

ampere-turns per inch are required. A calibration curve is usually
furnished with the instrument to account for air-gaps.

The apparatus is called a “bridge,” because of its resemblance to the
Wheatstone bridge; the two horns H H and the magnetic needle corre-
spond to the galvanometer circuit of the bridge (§ 14).

184. EXPERIMENT 8-E. — Magnetization Curves of Iron with
Ewing Permeability Bridge. — The apparatus is described in § 183.
The conduct of the experiment and the requirments for the report are
the same as in § 179.

185. Bismuth Spiral. — The metal bismuth has a peculiar property,
that its electrical resistance increases appreciably, when it is placed in a
magnetic field. Per cent increase in resistance is nearly proportional
to the magnetic density of the field. The curve shown in Fig. 178 gives
an idea of this increase for an average specimen of bismuth wire. This
property of bismuth is utilized to some extent for measuring magnetic
densities. Fine bismuth wire is made into a flat spiral wound non-
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inductively, the wire being doubled back on itself. The winding is
held rigidly between two thin pieces of mica. Such a spiral is placed in
a field, of which it is desired to measure the flux density; its ends are
connected to a Wheatstone bridge. From the increase in the electrical
resistance of the bismuth wire, flux density is determined by using
the curve shown in Fig. 178. Bismuth spirals used for measuring
flux density in air-gaps of electrical machines, stray fluxes, etc., are
_ provided with handles and with suitable terminals. For testing per-

Fic. 178. Variation of resistance of a bismuth spiral in & magnetic fleld of varying
density.

meability of iron, with bismuth spirals, an apparatus similar to that
shown in Fig. 166 is used. The exploring coil E is omitted, and the
spiral is inserted between the ends of the two samples T7T. Bismuth
has an appreciable temperature coefficient; a correction must be applied
for this factor when using the apparatus.

186. EXPERIMENT 8-F. — Magnetization Curves of Iron with
Bismuth Spiral. — The method is described in § 185. The general con-
duct of the experiment and the requirements for the report are the
same as in § 179.



CHAPTER IX.
MEASUREMENT OF CORE LOSS.

187. StEEL and iron cores used in armatures of electrical machines
and in transformers are subjected to a variable magnetization. Each
particle of the core is regularly magnetized in one and then in the
opposite direction many times a second, according to the frequency
of the supply or the speed of the machine. Under such conditions
cores are appreciably heated; this heating is objectionable from two
points of view:

(1) The temperature may reach a limit where it is dangerous to the
insulation of the windings.

(2) The efficiency of the machine is lowered, by the amount of
energy thus converted into heat.

An investigation of this heating of iron, and of the resultant loss of
energy, shows that it is due to two distinct and independent causes:
(1) molecular friction, or hysteresis; (2) induced eddy currents.

188. Physical Nature of Hysteresis. — The phenomenon of hyste-
resis is described in § 164; as is stated there, flux density in iron lags
behind the exciting ampere-turns, when it is subjected to cyclic magnet-
ization. The accompanying loss of energy is probably due to some
friction among the molecules of iron, when the magnetizing force causes
them to be arranged along certain lines. A certain amount of energy is
necessary to take one pound of iron through one cycle of magnetiza-
tion up to a certain flux density. The loss of power depends therefore
upon the number of cycles per second, in other words, on the frequency
of magnetization. This power also increases with the marimum fluz
density to which magnetization is carried.

Thus hysteresis loss W = 4 Vf.F(B) watts, where V is the volume
of iron, f the frequency of magnetization in cycles per second, F(B)
a function of the magnetic density, and » a physical coefficient, which
depends on the quality of iron. Dr. Steinmetz found by extensive
tests that hysteresis loss increases on the average as the 1.6th power of
the density B. Accordingly, for many practical purposes it is assumed
that

W=qgViB* . . . . . ... (1
216
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In stationary machinery, as, for instance, in transformers, the energy
necessary for overcoming this loss is supplied electrically in the form
of an additional component of the magnetizing current. In generators,
hysteresis causes an opposing torque between the armature and the
field; the energy for overcoming this torque is supplied by the
prime mover. In motors the loss may be supplied from the line, or
it may be considered as reducing the useful torque available on the
shaft.

It is interesting to note that the counter-torque caused by hystemns
is independent of the speed of the machine. Let this torque be T foot-
pounds and the speed of the machine n r.p.m. The power necessary
for overcoming this torque is proportional to the product ‘torque times

speed,” so that
W = KnT watts,

where K is a numerical constant. Equating this expression to (1),

we have
KnT = 9V/].B'e,

The number of cycles of magnetization f is proportional to the speed
n of the machine, so that we finally get

T = KqVB™., . . . . . . . (2

where K’ is another constant. This equation (2) shows that the
torque caused by hysteresis does not depend on the speed of the
machine.

189. Physical Nature of Eddy Currents.— Iron is not only a mag-
netic conductor, but also a good conductor for electric currents. There-
fore, when a magnetic flux varies in iron, currents are induced in it as
in any other conductor, subjected to a pulsating flux. These currents
are called eddy currents, or Foucault currents, after a French physicist
of that name; they constitute a pure loss of energy. To reduce these
currents as far as possible, iron is subdivided into thin sheets, or lami-
nations, insulated from each other by paint, varnish, tissue paper, etc.,
in order to break up the paths of eddy currents.

Like all induced currents, eddy currents are proportional to the flux
density B and to the frequency [ of pulsations. Thus eddy currents
per cubic unit of iron are proportional to the product Bf; the corre-
sponding loss in watts is proportional to the square of the currents
(according to the expression 2r). Thus, we have

eddy-current loss w = ¢ VP2B2watts . . . . (3)
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The physical coefficient ¢ depends on the thickness of laminations, and
decreases approximately as the square of the thickness. Proceeding
as in § 188, we find that the torque caused by eddy currents

t=k§&eVaR: o 0 0 0 0 0 0 L)

This torque is proportional to the speed of rotation, or to the fre-
quency of magnetization; it has been shown, that the hysteresis torque
(2) is the same at all speeds. This difference in the properties of
hysteresis and eddy currents is utilized in practice for separating them
from each other.

190. Methods for Measuring Hysteresis and Eddy Currents. —
Core loss due to hysteresis and eddy currents lowers the efficiency and
increases the temperature rise in machinery. It is important, there-
fore, to know how to measure this loss on samples of steel used in the
construction of electrical machinery. Such tests make it possible to
estimate the loss of energy and the temperature rise while designing
new machines; also to reject material of inferior quality, which gives
an abnormal core loss. Results of core-loss tests are usually plotted
in the form of the curves, shown in Iig. 179. The curves give the

/

O Magnetic Density in Lines per sq. inch (or sq. ¢cm.)

F1a. 179. Curves of iron loss at different magnetic densities
and different frequencies of magnetization.

total loss which comprises both hysteresis and eddy currents. In most
practical cases it is not required to separate the two: but should this
be necessary, it can be done as is explained in § 200.

Two distinct methods for determining iron loss are chiefly used:
(1) Mechanical torque method, (2) Wattmeter method. With the

.
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first method the samples to be tested are driven mechanically in a .
magnetic field (or vice versa), as if they were parts of the armature
core of a generator. The torque produced by the core loss in the
samples is measured by a dynamometer spring. With the wattmeter
method samples are magnetized by an alternating current, as they
would be in a transformer; the power necessary for magnetization is
measured on a wattmeter.

The torque method should be used for sheet steel intended for arma-
ture cores of generators and motors; the wattmeter method is suitable
for transformer iron. In practice, however, no such strict distinction
is made between the two methods, because in most cases it is sufficient
to know that a new lot of iron has a core loss not above a certain limit,
set as the result of previous experience. It makes little difference in
which way this limit is ascertained, provided the same method is used
in cases to be directly compared.

A third possible method consists in integrating the area of a hysteresis
loop of the sample (Fig. 161). It can be shown theoretically (see
§ 203) that the area of this loop is proportional to joules hysteresis
loss per cu. cm. of iron, per
cycle of magnetization. This
method is seldom used, because
it is rather lengthy; besides, it
gives hysteresis loss only, and not
the total core loss.

MECHANICAL TORQUE METHOD.

191. Ewing Magnetic Tester.
— This is the simplest and the
oldest device based on the prin-
ciple of measuring hysteresis loss
by mechanical torque; it is shown
in Fig. 180. A few strips of
sheet iron to be tested are
clamped into a carrier C, which

Fi. 180. The Ewing hysteresis tester. 13 Made to revolve by turning

the handle H. The carrier turns

between the poles of a permanent magnet, which is suspended on a

knife-edge. In consequence of the hysteresis torque of the specimen

the magnet is deflected, and the deflection is observed by means of a
pointer on the scale S.

The same test is made with a standard sample, whose hysteresis
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loss in ‘watts per cycle has been previously determined by some other
method (for instance, by integrating its B-H loop). The ratio of
deflections gives the ratio of the values of hysteresis loss in the two
samples.

The deflections of the pointer are practically independent of the
speed of rotation; it is shown in § 188, equation (2), that hysteresis
torque is independent of the frequency of magnetization. Yet, when
the speed becomes rather high, the influence of eddy currents becomes
noticeable, the deflection being thereby increaged.

It must be noted, that the loss determined by this tester refers to a
certain flux density only, and no provision is made in the apparatus
for varying the density. The density within the samples is practically
independent of the quality of iron tested; the value of the flux is chiefly
determined by the reluctance of the two air-gaps. The instrument
is adapted for rough relative tests rather than for determining absolute
values of hysteresis loss.

192. EXPERIMENT 9-A. —Hysteresis Loss in Iron with
Ewing Magnetic Tester. — Test a few samples of sheet steel and iron,
as explained in the preceding article. Investigate the influence of the
speed of rotation; make a sketch of the mechanical details of the device.
| Test one of the samplés with laminations thoroughly insulated from each
other, and then without insulation; see if the influence of eddy current
makes itself perceptible in the second
case. Form an opinion in regard to
the accuracy of the instrument and
its applicability for practical work.

193. Blondel Hysteresimeter. —
This device (Figs. 181 and 182) is
based on the same principle as the
above-described Ewing magnetictester,
but is mechanically superior to it. It
has a U-shaped permanent magnet
MM which can be rotated around
a vertical axis by means of the handle
H. The sample sheets to be tested
are made in the form of a ring R and
are fastened on the support S. This
support with its pivoted vertical shaft
P, tends to revolve, but is retained by
an opposing spiral spring, shownin the figure. When the magnet M
revolves, the support with the sample turns by an angle, at which the

Fic. 181. The Blondel hysteresi-
meter.
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hysteresis torque just balances the spring action. The deflection is
practically independent of the speed of rotation, asin the above Ewing’s
apparatus, and is directly proportional to the hysteresis constant 3 of
the sample (see § 188).

A standard sample, whose hysteresis constant has been determined
by another method, is used with this instrument; the ratio of deflections

|

Fi1G. 182. A cross-section of the Blondel hysteresimeter.

given by the standard sample and the sample under test is equal to
the ratio of their hysteresis constants.

The magnet M is selected of such a strength as to give in the sample
a magnetic density B of about 10.000 lines per sq. cm. The reluctance
of the air-gap is so large, as compared to that of the sample itself, that
differences in permeability of different samples hardly affect the above
value. Thus all samples are compared at a standard density of 10.000
maxwells per sq. cm.

In testing samples with this hysteresimeter it is always necessary to
take readings with rotation both ways; the average of the two indica-
tions 