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1’ PREFACE TO THE FOURTH EDITION

The present edition of the StanparD HaNDBOOK for ELEc-
. TRica, ENGINEERS, preparation of which was undertaken early
m the year 1913 under the editorial direction of the writer, em-
< bodies so many changes and so much new matter that it is
virtually a new book, retaining, however, the general features
and scheme of arrangement which have received extensive en-
dorsement in the prior editions. As heretofore, the STANDARD
HanpBOOK i8 intended primarily as a reference book of practical
information and data for practising engineers and a supplement
to the standard text-books employed in teaching electrical en-
gineering in colleges and universities. It is well recognized that
limitations of space within a single volume of this character, even
of the present size, render it impossible to treat each subject
exhaustively. Our efforts have been concentrated chiefly on
the task of presenting as much information and data of a prac-
tical nature as space would permit, reducing descriptive mat-
ter to the reasonable minimum and relying on references to
standard works for extended dissertations on theory and highly
special topics. Perhaps the most difficult task of all, in the
present revision, was that of keeping the subject matter within
the confines of a volume which would not be impossible in
either the physical or the commercial sense.

Owing to the numerous advances in electrical science and the
electrical arts since the appearance of the third edition in
1910, and owing also to certain criticisms which had been
made concerning the earlier editions, the Publishers approved
at the outset a broad and liberal editorial policy which greatly
facilitated the work and minimized the burdens of a task that
at best is a difficult one.

The first problem was the rearrangement of the sections
for the purpose of securing a rational classification of major
subjects and insuring a well-balanced presentation. A great
deal of time was spent in consideration of this question
before undertaking the details of the work. In the same
manner much attention was given to the grouping of subjects
under minor divisions in each main section, in order that the
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PREFACE

information on cach subject might be presented in reasonably
compact form, and at the same time be easily located.

Thus each numbered paragraph opens with a descriptive title
or phrase in bold-faced type, while in other respects the use of
such type has been limited to subheads and important key
words which should catch the eye upon a casual glance over
the pages. An entirely new feature is the consistent use of sub-
heads throughout each section and the grouping of these on
each section title page, for the double purpose of describing
the contents in some detail and serving as a ready guide to any
particular subdivision or minor subject. This general scheme
of presentation is not intended to relicve the necessity for a
thorough and complete index, but rather to supplement the
latter and make the book of maximum usefulness. Another new
feature is the addition of bibliographies at the end of each sec-
tion or subsection, and the insertion of numerous references
throughout the text to more extended or specialized literature.

In retaining the sectional or unit system of arranging a refer-
ence work of this character, both the Editor and the Publishers
are convinced from past results that there is no other form of
arrangement which is so well suited to the production of a useful
and convenient handbook, or which makes possible the segrega-
tion of all the material relating to each subject, presented in
logical sequence and so displayed as to give it the desired
prominence.

Sections 1 to 5 inclusive cover the same general ground as in
the third edition, but have been almost completely rewritten and
considerably extended.

Sections 6 to 9 inclusive embrace the same subjects as Sections
6 to 8 in the third edition, but conform to a revised classification
which is believed to be preferable to the former arrangement.
These sections have also been entirely rewritten and substan-
tially enlarged.

Section 10 covers the same general subject matter as the cor-
responding section in the last edition, but is entirely rewritten
and greatly enlarged.

Sections 11 and 12 cover the same ground as Section 11 in
the third edition, but are entirely new and much more
comprehensive.

Section 13 replaces Section 18 in the old edition, being entirely
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rewtitten; Section 14 replaces Section 12, with entirely new
'matenal Section 15, Industrial Motor Applications, is a new
sction with entirely new subject matter.

Section 16 covers the ground of Section 13 in the third edi-
tion, and has been thoroughly revised. Section 17, Electric
Vehicles, and Section 18, Electric Ship Propulsion, are both new
sections.

Section 19 replaces Section 14 in the third edition, many por-
tions of it being rewritten. Section 20 takes the place of old
Section 9 with new material, and Section 21 replaces old Sections
13 and 16, also rewritten and altered somewhat in scope.

Section 22 takes the place of Section 17 in the old edition,
with almost exclusively new material. Section 23, Mechanical
Section, is a new section; Section 24 corresponds to Section 19
in the last edition; Section 25, General Engineering Economics
and Central Station Economics, is entirely new. Section 20 in
the former edition has been abandoned and its contents, or
their revised equivalents, have been distributed among other
sections.

The Editor takes this occasion to thank his numerous associ-
ates for their cooperation and enthusiasm throughout a long
and difficult task, and to acknowledge the painstaking efforts
of the Publishers concerning the mechanical features and their
patience over the unexpected but seemingly unavoidable delays
in completing the editorial portion of the work. Acknowledg-
ment is also due to my assistant, Mr. J. C. Bogle, who has pains-
takingly performed a large share of the routine editorial work;

to Mr. Walter Jackson, Associate Editor of the Electric Railway
Journal, who has read the complete proofs before going to
press; and to Mr. O. A. Kenyon, who has prepared the index.

Frank F. FowLg,
Caicaco, June 15, 1915. Editor-in-Chief.
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PREFACE TO THE THIRD EDITION

The preface to the first edition of the STaANDARD HaANDBOOK
which appears on another page, describes the ‘“unit” system or
which the work was developed. The present edition, the
publishers believe, is somewhat of a triumph for this system
The thorough revision of a book of this size, when manufac
tured according to the usual plan, is commercially impossible
except at long intervals when the changes in the art become sc
great as to demand an entirely new book. The “unit’ system
employed in the STANDARD HANDBOOK permits thorough revision
in part or as a whole without any of the usual limitations.

In the present revision the authors of the various sections
were allowed a free hand in so far as mechanical details were
concerned. They were not restricted in space or compelled to
cut and prune material to fit pages. The result is a book that
has been thoroughly revised from cover to cover so that it could
be fairly called a new STANDARD HANDBOOK.

The following synopsis gives a brief outline of the changes
and additions that have been made to the various sections.

Section 1, Units, is corrected and slightly enlarged.

Section 2, Electric, Magnetic and Dielectric. Circuits, is
greatly enlarged.  The general theory of electric and magnetic
circuits is entirely rewritten and the calculation of inductance
and capacity is given in greater detail than before.

Section 3, Measurements and Measuring Instruments, is
greatly enlarged. Several new instruments are described, tests
of self and mutual inductance have been added and a section
devoted to pyrometers and high temperature measurements has
been included. The design of rheostats and motor start.ers has
been transferred to Section 5.

Section 4, Properties of Conductor, Resistor and Insulating
Materials, is enlarged more than any other section. Many
tables have been added giving data on the latest types of
conductors and cables. An entirely new section giving the
properties of a large number of commercial resistor alloys has
also been added and the magnetic testing of iron has been en-
tirely rewritten and now forms a very comprehensive treatment
of the latest practice in this important subject.
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- Section 5, Magnets, Resistors, Condensers and Reactors, has
been enlarged in scope to include resistors, condensers and react-
ors. In the sections on magnets, a discussion of the energy
relations in a plunger magnet has been added. The section on
resistors contains the design of rheostats, formerly in Section 3.
To this section have been added the design of induction motor
starters, the heating of wires, cables and embedded conductors,
the calculation of fuses and tables for use in heating calculations.
A new skin effect for various metals has also been added. 1n the
condenser and reactor sections, the electrical calculations are
given, and considerable space is devoted to the electrolytic
condenser. Almost all of the material in this section is entirely
new.
Section 6, Transformers and Converters, is thoroughly
revised and considerably enlarged. The use of silicon steel has
revolutionized transformer design and hence this section has
been completely overhauled. As the book goes to press it
i8 the only available up-to-date treatment of transformers. In
the converter section numerous additions are made, the most
important being a discussion of the split-pole converter.
8Section 7, Generators, has been corrected and slightly revised.

Bection 8, Motors, has been revised, discussions of new motors
being added to the alternating current commutating motor sec-
tion. New design data are given for both a.c. and d.c. motors.

Section 9, Batteries, has been corrected and revised, with
slight additions.

Section 10, Central Stations, has been thoroughly revised
and largely rewritten. The scope is the same. Many cost data
have been added.

Section 11, Transmission and Distribution, excepting the
underground construction and mechanical transmission, has
been entirely rewritten. It is believed now to be thoroughly
abreast of the times in the calculation and construction of trans-
mission and distribution systems. Many tables have been
caleulated especially for this section. Practically all of the old
tables have been discarded. Inductive reactance and charging
current for all sizes of wire and cable and all spacings are given
for 25 and 60 cycles. Tables giving the stresses in wires and
cables of various sizes for wind, and wind and sleet conditions
are also among the additions.

Section 12, 1llumination, has been corrected and revised.
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Section 13, Traction, has been corrected, revised and enlarged.
The locomotive section has been entirely rewritten, and more
space has been given to the method of constructing speed-time
curves. ,

Section 14, Electrochemistry, has been thoroughly revised
and somewhat enlarged:

Section 15, Telephony, has been entirely rewritten. 1t is now
a comprehensive treatise and represents a new method of pre-
. senting the subject.

Section 16, Telegraphy, is corrected.

Section 17, Miscellaneous Applications of Electricity, is
corrected and somewhat enlarged.

Section 18, Wiring, is corrected and brought to date.'

Section 19, Standards, is considerably enlarged. The
latest changes in the A. 1. E. E. Standardization Rules have been
noted, and standard specifications for rubber insulation, copper
conductors and transformers have been added.

Section 20, Tables and Statistics, has been corrected and
enlarged by adding telephone, telegraph and central station
statistics and by general revision.
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' PREFACE TO THE FIRST EDITION

In the preparation of the STanpDARD HANDBOOK the pub-
lxahers have adapted the ‘‘unit” system to bookmaking. The
! entire field of electrical engineering was divided into twenty sec-
tions or units, each complete in itself. These twenty sections

' were arranged in what seemed to be a logical order and each

, was assigned to a specialist. Each author was supplied with
4 detailed outline of all the sections, thus avoiding repetitions
and duplication of material as far as desirable. All of the
material thus brought together was carefully edited to obtain
uniformity of style, symbols, abbreviations, units, etc., and to
connect the various parts by cross-references.

Some repetitions are purposely made to save the time of the

user. For instance, transformer oil is treated under lnsulating
Materials in Section 4, but a brief outline of its important
qualities is again given in Section 6 under Transformers, with a
cross-reference to guide the reader to the fuller treatment in
Section 4.
» The Index embodies some new features. All references are
made to section and paragraph. In each section the para-
graphs are numbered from one to the end, and the section and
paragraph numbers are set at the head of the page; the page
number appearing in an inconspicuous place at the foot, for the®
guidance of the printer only. Cross-references are always made
through the index to avoid errors and to guide the user to all
ather parts of the book where that subject may be treated.

The studied use of bold-face type isalso intended to save time
by bringing out in a prominent way the real subject of each
paragraph.

Recognized standards have been followed wherever pos-
.aihle. Thoee recommended by the national societies or organi-
ations have usually been followed. Section 19 is entirely
gven up to Standardization Rules and Reports, including the
full report of the American Institute of Electrical Engineers of
June, 1907, and that of the American Street and Interurban
! Raﬂway Engineering Association, ratified in October, 1907.

The publishers cannot hope for absolute accuracy in this
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first edition of a work containing such a mass of figures anc
data, although the greatest care has been exercised in its prepa
ration. Any suggestions, criticisms, or corrections from user.
will be of great service in making THE STANDARD HANDBOOK !
standard in fact as well as in name.

December 12, 1907.

PREFACE TO THE SECOND EDITION

No new material has been added to this edition of the STanp
ARD HANDBOOK, with the exception of directions for resus
citation from electric shock, which have been inserted at the enc
of the book. However, every page has been most carefully reac
and every possible effort made to insure the accuracy of all dat:
and perfection of the typographical work. Several of the ta
bles, which were especially prepared for this book, have beer
recalculated and others have been checked by plotting the value:
and recalculating those which did not fall on a smooth curve.

The success of the STANDARD HANDBOOK has been phenome
nal. The general interest in the work has been manifested by
the many letters received from prominent men commending it
general character and offering suggestions and criticisms. 1i
has already been adopted for use as a text-book in thirty
universities and colleges.

The publishers take this occasion to express their appre
ciation of its reception by the profession, and to thank those
who by their kindness in pointing out typographical and othei
errors, have materially assisted in the work of correction.

New York, May, 1908,
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SECTION 1

UNITS, CONVERSION FACTORS, AND TABLES
SYSTEMS OF UNITS

1. Nature of units. Engineering makes use of physical quantities in
the broadest sense of that term, 1.e., including mechanical, chemical, physical,
thermal and physiological quantities. In order adequately to compare the
magnitudes of physical quantities of the same kind, unit magnitudes, or -
units, are necessary for each kind of physical quantity dealt with.

2. Olassification of units. The subdivisions and species into which
units may be divided are indicated in the scheme shown in Fig. 1, with ex-
planations which follow in Par. 8.
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8(a:) Standard units (see Fig. 1) may be said to include all units which
have received the stamp of recognition in technical literature.

3(as) Empirical units, on the other hand, are units which have sprung
into existence locally, ordinarily without any pretense to scientific deriva-
tion, and which have not been sanctioned by general usage. At various
times during recorded history, empirical units have nqpesred. Thus, 18
the early history of electrical units, a unit of conductor resistance was used as
representing the resistance of a certain length of a certain sise of telegraph
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UNITS, PACTORS, AND TABLES Sec. 1-3

vire, as embodied in a certain standard resistance coil. Similarly, the
sversge e.m.f. of a Daniell cell was originally an empirical unit of e.m.f.

3(b:) Systematic units are units of any definitely related group. Thus
the units “* pint,”” ‘‘ quart,” *'peck,” and “ bushel'’ entering into ‘‘dry meas-
ure” are sy tic units; b they stand in definite quantintivo mutual
relstion as a group or system. Again, the units ' mill,” “cent,” *dime,"
and “dollar’’ entering into American currency are systematic units.

3(bs) Nondescript units may be defined as standard units which are
not systematic, or do not enter into any unit system. Thus, in Pennsylvanis,
s “bushel™ of coarse salt, as a weight-unit, is 80 lb. aveirdupois,® but in
Ilinois it is 50 1b. avoirdupois. |

$(B) Hybrid units, in contradistinction to matic units, are units
which do not belong to any one system, but which are derived say from
s plunality of different systems; from a systematic and a gene unit;
of from any combination of standard and empirical units. Thus, a ‘kilo-
gram” may be defined as a unit of weight in the international metric system;
while & ‘‘square foot’ is a unit of area in the customary English system.
But the * kilogram-per-square-foot,” as a unit of weight loading of floor-area,
is a hybrid unit. ionally the advantage of practical convenience in
the use of a hybrid unit may outweigh the disadvantage of its unsy tic
derivation. No stigma necessarily attaches to the use of a hybrid, as distin-
guished from a systematic unit; but great caution has to be used in pursuing
new and unfamili uantitative reuonin; processes involving hybrid units,
lest numerical errors be introduced by neglect of coefficient.

3(e:) Absolute units are units of physical quantiti lected in & pre-
bensive scientific system based upon three or more fundamental physical
properties, such as length, mass, time, energy, specific gravitational force,
ete.; so that simple and fundamental quantitative relations may subsist
between the members of the system and that each physical quantity may have
one and only one unit in the system. The particular basic units from which
a system of absolute units is derived are called the fundamental units
of that system;t while the units so derived are called the derived unitsin
correlation thereto. In a n cal system, the fundamental units
are three only and are: a unit of length, a unit of mass, and a unit of
time.; Consequently, unless otherwise specified, the term * absolute units’’
is taken as referring to a scientific system based on fundamental units of
length, mass, and time. But whereas only one set of fundamental units has
eome into recognition—the length-mass-time set above mentioned—several
species of this set have been used to some extent; namely, the ‘' foot-grain-
second” system,§ the ‘‘ meter-kilogr d" system, the “centimeter-
gram-second” (C.G.B.) system, and the *‘quadrant-eleventh-gram-
second” (Q.E.8.) system. Only the last two have come into extensive
practical use. The C.G.S. system has become the international scientific

m, and the Q.E.S. system an international electr tic system in
electrical engineering. Any complete electromagnetic absolute system
involves five fundamental units, two of which may be constants of the ether.

3(cs) Metric units are units pertaining to the international metric
system. This system, which was created in France in 1792, was adopted
in France in 1840, ] in Germany in 1872, in Austria in 1876 and so on from
one civilized eounuz to another; until at the present date, the only great
communities which have not yet adopted the metric system are the British
Empire, the United States and the Russian Empire. The advantage of
the system is its simplicity. It is a decimal system, using a single funda-
mental unit of length (the meter) and one of mass (the gram). The decimal
maultiples of these are diatingumhed by Greek and Latin prefixes common to
all branches of the system (Par. 103).

?“The World Almanac,” 1913, New York, p. 81.

t Everett, J. D.  *“C.G.8. System of Units,”’ Macmillan Co., 1891, p. 15.

3 Strictly speaking, a dynamical system of absolute units may employ
any desired acceleration as unit acceleration, when the unit force acts on
unit mass, yet, if the unit of acceleration be the unit of length per unit of
time squared as in the C.G.S. system, the system is called an absolute kinetic

system.

‘*British Association Report on Electrical Standards,” 1863. A
- § Hallock and Wade. * Evolution of Weights and Measures and the Metric
System,” Macmillan Co., New York, 1906.
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Sec. 1-3 UNITS, FACTORS, AND TABLES

8(ca) Customary English units are the units of the English and Ameri-

can measures, vis., length ] e, land ure, cubioc

e, cord e, dry ,mquid e, avoirdupois weight,
troy weight, apothecaries weight and jeweler’s weight. Each of these meas-
ures may be regarded as a system. he complete list may be regarded as a
congeries of imgerfectly connected systems. mpirical and hybnd units are
mingled with the rest.

8(d:) C.G.8. units are the units of that particular system of absolute
units which is based on the international centimeter, the international
gram and the mean solar second. That is, they are absolute units
employing the metric system in a definite way. A reason for the centimeter
having been selected in {hce of the meter as the fundamental unit of length
was that the mass of the cubic centimeter of water (at the temperature of
unit densi‘:fg is the gram or unit mass; whereas the mass of a cubic meter of
water wo be a million grams.

3(ds) Q.E.8. units are units pertaining to the quadrant-eleventh-gram-
second absolute system; i.e., the system in which the unit of length 1s 10?
om. or 1 theoretical quadrant of the earth as measured from a pole to the
equator, the unit of mass is 1011 fg..' and the unit of time the mean solar
second, or the 1/86,400th part of the annual mean daily period of revo-
lution of the earth with respect to the sun. This is the system to which the
international ohm, volt, ampere, joule, watt, coulomb, farad and henry,
belong. The system was not intentionally established as a Q.E.8. system;
but the ohm having been arbitrarily selected, for conveni of magnitude,
as 10° C.G.8. electromagnetic units, and the volt similarly as 108 C.G.8.
units, the rest of the system necessarily coincides with the Q.E.S. system;
or is such a system as would be produced by the selection of the quadrant,
eleventh-gram and second as fundamental units, together with unity for
the permeability and unity for the dielectric constant of the ether.

8(d:) Giorgi units are units in a combined absolute and practical system
devised by Prof. G. Giorgi,f in which the fundamental units are: the meter-

ogr d-international ohm, and the further assumption that the
permeability of free ether, instead of being unit{ a8 in the C.G.S. magnetic
system, is uo=4xX10-7 henry/m. . On this basis the ohm-yolt-ampere

series of practical units b also units. The electric inductivity,
instead of being unity, as in the C.G.8. electric system, becomes k. =1/3
X10-* farad/m. Nodistinction arises in the Giorgi system between electric
and magnetic units. The system is also rectified in regard to 4r factors
oris “rationalized” in the Heaviside sense; so thatan of fund tal
equations in the system differ from those of the C.G.8. system in regard to
such 4r factors.

8(d)) M.G.8.units, etc. Units inanabsolute system whose fundamental
units are the meter-gram-second, the millimeter-milligra d, the foot-

in second, etc. one of these extraneous absolute systems have come

into extensive use.

8(e1) B.A. units are the units of the C.G.S. system as established by the
British Association for the Advancement of Science} in 1862. The electro-
static subsystem was established on the basis of the unit quantity of elec-
tricity such that it repelled its prototype at a distance of 1 cm. with a force
of 1 dyne. The electromagnetic subsystem was similarly established on the
basis of the unit magnetic pole such that it repelled its prototype at a dis-
tance of 1 cm. with a force of 1 dyne. This procedure led to the anomalous
result that every electromagnetic quantity has & unit both in the electro-
static subsystem and in the magnetic subsystem.

8(e1) Heaviside units are units in that form of the C.G.8. system which
was first suggested by Mr. Oliver Heaviside in 1882.§ He showed that if a
unit electric point charge and a unit magnetic goint pole had been respect-
ively defined such that unit total flux emanated therefrom, the strength of

®* Maxwell, J. C. ‘“A Treatise on Electricity and Magnetism,” 1881,
Chapter X.
t Ascoli, M. ““On the Systems of Electrical Units,”” Trans. Int. Electrical
Conﬁresa of 8t. Louis, 1904, Vol. I, p. 130.
British Association Report on Electrical Standards,” 1863.
Heaviside, O. “The Relations between Magnetic Force and Electric
Current.” The Electrician, London, Nov. 18, 1882.
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UNITS, FACTORS, AND TABLES Sec. 1-4

the field at unit distance would be 1/(4r J and this, not unity, should be the

force in dymes that the prototype woul develop in repulsion. As a conse-

quence of this unnatural defimtion of the B.A. unit chnrm pole, the
iund.nenul equations of the B.A. system beeomo inter i

in rectilinear problems and denuded of them in spherical problems

Irbere l.hey lbould naturally be expocted to occur. Mr. Heaviside proposed

syst by ing tne fund. tal definitions in the manner

a.nd enunciating 8 new list of units in both the electrouhm: and

to the corresp Ni;:} B.A. units in simple
of roots of 4r. He lumluly p ying the pmncnl or
system of units by adopting a new ,all b

some ratio of simple wer or root of 4r to t.ho co! ndmg existi
values. If Mr. Hmm’:l‘:- proposals had been lormnlmoand oonnderzg
rnor to international adoption of the ohm-volt-ampere series of units, and

they might have been adopted.® At the present time
:n'.;lm Ietw physicists employ Heaviside’s “‘rational’” units in theoretical

lnmh.m.nt.l principles eonml.nc units in equations. Many
in pure mathematics may be satis-
ﬁed by quantities of any kind. 'i'hus taking the very simple equation
2(a+b) =2a+2b

itis eleu that the quantities a and b may be of the same kind or of different
kinds, and their respective units may be any whatsoever, without affecting
the identity expressed. so long as a and b have respectively the same meanings
on the two sides of the equation.

., however, as ordinarily in en-
physical magnitudes are

t in an eqmuon then three

(l)?‘h equation can au{ be inter-
in lerms of some unit a! the par-
ticular ysical quantity dealt with.
This is the unit of the equation.
(2) unit employed on

?udwn ust be the same.1 Fia. 2
(3) !nﬂurndcolmeqmnm

gative terms; then each of these terms must
'- ﬂuwmuuuuﬂu

or example, considering t. g: case of a uniform pipe, discharging water at
8 uniform velocity » meters per sec., from a reservoir A into a river B
(Fig. 2). Let H be the total bead or elevation in meters between the water
levels A and B at the two ends of the pipe, and let a vertical pressure pi
:hmerud (Fig. 2) at any point P. Then we have the well-known hydrnnl:°

H=f+ ,+In+lu (meters) (1)

where f is the loss of head due to friction in the length of pipe AP, ¢ is the

tion due to grav %e per 93/2g is the

loss of head due to veloaty at the point P, h; is the remaining head above the

local level, and Az the ha‘bt of P above the reservoir level at B. Then

sccording to the d. each of the four terms on the

?t lnnd of the equation must beahud or height, in meters, and both sides

must be d in terms of the same unit. The left-hand

tam H unnot be in meters and the right-hand terms or any of them in feet

The d term on the right hand (v3/2g) contains a

"‘0‘5‘? 7, and an acceleration g; yet the term as a whole must be a height,
equation is correct.

The equation might-evidently be expressed in terms of any unit of length

such as inches, feet, cubits, yards, miles or millimeters. As an algebraio

equstion entirely by itself, there is no reason for selecting one unit rather

* Heaviside, O. “Electrical Papers.”” Macmillan Co., 1892, Vol. II, p. 575.
eatz, H. A. *“The Theory of Electrons.” B. G. Teubner, 1909. p. 2.

Au exception is found in an equation expressing the relation between dif-
t units of the same species, as for ex in the equation 11b. = 16 os.
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than another. The numerical values applying to any particular case cov-
ered by the equation will vary greatly according to the unit selected. 1If,
however, any one of the terms is expressed in a particular unit, all the other
terms must adopt the same unit. In all cases, however, it is helpful to the
reader to have the unit of the equation written out at the ond of its line, as
above, in order to assist the numerical interpretation. ,

HISTORICAL SKETCH OF ENGLISH UNITS

8. The English weights and measures are based upon old Roman
weights and measures.® The troy g‘ound is supposed to have been a weight
of milver referred to as a ‘' pound sterling.” This pound would be coined into
240 silver pennies or * pennyweights,’ each of 24 gr. (barley grain weights).
It would, therefore, contain 5,760 gr. Heavy bodies (substances in gross
outside of coins or bullion) were weighed by ‘* avoirdupois” weight, authorized
by law early in the fourteenth century. Several slightly different avoirdu-
pois pounds were in use. Bince Queen Elisabeth's reign the avoirdupois
pound has been fixed at 7,000 troy grains.

6. In l";?rd to British lengths, the earliest seems to have been the
cubit or yard. The cubit is a very ancient measure, and corresponds to
a forearm length from elbow to middle finger-tip. The royal iron standard
yard was constructed in the thirteenth century, after which the cubit or half
yard gradually fell out of use. The foot was standardised at one-third of
the yard. The mile was a relic of the Roman *‘millia p " or tho d
paces; the Roman pace was two of our paces, or counted between the lifts of
one and the same foot.

7. Gallon measures of volume existed at different times in England in
six different forms, such as the corn-gallon, the ale-gallon, etc. Among these,
the wine-gallon of Queen Anne contained 231 cu. in. This gallon was brought
to America by the early colonists and remains to-day the U, 8. gallon. In
1824, the British enacted a new “imperial gallon’’ to supersede all pre-
existing gallons, and defined it as the volume of 10 avoirdupois pounds of
distilled water at the temperature of 62 deg. fahr. with the barometer at
30 in. It was further defined as a measure containing 277.274 cu. in. of
distilled water. Thero is thus a difference between British and American
gallons in the ratio 277.274 to 231 = 1.204 : 1; so that the British gallons,
quarts, and pints are respectively about 20 per cent. larger than American
gallons, quarts and pints, a large discrepancy that has frequently led to
misund'entnndings.

8. In land measure, since Anglo-Saxon times, a *“perch’ or ‘“pole’
was 11 cubits in length =164 ft., and such a pole was the surveyor’s unit.
A length of 40 perches was a furlong, and 8 furlongs the statute mile.
An acre of land was the area of a rectangular strip a furlong in length and
4 perches in breadth, which breadth was known as the “acre’s breadth.”
An acre therefore included 404 =160 sq. perches. Eight such strips end
to_end made the statute mile, and 80 such strips side by side made a statute
mile breadth; so that a square statute mile contained 640 acres. Early
in the seventeenth century, Prof. Edmund Gunter of Gresham College
decimalised acre measure by inventing a 100-link ** chain® of outstretched
llect.:gth eg:al to 4 perches or the acre’s breadth (66 ft.). The acre thus became

8q. chains.

HISTORICAL SKETCH OF THE INTERNATIONAL METRIC
SYSTEM

9. Prior to 1790, differences existed betwecn the weights and measures
of different Departments of France. Reform in the directions of simpli-
fication and unification was promised in a decree of the National Asaemgly
under the sanction of Louis XVI in 1790. The metric system was actuall
developed under the authority of the French Republic in 1793, in the hands
of a committee of scientists and engineers.

10. The decimal lxltom. at the base of the metric system, was originally
extended to angles and to time, the right angle being divided into 100 grades,
each subdivided into 100 min. and again into 100 sec. The day was givided
into 10 hr., each subdivided into 100 min. and again into 100 sec. The deci-

subdivision of time never came into extended effect, and the decimal
subdivision of angles has only been used to a limited extent.

® Watson, 8ir C. M. * British Weights and Measures.”” London, 1910,
6
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11. The meter was selected as a length equal to the ten millionth part
of the northern quadrant of the earth, or distance from pole to equator
&t the meridian of Paris. Later measurements have shown that the inter-
ntional standard meter finally adopted is shorter than the 10~7 quadrant
by 0.02° per cent. The advantage of such a basis for the meter is that by
the use of the decimal subdivision of angles; i.e., by the substitution of 100
grades for 90 deg., the kilometer becomes the natural nautical unit of dis-
tance, or the hundredth of the grade; just as the English nautical mile is
the sixtieth of a degree.

12. The metric system is universally used in all European countries,
except Great Britain and Russia. The quantitative literature of the scien-
tific world is almost exclusively written 1n the metric system. To express
quantitative relations exclu?wely alilnbu?EE ish un:‘l:i- is to cloneuldtm
meaning, to a great extent, from u nglish-speaking peoples; an
to discredit them scientifically, by implication. .

13. In the United States, the metric system has been a legally MVVM
system since July 28, 1866. In 1893, the U. 8. Office of Standard Weights
and Measures was authorised to derive the yard from the metert at the ratio
lyd. = 3600/3937 meter. The customary weights are likewise referred to
the kilogram. The customary weights and measures of the United States
are thus defined in terms of, and maintained with reference to, the inter-
national metric system.

14. The international metric standards, s.c., the standard meter
bar and the standard kilogram, are maintained at the International Bureau
of Weights and Measures at Sévres, near Paris, France, in a building which
bas been declared internationally neutral or outside of French territory.
Copies or prototypes of these standards are intained at the various
cational laboratories and are lly inter: p

EVOLUTION OF THE PRACTICAL ELECTROMAGNETIC
SYSTEM OF UNITSi

18. Brief historical outline. In 1861 a committee of the B.A. (British

Association for the Adv of Science) was appointed d

ds of electrical resistance. The committee decided to adopt a serios
of electrical units in the C.G.B. absolute system. The unit of resistance in
the C.G.8. magnetic system was so small (one-billionth of an ohm) that it
was considered unfit for practical use and a unit 109 times greater than the
C.G.S. unit was selected as of con: magnitude. This decimally derived
unit was called the ohm after the German scientist Dr. Ohm. Similarly,
the C.G.8. magnetic unit of electromotive force was regarded as unfit for
recommendation, and & unit 108 times greater than the C.G.8. unit was
selected, and called the volt, after the Italian electrician Volta. The ohm
ha been selected as a unit, standard resistance coils had to be produced
and adjusted—a work of great labor. In 1864 and 1865, certain standards
of resistance or B.A. ohms were produced and put into service. In 1872,
Mr. Latimer Clark produced the well-known zinc-mercury standard cell
which bears his name.

16. B.A. ohm too small. In 1878, it was realised that the B.A. ohm
was too small by over 1 per cent. That is, the B.A. ohm is now taken to
be 0.8866 of the existing international ohm.

17. In 1881 an international electrical congress at Paris recommended
that the standard ohm should be represented as the resistance of a uniform

umn of mercury, 1 sq. mm. in cross-section, at 0 deg. cent., the length of
fueh a column for the B.A. ohm being approximately 104.9 cm. The Paris
Congress of 1881 also adopted the ampere, coulomb and farad, as the prac-

units of current, quantity and capacity. The practical system b;
on the ohm and volt thus became virtually the Q.E.8. (quadrant-eleventh-
gram-second) system, in place of the C.G.S. system; i.e., as though 109 cm.
:rfte substituted for 1 cm. as the unit length, and 10~ g. instead of 1 g. as
€ unit mass.

® Annuaire pour I’an 1913, Paris. Gauthier-Villars.

t Tables of Equivalents of the U. 8. Customary and Metric Weights and
;(eﬁ?ures. Department of Commerce and Labor, Bureau of Standards,

ublication.

3“’01;1?“1’. A. “The So-called International Electrical Units.”” Trans.
Int. El. Congress, St. Louis, 1904, Vol. I, p. 148,
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Sec. 1-18 UNITS, FACTORS AND TABLES

18. In 1883, an international commission met at Paris and adopted
s length of 106 cm. as thelength of the mercury column defining the ohm, asa
closer approximation to the true ohm than the B.A. ohm. This 106-cm.
ohm was called the ‘‘legal’’ ohm, as distinguished from the B.A. ohm.
Legal ohms, volts, etc., have at the present date almost completely dis-
:E They represented an intermediate stage of approximation to

e present international unit values. .

19. In 1889, an international electrical congress at Paris adopted
the joule, the watt, and the quadrant, as the practical units of energy, power
and inductance, respectively.

20. Edinburgh conference. In 1892, a conference was held in connec-
tion with the B.A. meeting at Edinburgh. It was then decided to adopt
:hOG.ahcm. as the length of mercury column whose resistance should eml| y

e ohm.

21. In 1893, the international electrical congress of Chicago adopted
the 106.3-cm. ohm, which was called the international ohm. The other
units of the practical system adjusted in conformity to this value were called
correspondingly the international ampere, volt, coulomb, etc. The
name of the unit of inductance was changed from the quadrant to the henry,
in honor of the American physicist of that name.

22. In 1900, an international electrical congress at Paris, after some
debate, adopted the maxwell as the unit of magnetic flux and the gauss
as the unit either of magnetic intensity or of flux-density in the C.G.8. mag-
netic system.

23. In 1908, an international commission at London considered the
order of of resistance, current and voltage standards, which
had been left indefinite at recedin?l congresses. It was decided that the
ohm should be the first unit. and the ampere the second, as determined
by the rate of electrodeposition of silver under specified conditions. The
volt was to be determined from the ohm and ampere.

DEFINITIONS OF FUNDAMENTAL UNITS

24. Length. (L) Lineardistance between any two points. The unit of
length in the metric system is the meter, in the C.G.S. system the centi-
. meter, in the customary system it is any one of the following:—inch, foot,

yard, pole, furlong, statute mile, nautical mile. )

The fundamental unit of length of the United States is the international
meter, the primary standard of which is de%oslted at the International
Bureau of &ei hts and Measures near Paris, France. This is a platinum-
iridium bar with three fine lines at each end; and the distance between the
middle lines of each end when the bar is at the temperature of 0 deg. cent.,
and is supported at the two neutral points 28.5 cm. each side of the centre in
1 m. by definition. Two copies of this bar (prototype metera} are in the
possession of the United States and are deposited at the Bureau of Standards.

The United States yard is defined by the relation

1 yd. = 3600/3937 m.

The le%d equivalent of the meter for commercial purposes was fixed as
39.37 in. by the law of July 28, 1866, and experience having shown that this
value was exact within the error of observation, the United States Office of
Standard Weights and Measures was, by executive order in 1893, authorized
to derive the yard from the meter by the use of this relation.

28. Mass. (M.) The quantity of matter in a body is estimated either by
its inertia or by its weight. In the metric system, the unit of mass is
the gram, which was originally defined as the mass of a cubic centimeter
of distilled water at O deg. cent., although in practice it is taken as the
thousandth part of a standard Lilogram. In the customary system, the
unit is ordinarily any one of the following: avoirdupois grain, ounce, pound,
or ton (long or short); occasionally, it is one of the Troy system &‘:mee,
pound). Inthe use of drugs, itis usually stated in apothecaries weight. The
mass of preci t is nly estimated in carats.

26. Time. (7.) The interval elapsing between any two events. In the
C.G.S. system, the unit of time is the mean solar second, or 86,400th part
of the mean solar day. In the customary system, it is either the second, min-
ute, hour, day, week or year of mean solar time.

8




UNITS, FACTORS, AND TABLES Sec. 1-27

, 11 Ares. (A.) Spaoce pied in two di i In the metric sys-

tem, the unit is primarily the square meter; but the square dekameter or
[ are is used in land measure; while square millimeter; square centimeter;
" aad aquare decimeter are also used. In the customary English system the

unit may be the mm mil, the sq inch, sq foot, sq yard, sq
28. Volume. (V.) Space occupied in three dimensions. In the metrie
> system, the unit is primanly the cubic meter or stere; but the cubic deci-
meter or liter is much as well as the cubic centimeter and the cubic
millimeter. In the customary English system, the units are the cubic inch,
, <cubic foot, cubic yard, cubic mile.
' . 29. Density. (3.) Ratio of mass to the volume it occupies. In the met-
rie system the unit is primarily the gram per cubic meter; but decimal deriva-
{ tives are more common. In the C.G.S. system, the unit is the gram per
cubic centimeter.

.30. Porce. (F.) That which tends to ch the energy existing in a
given region of sp In hanics, force is that which tends to produce
change of motion in matter. In the C.G.S. system, the unit is the e, or
that force which after acting on a free gram during 1 sec., creates therein
& velocity of 1 em. per sec. In mechanics, the unit force is the force
required to support unit mass against standard gravity; ¢.e., gravity at the
standard locality; the weight, at standard latitude and level, of a gram, a

a pound, ete., according to the system considered.

31. The weight of a body is the gravitational force acﬂnf upon it.
Its standard weight is its ht under standard nﬁr-viutionnl orce. Its
local weight is its weight under local gravitational force. In the C.G.8.
system the unit for weight is the dyne. It is also expressible in the various
'ri!eml as th: mm weigbt‘.,‘lnlognm w(eiight, the lpoun;i weichtl. et.on.“ be-

mportan! erences usage and terminol requently exi
tween text-books on physics and text-books on "3‘} hani in regard
0 the units of mass of force. These differences are not essentially con-
nected with English weights and measures, because they exist in the text-
books of several European countries where the metric system is exclusively

oyed. In physics, it is customary to regard the terms gram, milli-
m, m, pound, etc., a3 designating a mass in the sense above
ned. The force exerted gravitationally on such a unit is called the weight
of the unit, and is derived from the product of the mass and the l?nvitntional
scceleration constant g. Thus in an absolute kinetic system, if a body
8 mass of m grams, its local weight or gravitational force F is
A F = mg (dynes) 2)
9 being the local gravitational acceleration. If the body is transferred to a
Place where there is standard gravitational acceleration go, then:
FPo = mgo (dynes) (3)
In applied mechanics, it is customary to regard the terms gram, kilo-
fmam, pound, etc., as designating a weight or gravitational force in the
sense above defined; that is, to say one and the same term, *‘kilogram” say,
1s used with a different meaning in the two cases here compared. If a y
bas & standard weight of We grams, then by (3),
Fo = (We/ge)ge (grams standard weight) (4)
¢ % that in the books on applied mechanics, where a mass has to appear in
83 equation, it is represented by such a term as Wo/ge. The same is true
| for any system of units. Thus in (3), if m is & mass expressed in pounds,
! ¢¢ is the gravitational t in customary , then we might
, find 10 a text-book on physics:
Fo = mge (poundals) (%)

whereas in a text-book on applied mechanics (4) would have to be written

The ‘Po = (We/go)ge (Mndalrd pc::xlnga vmighf.l)1 (6)l

contrifagal foxrce of a mass m pounds whirling with a periphera
velocity s feet per sec. at a radius of r leegowould be, according to (5)

: Fam() (* poundals) ™

. pEverett. “C.G.S. System of Unita.” New York, Macmillan Co., 1891,
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a poundal being the force which acting on a pound mass for 1 sec., develo
init a velocity of 1 ft. persec. A pound weight is equal to 32.2 poundals.
But if we consider a pound to be a force, represented by a weight W,
. B
Fm %7 . :—’.— (* pounds force) (8)

It is evident that there is no difference between the two contrasted modes of

resenting the facts, provided that we distinguish carefully between a
pound-mass "’ and a “pound-force.” If, however, we use the same word
l”;)ontx,n "’ e"d? do duty in the two cases, contradictory and illogical results may

obtained.

It follows that the terms gram, kilogram, pound, ton, etc., are sus-
ceptible of either of two distinct meanings; namely, a unit of mass of
matter or a unit of force equal to the gravitational force exerted on that
mass by the earth. Confusion can be avoided in all cases, however, by using

istinguishing terms, as *' gram-mass,” *‘ gram force,” or *‘gram weight.’’

83, Linear velocity (v). Rate of movement along a line, and ordinarily
alon%s straight line; also, time rate of change of space. The unit in the
C.G.8. system is the centimeter-per-second, in the metric system the meter-
nr-oecond, or per minute or per hour. In the customary system, it would

any of the customary English units of length per second, minute, hour
or day, etc. Velocities may be either + or — with respect to a selected
point on the line of motion.

$8. Linear acceleration (a). Time rate of change of linear velocity.
The C.G.8. unit is the (cm. per sec.) per sec.; or the cm. per sec.?. The
metric unit may be a meter per sec.?, or a meter per hour?, or any decimal
derivative of the meter, per square of the second, minute, hour, etc. A

ul hybrid unit is the (kilometer per hour) per second. Accelerations
may be either + or —.

84. Plane angle (a,8,7). In Blane circular trigonometry, the ratio of
a circular arc to its radius. The C.G.S. unit is the radian, or 1 cm. of arc
drawn with a radius of 1 cm. The metric unit is the grade or one-hundredth
of the quadrant with unit radius. The customary unit is either the degree—
one.-(;;rineﬁeth of the unit-radius quadrant—or the revolution of four
quadrants.

38. Angular velocity (v). In plane circular trigonometry, the time rate of
change of angle at any g(weq ips&nt. The C(?% unit is the radian per
d. The cust unit is either the degree per second, or the revolu-
tion per second, or per minute, etc. Angular velocities may be either + or — .

86. Angular acceleration. In plane circular trigonometry, the time
rate of change of angular velocity. e C.G.8. unit is the radian per second
per second. Customary units are the degree per sec.?, the revolution per
sec.?, or per min.?, etc.

37. Energy (W). The capacity of doing work. Energy may be consid-
ered as the fundamental entity in terms of which all dynamical quantities
may be defined. In the C.G.S. system, the unit is the erg, or dyne-centi-
meter. In mechanics, it may be any product of a unit weight and unit.
distance such as kilogram-meter, foot-pound, ete., according to the system.
An industrial unit in the meter-kilogra. d system is the watt-hour.

38. Power (P). Activity or the rate of working. The rate of expendi.
energy. The C.G.8. unit is the erg per second. The metric gravitation
unit 1s the gram-meter ° per second, or a decimal derivative, such as the kilo-
gr ter per The absolute unit in the meter-kilogram-second
system is the watt. The customary unit is the foot-pound per second,
or the horse-power of 550 ft.-lb. per sec. It may be either local or
standard.

39. Momentum. The product of the mass of a body and its velocit,y,
The C.G.8. unit is the gram-centimeter per d. Atust ry unit
is the pound-mass X (foot per second).

40. Torque (r). Twisting effort. The moment of a twisting couple
ordinarily exerted about a shaft axis. . The C.G.8. unit is the dyne-p en-
dicular-centimeter; i.c., a dyne acting at right gngles to a radius arm 1 cm.

¢ Prof. W. J. M.ARankine. ‘“‘Applied Mechanics,” 9th edition, 1877, page 491.
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in length. ~The customary unit is the pound-weight perpendicular foot.
If the word “* perpendicular "’ is omi from the unit, care must be taken to
distinguish from a dyne-centimeter or a foot-pound weight, which are units

of work or energy. A torque is not a work, and can no work until it
advances through an angle.

41. Pressure (p). A force integral, of ion of a force, over a
surface. A pressure may be either total or ific. A total pressure, as
its name ests, is the force integral or total force with reference to some

particular ction or set of directions. A specific pressure, or intensit
of pressure, is the ratio of a preasure to the surface area over which it is
applied, or the pressure per unit area. Unless otherwise ified, &
pressure is ordinarily understood to be a specific pressure. The C.G.8. unit of
ressure is the dyne per square centimeter, sometimes called a ‘‘bar.’’*

e metric gravitation unit is the gram weight per square meter, or
some decimal derivative, such as the kilogram weifbt oget square milli-
meter. The standard atmospheric pressure of 7 mm. mercury
st seadevel and O deg. cent. at latitude 45 deg., is 1.01321X 10¢ bars or
101321 megabar.t Pressures are thus frequently reckoned in atmospheres.

are also frequently expressed as heights of a column of uniform liquid.

43. Strain. A changein the shape or size of a body due to the application
of 3 force or set of forces. In the simplest cases, strains are (1) voluminal
compressions or dilations; (2) extensions or ions in one direction with
corresponding lateral compressions or dilations (such an extension is called an
elongation); (3) a twist or shear. hese various strains, when small, are
expressed as small numerical fractions, in which the numerator expresses the
distortion and the denominator the original undistorted value. These strains
are ordinarily independent of the system of units employed.

43. Btress. The force or set of forces applied to a body, and whjch tend
to produce a strain. They may be either sample forces, pressure intensities,
twists, or combinations of the foregoing, and are expressible in the corre-
sponding units.

44. Young’s modulus of elasticity. The specific tension which would
have to be applied to a uniform prism of a substance in order to double its
original length, as judged from a small extension under a measured tension.
It is a specific tension or longitudinal force per unit area of prism. The
C.G.S. unit is the dyne per square centimeter. The metric gravitation
unit is the gram-weight per square meter or some decimal derivative.
A customary unit is the pound-weight per square inch.

45. Moment of inertia of a body with respect to an axis ;J). The
product of the mass of the body and the square of its radius of gyration
with respect to the axis considered. It is therefore the product of a mass and
a distance squared. The C.G.8. unit is the g-cm.? The metric unit is
a8 gram-mass-meter.? A customary unit is the pound-mass-foot.?
The radius of gyration of a body with respect to an axis is the square root
of the mean square of the distances of all the particles of the body from the
axis, It is therefore a length. The C.G.8. unit is the centimeter. A
metric unit is the meter, or decimal derivative. A customary unit is the foot,

DEFINITIONS OF ELECTRIC AND MAGNETIC UNITS
46. Electric qn&nﬂ? (Q). The amount of electricity present in any
e

electric charge or through a circuit d any time interval by an
electric curren;. an:.icnl unit is the coulomi). the C.G.S. units are the
b and stat

47. Electric e.m.f. or pressure (E). That which tends to make an
electric current flow. E.m.f. is ordinarily accompanied by a difference of
electric potential; but an e.m.f. may occur without difference of potential, as
for example, when a straight bar magnet is thrust symmetrically into a cir-

loop of uniform wire. A brief current will thus be set “Ip in the wire
due to an e.m.f. induced by the magnet’s motion; but there will be no differ-
ence of electric potential 1n or around the wire. The practical unit is the
volt. The C.G.S. units are the abvolt and statvolt.

w;gliichardu and Stull. Carnegie Institution Publication No. 7, p. 43, Dec.,

t Gauthier-Villars. *‘Les Récents Prograds du Systdme Metrique,” Paris, )
1907, pp. 30-31.

11



Sec. 148 UNITS, FACTORS, AND TABLES

E.m.f. may be recl d for a plete circuit or for any portion thereof ;
gxl:t is, each and every portion of a closed circuit in the steady state obeys

m's

48. Potential difference (U or V?‘ A condition in virtue of which an
electric current tends to flow from a place of higher to a place of lower poten-
tial. “The numerical e of the potential is the work done on
a unit quantity of electricity in passing between the two points. The prac-
tical unit is the volt. The C.G.S. units are the abvolt and statvolt.

49. Potential gradient. The space rate of ch: of potential, or the
change with respect to distance. An electric ownt.iﬁ gradient is the space
rate of change of electrio potential, and similarly for magnetic, thermal or
gravitational potential. he systematic unit in the practical system is the
volt per quadrant, but a hybrid unit such as volt per centimeter is gener-
ally used. The C.G.8. unit'is either the abvolt or statvolt per cm.

60. Electric current (I). The rate at which electricity flows through a
conductor or circuit. The practical unit is the ampere, which is a current
of one coulomb per second. The C.G.8. unit is either the absampere or
statampere.

81. Rlectric current density. The ratio of the current flowing through
a conductor to the cross-sectional area of that conductor. More strictly,
the current density at a point in a conductor is the ratio of the current through
a very small plane element of section containing the point and perpendiec:
to the current, to the area of the el t. The sy tic practical unit is
the ampere per square quadrant. In practice, a hybrid unit is prefe:
such as the ampere per square centimeter or square inch. The C.G.S.
unit is either the absampere or statampere per square centimeter.

83. Electric resistance (R). Obstruction to electric flow. The ratio
of voltage to current in a conductor or closed circuit. The practical unit is
the ohm. The C.G.8. unit is either the absohm or statohm.

83. Electric resistivity (o). The ratio of Xotential gradient in a con-
ductor to the current density thereby produced. Also the specific resistance of
a substance numerically equal to the resistance offered by a unit cube of the
substance as measured between a pair of opposed parallel faces. The sys-
tematic practical unit is the ohm-quadrant or numerically equal to the
resistance in a cubic earth-quadrant. A hybrid unit such as the ohm-cm.
is usually preferred. The C.G.S. magnetic unit is the absohm-cm.

84. Electric conductance (@). The conducting power of a conductor
or circuit for electricity. The inverse or reciprocal of electric resistance.
Tth:tprl‘xmnl unit is the mho. The C.G.8. unit is either the abmho or the
statmho.

88. Electric conductivity (y). The specifio electric conducting power
of a substance. The remprocﬁ of resistivity. The systematic practical
unit is the-mho per qa:drmt. A hybrid ubit, such as the mho per cm.
is usually preferred. e C.G.8. magnetic unit is the abmho per cm.

86. Inductance (L). The capacity for elec'.romn?etie induction pos-
sessed by an active circuit either on itself or on neighboring circuits. he
ratio of the magnetic flux linked with and due to an active conductor (num-
ber of turns X total flux) to the current strength carried. The practical
unit is the henry. The C.G.S. units are the abhenry and stathenry.
The term ‘inductance’ seems to have been first introduced by Heaviside®
as a brief equivalent for ' coefficient of self-induction.” Inductance may be
divided into two species; namely, self-inductance and mutual inductance.
The unit is the same for both species.

87. Electric capacity (C). BSBometimes called permittance or capaci-
tance. The power of storing or holding an electric charge. Theratio of an
electric charge on a conductor to the electric potential difference producing
the charge. The practical unit is the farad. The C.G.8. unit is either the
abfarad or the statfarad. The term ‘ permittance’” was introduced by
Heaviside.t It should be noted that capacitance is used by a few writers as
synonymous with capacity-reactance. .

* Heaviside, O. ‘‘The Electrician,’’ 1884, May 3, p. 583; also '’ Electrical
Pnrerl." Macmillan Co., 1892, Vol. 1, p- 354.
Heaviside, O. ‘‘Electrical Papers,” 1892, Vol. II, pp. 302 and 327.
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8. Permittivity is the specific permitt: of a sub and
ically equal to the permittance offered by a unit cube of the maurhl as
measured between a pair of opposed parallel faces. In the C.G.8. electrio
system it is equal to k, the dielectric constant. Analogous to electric
eondnchntz and macneue permeability. A term introduced and defined

8. Dielectric constant :poclﬂc lnduetlvo capac! k
natio of the eopoeity of a d hose tings are r’ e’ (y)u given
to the ty of a aumlar d whose p are sepsrated
by a vacuum. A pure numeric in any lyutem of units.

§0. Elastance. The rea%r”ocal of the capacity of a cond or dielectric.
No unit for elastance has n upon in any system. The term

“daraf” has, however, been suggested for this unit in the ‘Snchccl system,
%0 that a condenser having a capacity of one farad would also have an
elastance of one daraf.

61. Blastivity. The specific elast a subst. and numerically

to the elastance offered by a unit cube of t.he substanoe as measured be-

tween a pair of opposed el faces. In the C.G.S. electric system it is
the reciprocal of permittivity. Analogous to electrio resistivity.

6. Frequency (f). In a simple alternating-current circuit the number of
cycles executed by the current per second. The unit is the cycle per second.

3. velocity (w) of a simple alternating-current circuit. The
product of the ic 2= and the frequency f of the current in cycles per
second. The unit employed is the radian per second.

64. Reactance (X). In a simple alternating-current circuit, the reactive
component of the impedance, as distinguished from the active component,
resistance. Reactance may be divided into two species of mutually opposite
signs; namely, inductive r or that sp of react developed
in an inductance, 2x/L, And densive r or that sp of re-
sctance developed in a condenser, 1/2xfc. Inductive reactance is denoted
(when using the method of complex imaginary quantities) by the sign + jor
+v/ -1, and condensive reachnce lzg the slgn ﬂor— v/ —1. The unit of

in the practi e O The C.G.8. unit is either the
abeohm or statohm.

68. Impedance (Z). The apparent resistance of an alternating-current
dircuit or path. The vector sum of the resistance and reactance of the
lnth. Imh practical unit is the ohm. The C.G.8. unit is either the absohm

or statol

68. Admittance (Y). The recip I of the imped of an alternati
current circuit or path. A plane vector or complex quantity.

61. Conductance (@). In a direct-current circuit, the reciprocal of
the resistance. The practical unit is the mho. In Germany it is called
tbe Siemens. The C.G.8. unit is either the abmho or the statmho.

In a simple alternating-current circuit, the conductance is the active com-
ponent of the admittance, or the quantity which multiplied by the root-
nun—-quue impressed alternating voltage gives the active component of

foot-mean-square current, or the component in phase with the e.m f. The
wu:hc:l unit is the mho. The C.G.8. unit may be either the abmho or

Cl lnloophneo (B). The reactive component of admittance in a simple
nte -current circuit. The practical unit is the mho. The C.G.S.
mt may be either the abmbo or statmho.

0. Magnetic poles. Thoee gomons of the surface of a magnetic source
where the magnetic flux enters or leaves the surface. Magnetic poles appear
'hsvvec there is an abrupt change of permeability.

70. Magnetic pole strength. The total flux entering or leaving a
Gﬂded by 4r. go name has been provided for this unit. The pr uet
of magnetic pole strength and the length of the munet (interpolar dxuunce)
is the magnetic moment.

71. Magnetic flux (“}h The muneue flow or current that passes through

30y magnetic circuit. e C.G.8. magnetio unit is the maxwell.

t Heaviside, 0. *'Electrical Papers.” 1892, Vol. II, p. 329.
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73. Magnetic flux-density (®). The ratio of the magnetic flux in any
cross-sectional element of a magnetic circuit to the area of that element.
The C.G.8. magnetic unit is the gauss, which is also a maxwell per square
centimeter. .

73. Magnetomotive force (m.m.f.). That which produces magnetic
flux. The analogue in the netic circuit of electromotive force in tho
electric circuit. No name has been provided for the unit of m.m.f. either
in the practical or in the C.G.S. magnetic system. The name of gilbert
has, however, been suggested for the latter. A convenient practical unit
is the ampere-turn which is 4x/10 gilberts.

74. x:snetic fleld intensity (iC) or gradient of magnetic potential
also termed magnetizing force. The rate of ebmf)q of magnetic potentia
with respect to distance. In a region of unit permeability, the field intensity
is numerically equal to the magnetic flux density. The provisional name
of the C.G.S. magnetic unit is the gilbert per centimeter. A numerically
related hybrid unit is the ampere-turn per centimeter.

78. Reluctance (®). Obstruction to magnetic flow. In a simple nfag-
netic circuit, the ratio of the m.m.f. to the magnetic flux. A provisional
name for the C.G.8. magnetic unit is the oersted. One gilbert m.m.f. acting
on a magnetic circuit of one oersted reluctance produces one maxwell of flux.

76. Reluctivity (»). A specific reluctance, numerically equal to the
reluctance of unit cube of a substance between any pair of opposed parallel
faces. The C.G.S. magnetic unit is the oersted-cm.

T7. Permeance. The reciprocal of reluctance. Conducting power for
magnetic flux. No name has n adopted for this unit.

78. Permeability (u). The reciprocal of reluctivity, or specific perme=
ance. No name has been adopted for this unit. In the dimensional
formulas of the C.G.8. system, if the electric and magnetic constants of the
wmther are considered as mere numerics; both permeability and reluctivity
are also mere numerics. Also magnetic intensity has the same dimensions
as flux .denaitg‘f' 8o that on this basis, which was at one time undisputed,
there would no difference between gilberts-per-centimeter and gausses
except numerically. It is now generally admitted,t however, that the electric
and magnetic constants of the sther should not be taken as mere numerics;
although their dimensional formulas are not defined. On the latter basis,
there is a dimensional difference of some kind between magnetic intensity
in gilberts-per imeter and flu: sity in g The permeability can
also be expressed 4 =14 x x where « is the susceptibility.

79. Names for the units in the C.G.8. magnetic and electric sub-
systems. Although the practical ohm-volt-ampere series of units is uni-
versally employed in the great majority of electrical applications, yet it is
sometimes desirable to use the C.G.8. parent system of units and names for
such units have only been assigned authoritatively in a few instances, such
as the ‘‘dyne” for the unid of force, and the erg for the unit of work. It has
been suggested} that the C.G.8. magnetic units might be distinguished from
their protot.épes in the practical system by the prefix ab- or li)l- and also
that the C.G.S. electrostatio units might be similarly distinguished by the
prefix abstat- or stat-, as indicated in the following table, Par. 80.

It should be borne in mind that the prefixes “ab’’ and *‘stat” have never
been authorised by any technical society or institution, and terms bearing
these prefixes are therefore technically irregular. The excuse for this irregu-
larity is that no proper terms exist by which to describe these units, since the
phrases ' C.G.8. magnetic unit,” or *'C.G.8. electric unit,’”” are cumbersome
and insufficiently descriptive. Moreover, there can be no ambiguity con-
cerning the meaning of these irregular terms.

®* Mazxwell, J. C. “A Treatise on Electricity and Magnetism.” 1881,
Vol. 11, p. 244.

Racker. Phil. Mag., Feb., 1889,

Trans. A. 1. E. Ef, July, 1903, Vol. XXII, p. 529. Franklin, W. 8.
“Electric Waves,” New York, Macmillan Co., 1809, p. 67. Hering, C. *'Con-
version Tables,” New York, John Wiley & Sons, 1904.

Pender, Harold. ‘‘American Handbook for Electrical Engineers,’” New
York, John Wiley & Sons, Inc., 1914.
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DEFINITIONS OF PHOTOMETRIC UNITS

81. Luminous flux (¥F), (light) is the physical stimulus produced by ra-
diation, which excites vision. It is proportional to the rate of flow of radiant
energy and to a stimulus coeflicient which depends chiefly on the spectral
distribution of that energy. The stimulus coeflicient for radiation of a par-
ticular wave-length is the ratio of the luminous flux to the radiant power
groducing it. e conventional unit of luminous flux is the lumen or the

ux emitted by one international candle through one steradian.

83. Luminous intensity (I), or candle-power. The luminous inten-
sity of a point source of light is the solid-angular density of the luminous
flux emitted by the source in the direction considered; or it is the flux per
steradian in that direction. The conventional unit is the candle-power, or
the (candle) lumen per steradian.

83. International candle. A standard of luminous intensity, con-
ventionally e?u;l to the bougie decimal, maintained between the national
laboratories of England, France and America through the medium of groups
of standard inca t lamps ned and inter e The intensity
given by this standard is the conventional unit or candle.

84. True specific luminous intensity (bo) of an element of a luminous
surface is the ratio of the luminous i sity of the el t, taken normally,
to the area of the element. The conventional unit is the candle per square
centimeter; or the lumen per sq. cm.

88. Apparent specific luminous intensity, or brightness (b), of an
element of a luminous surface, from a given position, is the luminous intensity
per unit area of the surface projected on a plane perpendicular to the line of
sight, and including only a surface of dimensions small in comparison with
the distance from the observer. The conventional unit is the candle per
square centimeter of projected area; or the axl)lparent. lumen per sq. cm.
For luminous surfaces obeying Lambert's law, or the ‘‘cosine law,” the true
and the apparent specific luminous intensities are equal. In practice, the
apﬂmrent specific intensity is ordinarily observed. It has been Propoeod to
call a brightness of one apparent lumen per sq. cm. one *‘lambert”.

86. Illumination on a surface (B) is the luminous flux-density over
the surface, or the flux per unit of intercepting area. The practical unit is
the lumen per square foot or the foot-candle. The conventional unit
is the lumen per square centimeter which has been termed the ‘“phot’ by
Blondel. It is a cm-candle. The meter-candle, or 10-¢ phot, is sometimes
called the candle-lux. The milliphot (10~3 phot = millilumen per square
centimeter) is roughly equal to a foot-candle, since 1 foot-candle =1.0764
milliphots.

3

DEFINITIONS OF THERMAL UNITS
87. Temperature. The thermal condition of a body considered with
reference to its capability to icate heat to other bodies. Bodies
at the same temperature do not communicate heat to one another at their
bounding surfaces. The conventional unit is the degree centigrade.
Other units in practical use are the degree fahrenheit, and occasionally the
degree réaumur.

88. Quantity of heat. The amount of heat energy contained in a body
or transferred from one body to another, by virtue of which temperatures
are established or changed. Since heat is a form of energy, a quantity of
heat may be expressed in units of energy of any kind. .Two types of units
are employed, one thermal, the other dynamical. As thermal units the

.S. unit is the ‘lesser-calorie” or “therm or “water-gram-
degree centigrade.” i, the quantity of heat required to raise 1 g. of
water 1 deg. cent.; and as this differs slightly with the temperature, the
interval from 15 deg. to 16 deg. cent. is given in the definition. A larger
decimal multiple of this unit, called the ‘“‘greater calorie” or *“kilogram-
calorie’” is much used and is equal to 1,000 lesser calories. A practical unit
is the “British thermal unit” (B.t.u.), or the heat required to raise 1 Ib,
o{ water 1 deg. fahr. Dynamioc units are the erg, the joule, the watt-hr,,
ete.
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8. gpodﬂc heat is the ratio of the quantity of heat required to raise unit
mase of the substance through unit difference of temperature, to that re-
quired to raise unit mass of water the same interval. In the C.G.8. thermal
system this is numerically the same as the quantity of heat l.r;.zmred to raise
1g. of the substance 1 deg. cent. at the temperature conside The unit is
4 mere numeric in any system.

. 90. Thermal conductivity. A speci ting power. It

is numerically equal to the flow of heat ocourring through a 1-cm. slab of

the material, through a cross-sectional area of 1 sq. cm., when the difference

of temperature between the surfaces of the slab is 1 deg. cent. The C.G.8.
cal unit is the abwatt ger imeter and per deg tigrad

91. Thermal resistance. Opposition to the flow of heat by conduction.
Unit thermal resistance in a heat conductor Penmu unit flow of heat under
unit difference of temperature. If the low of heat is measured in abwatts or
ergs per second, and the difference of temperature is in deg. cent., the unit"
bas been called the thermal absohm. If the flow of heat is measured in watts,
the unit has been called the thermal ohm.

92. Thermal resistivity. The reciirocal of thermal conductivity, and
measurable in thermal ohm-cm. or absohm-cm.

$3. Latent heat. The quantity of heat required to change the physical
state of unit mass of a substance without ch g its temperature, as for
instance to convert 1 g. of water at 100 deg. cent. into saturated dry steam
at 100 deg. cent. The dynamical C.G.S. unitis the erg per gram.

94. Entropy. A quantitative property of a body which is constant
when the quantity of heat contained in it is constant; but which increases
or decreases as the body gains or loses heat. In any small ehunte of the quan-
tity of heat contained in the body, the change in entropy is the ratio of the
change in quantity of heat to the absolute temperature at which the change
took place. The C.G.S. unit is the erg per degree absolute.

98. Coeflicient of expansion, at any temperature, is the ratio of the
change in dimensions of a body to the original dimensions, per degree centi-
grade of temperature increase. The expansion may be linear, as in _the case
of s metallic wire; or it may be voluminal as in the case of a fluid. In either
case the unit is a numeric divided by a change of temperature.

96. Emissivity. The rate of emission of heat from a body per unit of
surface area and degree centigrade elevation of temperature above its
sarroundings. C.G.S. dynamical unit is the erg per second, per square
centimeter and per degree centigrade.

97. Mechanical equivalent of heat. The value in mechanical units
of energy corresponding to a given quantity of heat; and, in icular, the
value in mechanical units corresponding to a unit quantity of heat such as
o lesser calorie or a B.t.u.

ry Ar1nts

DIMENSIONAL FORMULAS

98. Bach and every derived unit in an absolute system is necessarily
formed from the fundamental units of that system in one and only one com-
bination. The particular combination of fundamental units entering into a
derived unit expresses its dimensions, and when presented algebraically, is
called the dimensional formuls of the unit. Any statical or dynamical
unit in a kinetic absolute system involves only three fundamental units, or
has dimensions in three fundamental units. Electric or magnetic units
involve five fundamental units.

. simple example, we may consider the unit of velocity. A
vd?dt:'h.neees&rﬂy a length divjde! by a time. The notion of mass is
sot involved in the concept of velocity. C quently, if we denote the units
of length, mass and time by L, M, and T, respectively, the nature of unit
velocity V is expressed by the formula

V=L/T=LT (velocity unit) ()]

2 17
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The dimensions of velocity are therefore LT-1, or the firat positive power of
length and the first negative power of time. Bince mass does not a pear in
this dimensional formula we may write the formal dimensions of velocity as
LIMOT-1. The three exponents 1, 0 and —1 completely define the nature of
velocity in any absolute system whose fundamental units are length, mass
and time. Moreover, the dimensional formula of a unit assigns at once the
sise of a unit when systems employing different fundamental units are
compared. =Thus if we should compare the unit of velocity in the C.G.S. sys-
tem with that. say, in the ter-kilog: day system; then in the latter
the unit would be the meter per day while in the former it would be the
centimeter per second.

100. Taking the more complex case of the magnetic unit of, say.
current-density in a system whose fundamental units are those of both the
practical and C.G.S. systems; namely, length, mass, time, magnetic sther
- tant u, and dielectric sther tant k. Then the dimensional formula

of current-density is L~ iy ‘T"y' i. If now we compare the size of the prac-
tical unit with that of the C.G.8. unit the former has a unit length of a quad-
rant or 10° cm., and a mass unit of 10~ g. Consequently, the size of the

practical unit s to the sise f the C.G.8. unit in the ratio (100~ ¥ x (10-11)1=
0-1%; so that the practical unit, the ampere per square qusdrant, is less
than the C.G.S. unit or absampere per square centimeter in the ratio 10-19.
For practical purposes, we should probably ignore the systematic practical
unit of current density, the ampere per square quadrant, and select a hybrid
unit, say the ampere per square centimeter or per u}uare inch. By such a
departure from the absolute system, however, the d tal equati

of the system involving lengths, areas, or vol may b err

unless we introduce compensating numerical coefficients.

100a. Vector units and complex o‘uumgu. As is explained in Sec.
2, at Par. 168 and elsewhere, vector alternating quantities are much used
in electrical engineerin¥, and call for corresponding vector units, as well as
vector symbols, in the formulas relating to such quantities. Strictly speak-
ing, IucK quantities ‘and units are not vectors in the mathematical sense of
that term, but are ‘' complex" quantities and units, because when two such
quantities are multiplied together, they do not possess both a ** vector prod-
uct” and a ‘‘scalar product’ as is the case when two mathematical vectors
are multiplied. Nevertheless, such alternating quantities may

‘*plane vectors’ to avoid conflict with mathematical usage, and the word
‘*vector,” which is much used in alternntinq—current literature, may then be
uiterpreted, in this sense, as subject to the bra of plex ¢ tities in &
plane. . e .

It is not only logical but also very desirable to distinguish between simple
and complex quantities, i.e., between scalars and vectors in alternating-cur-
rent formulas employing both. There are three ways in which this is done:

1. Distinctive symbols, or tyges of symbol, are used to designate vectors.
Thus a scalar e.m f. in volts might be represented by E and a vector bf E or
¥ i.c., by a black letter capital, or by a gothic capital, of the same letter.
This method has the disadvantage of calling for and reserving special fonts
in representing vectors. L.

2. The same symbol may be used, but a distinctive mark, such as an
“‘under dot,” may be applied to symbols representing vector quantities.
Thus a scalar e.m.f. in volts might be represented by E, and a vector e.m.f. by

In any formula or equation, if any one term is a vector, all of its terms

must be vectors; so that the under dot must be lp&lied to each and every
term of a vector equation. This method has the vantages that it is
difficult to print or to set up in type, and that a page containing many vector
formulas presents a speckled appearance. .

3. No special symbols or symbol marks may be used for vector quantities,
but the unit at the end of the line on which the equation appears may have a
distinctive sign, such as an angle mark ( Z ), toindicate that the equation
employs vectors. Thus the ?uaﬁon

o =1Z+1Zs+41Zs volts £
would indicate that the e.m.f. E is a vector, and can be represented by the
polygonal or vector sum of three vector elements. In this case the unit of the
equation becomes a *‘ vector volt.”

101. The international metric system. There are only three units
18
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iathe metric system—the meter, the gram and the liter, with decimal de
tives denoted by prefixes common to all parts of the system, includin
C.G.S. units mdy aactric or magnetic units.

102. The Metric Prefizes

Mega- =1,000,000 = 10¢ Greek for great
%3 %rn.t- = 10,000 =104 Greek for 10,000 as in word m;
s o- = 1,000 = 103 Greek for 1,000
52 | Hecto- = 100 =102 Greek for 100

Deka- = 0l=10! Greek for 10

£2 [Deci- =1/10 =10"'=4 = Latin for 10 as in U. 8, dime
23 {Centi- =1/100 =10"?=y}; = Latin for 100 as in U. 8. cent
"R (Milli- =1/1000 =10"%=rgys= Latin for 1,000 as in U. 8. mill

i S . S
Greek Micro- = 1/1,000,000 = 10-¢ 1,000,000 Greek for small
. 163. Examples of use of prefixes. The length of 1 statute English

it expressed in the metric system as 1609.33 meters or 1609.33 m.
mlyenho be expressed as: 1.60933 kilometers or 1.60933 km.

o meters or 160933 centimeters
** 160.933 dekameters ** 1609330 millimeters
* 16093.3 decimeters ** 1.60933 X 10* microns =

The prefix may be regarded either as designating a secondary
it decimally rela to the primary unit, or as indicating &
change in the decimal point of the number expressing the di-
mensions, without changing the unit. Just as the unit of
American currency, the dollar, may be expressed either as 1
dollar, 10 dimes, 100 cents, or 1,000 mills, so each of the terms
dime, cent, and mill may be regarded either as defining a sec-

unit decimall ted to the dollar; or as changing the
place of the deci in expressing a sum of money, without
departing from the dollar unit; since $10.93 = 109.3 dimes
= 1003 cents = 10,930 mills.

104. Fig. 8 shows to scale, a length of 1 decimeter, or
sbout one hand’'s breadth. This is one-tenth of a meter.
It is divided into 10 parts, each 1/100th of a meter or 1 centi-
meter. Each centimeter is again divided into 10 parts, each
1/1000th of a meter or 1 millimeter.

108. If & cube is formed of decimeter the volume
of the cube is & cubic decimeter, and is called a liter. It is
sbout midway between a dry U. 8. quart and a liquid U. 8.
quart; so that a liter may be regarded for rough Eur{)oeea as
3 quart. Ompe cubic centimeter of water weighs . 8o
that a liter of water weighs 1,000 g. or a kilogram, which is
roughly 2 Ib. avoirdupois (2.205 lbg

108. Metric length. 1 meter = 39.37 U. 8. inches or
roughly a yard or exactly 3 ft. 3in. + § in. + % in. + sz in.
Common “decimal derivatives are the kilometer (km_.’ of
roughly § statute mile; the centimeter (cm.) roughly g inch;
the (mm.) roughly % inch.

101. Metric ares. Jd sq. m. = 1.196 sq. yd. or roughly
8 square yard, and decimal derivatives, such-as the square
centimeter, or square millimeter. In land measure, a square

eter or an area 10 m. by 10 i = 100 sq. m. is called an
ar. A square 100 m. by 100 m. = 10,000 sq. m., contains 100
sroris | hectar and forms the metric acre. 1 hectar = 2.471
scres.  The square kil t ins just 100 hect

108. Metric volume. 1 cu. m., sometimes called a stere.

= 1.308 cu. yd. or roughly 1} cu. yd.

103. Metric mass. 1 g. the mass of 1 cu. cm. of water.
c°‘“_l°ndecimal derivatives are the kilogram, or the mass

+ o Lliter of water; the megagram, or metric ton, the mass -
o leu m. of water. The metricton (1,000 kg.) is a little less
than the long ton (0.984) 8o that for many purposes it may l——o
be taken as & long ton.

[ P T R DO DU SURRE S

1

ONE DECIMETER
One cubic decimeter of water welghs one KILOGRAM and measures one LITER.
1 i 1 I

|
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114. Magnetic Units
1
r
i

(Concluded oﬁ nezt page)
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117. Photometric Units t++

(Conciuded on next page)
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Sec. 1-129 UNITS, FACTORS, AND TABLES

CONVERSION TABLES

129. Density *
Grams per .

l cu. cm. Reciprocal
1lb.av.persq. mil. ft. .............. 2.936 X108 0.3406X10-¢
1 lb. av. per circular mil-ft. ........... 2.306X108 0.4337X10°¢
1lb.av.percu.in...................| 27.68 0.03613
llb.av.percu. ft................... 0.01602 62.43
lgrainpercu.in. .................. 0.003954 252.9
1lb.av.percu.yd.................. l 0.0005933 |1,685

* Tables for converting deg. Baumé (liquid density) to specific gravity s
60 deg.Fahr.,and vice versa, are given in Circular No. 19, Bureau ¢

Standards, pp. 31-35.
180. Time Intervals

Mean solar

days hours mins. secs.
1 mean rolar year. . 365.2 8,766 5.26X10% |3.156X107
1 week of 7 days .. 7.0 168 1.008 X104 | 6.048 X10%
1 mean solar day .. 1.0 24 1.440X 108 | 8.640 X104
1 siderial day..... 0.9973 23.93 1.436X10% | 8.616 X 10+
1 mean solar hour |4.167X10"? 1 60 3.60 X103
1 siderial hour ...|4.155X10-210.9973 59.83 |3.590X108
1 mean solar minute.| 6.944X 103 | 1.667 X10"? 1 60

181. 8olid Angle

Sphere | Hemisphere ﬁsg ‘:":'::Ile Steradian
1sphere.............. 1 2 8 12.57
1 hemisphere......... 0.5 1 4 6.283
1 spherical right angle| 0.125 0.25 1 1.572
1steradian........... 0.07858 0.1592 0.6366 1

138. Force

wq;:"{:: Reciprocal Dynes Reciproeal

1 short ton, weight. .[0.9072X 10¢ (1.102X 10-¢/0.8896 X
ldyne............. 0.0010197 | 980.665% 1

1 1b., weight avoird..| 453.6 0.002205 | 4.448X 105 (0.2248X 10"

1 poundal.......... 14.10 0.07092 1.383 X104 [0.7233X 10~
1 grain, weight ... .. 0.06480 15.43 63. 565 0.01573
1 gram, weight ..... 1 1 980.665% | 0.0010197

100} 1. 124{( 10~

$ The internationally accepted conventional value of

gravitational a

celeration at latitude 45 deg. and sea-level. This is usually adopte
although later researches have indicated a slightly different value.
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Sec. 1-136 UNITS, FACTORS, AND TABLES

136. Torque
Grams perp. . Dynes perp. .
em. Reciprocal em. Reciprocal
1 lb.-perp.-ft.*....| 1.383X10¢ l0.7233X 10-¢] 1.356X107/0.7375X 107
1g-perp.cm..... 980.665 0.0010197
1 dyne-perp.-cm . .| 0.0010197 980.665 1

187. Linear Velocity

Metric equivalent
Maeters per sec. ! Reciprocal
1ft-per-sec.............covvuvennn 0.3048 3.281
1ft-per-min...................... 0.005080 196.9
1 mile-per-hr....................... 0.4470 2.237
lkme-per-hr................ouutn 0.2778 3.60
1 knot, or naut-per-hr............... 0.5148 1.943

138. Linear Acceleration

Meters per - Km. per hr. :

sec. per sec. Reciprocal per sec. Reciprocal
1 ft. per sec. per sec..... 0.3048 3.281 1.097 0.9114
1 mile per hr. per sec....| 0.4470 2.237 1.609 0.6214
Standard gravitation g..| 9.80665 0.10197| 35.30 0.02833
1 m. per sec. per sec..... 1 1 3.600 0.2778
1 km. per hr. per sec....| 0.2778 3.600 1 1

189. Conversion of Angles (plane)

De- | Recip- Recip- . | Recip-
Angles grees | rocal Grades| rocal Radian I rocal

1 degree........ 1 1.1111] 0.9800 0.01745 57.30
1grade......... 0.9 (1.111 1 1 0.01571 63.66
1 radian........ 57.30 (0.01745 [63.66 | 0.01571| 1 1
1 quadrant...... 0.01111 | 100 0.010 x/2=1.571 |0.6366
1 revolution 360° |0.002778| 400 | 0.00250, 2x=6.283 #0.1592
« radians. . 180° {0.00. 200 0.005 *=3.142 |0.3183
»/2 radians 90° (0.01111 | 100 0.010 x/2=1.571 10.6366
»/4 radians 45° 10.02222 50 0.020 »/4=0.7854{1 2730
2x radians 360° [0.002778| 400 0.0025 2r=6.283 |0.1502

Gram per meter Reciprocal
1 1b. per linear yard........ 496.1 0.002016
1 1b. per linear foot........ 1488 0.0006720

* A torque is the product of a force and a length taken perpendicularly
thereto. Its dimensions are therefore those of force X —jL where jm </
or —jL*M'T-1. Any element of angle is also the ratio of an element of an
lenu{: to the length of a radius perpendicular thereto, or has dimension:
jL/L=j. The product of torque and the angle through which it advance:
1s thus —j;LIMT-1X j=L*M'T-? which are the dimensions of work. I
the foregoing direction symbols are neglected, a torque appears to have the
same dimensions and nature as a work, which is illogical. A torque of 1 g
force acting at a radius of 1 cm. is thus correctly to expressed as & gran
perpendic centimeter rather than as a gram centimeter.
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Sec. 1-143 UNITS, FACTORS, AND TABLES

143. Storage of Water
acre-ft. = 325,800 U. 8. gal. =43,560 cu. ft. = 1613 cu. yd. = 1234 cu. m.
gal. =(0.3069 X 10~% acre-ft.
1cu. ft. =0.2298 X104 acre-ft.
1 cu. yd. =0.00062 acre-ft.
1cu. m. =0.000811 acre-ft.

144. Temperature

Freesi oint Boiling point
Beale of water of water Interval
Fahrenheit. 32 deg. 212 deg. 180 deg.
Centigrade . 0 deg. 100 deg. 100 deg.
Réaumur....... 0 deg. 80 deg. 80 deg.

1 deg. fahr. = 0.5556 or (3) deg. cent. = 0.4444 or (§) deg. Réa.
1 deg. cent. = 0.8000 deg. Réa. -], deg. fahr.
1 deg. Réa. = 2.250 deg. fahr. = 1,250 deg. cent.
Absplute zero = —273.1 deg. cent. = —401.6 deg. fahr. = —218.5
deg. réaumur.
Tabe = 273.1 4 deg. cent. (in cent. scale)
Tase = 491.6 + deg. fahr. (in fahr. scale)
Tabe = 218.5 + deg. réaumur (in réaumur scale)
The international hydrogen scale of temperature.

145. Mechanical equivalent of heat.
1 B.t.u. = 1,054 joules = 777.5ft-lb. = 0.2028 watt-hr. =0.0003927

.p-hr
1 joule = 0.7375 ft-1b. = 0.0009488 B.t.u. = 0.0002778 watt-hr.
1 ft-lb. =1.356 joules = 0.001286 B.t.u. = 0.0003766 watt-hr.

1 watt-hr. = 3,600 joules = 2.655 ft-lb. =3.415 B.t.u.

Also see Par. 188 on energy conversion factors.

MATHEMATICAL CONSTANTS AND TABLES

146. Useful Constants. Base of the hybperbolie system of logarithms
=¢=2.7183 to the nearest unit in five significant figures; it is not & com-
mensurate quantity. A

Ratio of circumference to diameter of circle = r = 3.1416 (incommensurate) .

Numeric Reciprocal
P 2.7183 0.36788
logiee..... ... .. 0.434295 2.302585
Foeee 3.1416 . 0.31831
2r.. 6.2832 0.15915
3.l 9.4248 0.1068
dr. U 12.566 0.079577
/2. 1.5708 0.63
/3. 1.0472 0.95493
/A 0.7854 1.2732
N 9.8696 0.10132
Vi 1.7725 0.56419
V2o 1.4142 0.70711
V3. 1.7321 0.57733

1 radian = 57.206 deg. = 57 deg., 17 min. and 45 sec.
An arc of 1 deg., in terms of its radius =0.017453.
For further conversion factors of circular measure, see Par. 134 on angles.

4“4



Sec. 1-147

UNITS, PACTORS, AND TABLES

right-hand column of degrees and lower line of tenths.

147. Natural Sines and Cosines
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UNITS, FACTORS, AND TABLES

Natural 8ines and Cosines.—Concluded
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148. Natural Tangents and Cotangents
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Sec. 1-148

UNITS, FACTORS, AND TABLES

Natural Tangents and Cotangents—Concluded
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Sec. 1-149

UNITS, FACTORS, AND TABLES

Logarithma3 of Numbers.—Concluded

|

N 0 1 x 2 3 l 4 5 6 7 8 9
55 7412 7419( 7427| 7435| 7443 7451| 7459| 7466| 7474
56 7482| 7490( 7497) 7505 7513| 7520| 7528/ 7536| 7543| 7551
57 7559( 7566 7574 7582| 7589 7 7612} 7619 7627
58 7634| 7642| 7649| 7657 7664| 7672 7679| 7686/ 7694| 7701
59 7709| 7716| 7723| 7731( 7738( 7745| 7752| 7760| 7767| 7774
60 7782 7789| 7796( 7803| 7810| 7818 7825 7832| 7839| 7.
61 7853| 7860| 7868| 7875 7! 9| 7896| 7903| 7910/ 7917
62 7 7931 7038| 7945 7952 7959| 7966| 7973( 79: 7987
63 7993 7| 8014/ 8021( 8028 35| 8041f 804

64 8062| 8069| 8075 8082 8089| 8096/ 8102| 8109| 8116/ 8122
65 8129| 8136| 8142( 8149 8156/ 8162| 8169 8176| 8182( 8189
66 8195 8202| 8209 8215| 8222| 8228| 8235 8241 8254
67 8261 8267| 8274| 8280 8287 8299| 8306| 8312| 8319
68 8325 1 8344| 8351/ 8357 8363 83Y0| 8376/ 8382
69 8395] 8401 7| 8414| 8420| 8426) 8432 8439 8445
70 8451| 8457| 8470| 8476| 8482( 8488 8404/ 8500 8506
71 8513| 8519| 8525 8531| 8537| 8543| 8549 8555/ 8561 8567
72 8573| 8579| 8585 8591 8597| 8603 8615 8621 8627
73 8639 8645/ 8651 8657 8669| 8675 8681/ 8686
74 8692| 8698| 8704| 8710 8716| 8722| 8727 8733| 8739| 8745
75 8751| 8456 8762( 8768| 8774| 8779/ 8785/ 8791| 8797 8802
76 8 4 8825| 8831| 8837 2| 8848 8859
77 8865| 8871| 8876/ 8882| 8887| 8803 8809 8904| 8910| 8915
78 8021| 8927 8032| 8938( 8943| 8040/ 8954| 8060| 8965 8971
79 8976| 8982| 8987 8993 8098 9009 9015/ 9020| 9025
80 9031 9036| 9042| 9047| 9053 9063 9069| 9074 79
81 9085 9006| 9101| 9106| 9112| 9117( 9122| 9128| 9133
82 9138| 0143( 9149 9154 9159 9165 9170| 917&| 91 9186
83 9191| 9196 9201 9206| 9212 9217| 9222| 9227| 9232| 9238
84 0243| 9248| 9253 9258| 9263 9260 9274 9279 9284| 9289
85 9204, 90209| 9304| 9309 9315/ 9320/ 9325 9330/ 9335/ 9340
86 9345| 9350| 9355| 9360 9365 9370| 9375/ 9380| 9385 9390
87 9395| 9400| 9405 9410 9415 9420| 9425 9430/ 9435 9440
88 0445| 9450| 9455 9460 9465 0469| 9474| 9470 0484 9489
89 9494| 9499 9 509| 9513| 9518| 9523 9528| 9533 9538
90 9542| 9 9552| 9557 9£62| 956€ 9571 9576/ 9581 9586
91 9590| 9595 9605 9614| 9619 9624| 9628/ 9633
92 9638| 9643| 9647 9652 9657| 9661 9666/ 9671 9675/ 9680
93 9685| 0689| 0694 9699 9703 9708| 9713) 9717( 9722| 9727
94 9731| 9 9741| 9745( 9 9754| 9759| 9763 9768| 9773
95 9777| 9782| 9786/ 9791 9795 9800/ 9805 9809/ 9814| 9818
96 9823| 9827| 9832| 9836/ 9841| 9845 9850| 9854 9859 9863
97 9868| 9872| 9877| 9881| 9886| 9890| 9894 9899| 9903| 9908
98 9912| 9917| 9921| 9926/ 9930 0939 9043| 9948| 9952
99 9956| 9961 9965 9969 9974| 9978| 9983 9987| 9991 9996




UNITS, FACTORS, AND TABLES Sec. 1-150

180. Hyperbolic Logarithms

v'o|-1|2|3]4|5 6 | 7] 8 | 9

00000 69311.09861.3863.1.6004/1.7018 1.94592.0794 2. 1972
102.30269 2. 39792 4840[2.56192.6391:2.70812. 7726 2. 83322 8904 2. 9444
202.995713 3.001013.13553.1781'3.2189,3. 2581 3. 2958 3. 33223 3673
m‘a 4012|3 43403 4657[3 .4935 .52643.5553 3.5835(3.61093.63763.6636

.68893.71363.73 '

3.76123. 7842!3 80673.82883.85013 87123.8918
.91203.93183.95123.97033.98004 . 00734.02544.04314 0604 4.0775
0943‘4 11094 12714. 1431 1589[: 17444.18974.2047'4 21954.2341

.276714.29054.30414. 31754 3307 4. 343814 . 74.3094

50428204 30444 3007 14188/4 430844427/ 45434 465014 4773'4 4886

904.49084 . 51094 . 5218{4 . 5326 .m4.5539|4.5u34.5747 -58504.5951

1044 60524 .6151/4. 6250 . 63474 64444 . 654014 6634467284, sszx' .6013

110470054 . 70054 71854 72744 73624 74494.75364.76224 77074 7791

1204. 78754 58‘4 8040481224 82034 82834 83634 8442485204 8508

(30754 87534 892914 80054 897814 90534.omi4.9200|4.9273rs 19345

140494164 . 0488 4. 055814 . 96284 . ms,L 9767] .08364.99044.9072(5.0030

of5.0304,5.03705. 0434/5. 0409 5. 056250626 5. 0689

5.00385. om's 1059'5.1120'5.11805 124051299

5.15333.1501'5. 16485.17055.1761’5.1818!5.1874

-19855.2040(5. 20055 2149(5. 2204/5.2257/5.2311/5.2364 5. 2417

19¢5. z47o|5 25235 2575(5.2627(5.26795. 27 2781 s. 28325.2883|5.2033

5 3083(5. 313215 3181,5.32305. 3270 5. 332115, 3375 5. 3423

3566]5.36135.3660/5.3706(5.37535.3709/5.3845 5. 3891

139365 3982/5. 40 013 41165.4161(5.42065. 4250/5. 4203 Hrd)

14381(5.4424/5.4467[5.4510/5. 45535 4506(5. 46385 46815, 4723 5. 4765

480J5.48485.488 .4931 4972'5 5013'5.5053. 5.5004:5. 51345, 5175
5255(5.5294[5. 5334(5

15l5. .53735.5413/5.5452.5.5491:5. 5530 5. 5568
56075. 564 .57225. 5759|5 5797 . 58355, 58725, 5910|5.5947
5984' . .60955.6131:5. 6163'5.6204 62405 62765.6312

5. 6454[5 .8490:5.85255.6560,5. 6505,5. 6630 5. 6664
6099‘5.0733' 6802'5. 683:’5 .6870/5.6904 5. 6937;5.6071:5. 7004
.7038,5.7071i5. 4{5.71375.7170:5 72035.723!45.7268-5.7301!5.7333

310t5. 7366.5. 7398.5. T43015. 7462,5. 7404.5. 7526,5. 7557,5. 7589 5. 7621:5. 7652

.76835.7714(5.774615.7777|5.7807,5.7838,5.7869.5. 7900 5. 7930 5. 7961
-79915.80215. 80515, 8081:5. 8111/5.8141.5. 8171/5. 8201/5. 8230 5. 8260

8280,5.8319/5. 8348 .8377’5.84005.84 5.8464|5.8493/5.8522,5. 8551
8579:5. . 8636 5.8749l5. 8777|5.88055.8833
9026]5.90545.9081.5.9108

9322‘5 934959375

5.9558(5.95845.0610'5. 0636

5. 91aals 91e4|5 9789E 19814/5.9830,5.98655.9890
e

0135!5 9162,5.9189

99896 0014;6 0039/6.0064,6.0088/6.0113,6.0137
03076 03316.03556.0379
0544/6.05686.05916.0615

.99155.99405.9
106.0162:6. 01866. 021 ;
07 76‘6 .07996.0822 6.0845

(368!6, . 316 . 09 . 1003:6‘ 1026:6.10486.1070
1156. 6.115916. 11816 1203'6 12256.12476.12696.1291
.135688. 1377 .1399E 14206. 14428 14636.14856.1506

1 1
1 1
15276.154916. 6.150116.1612/6. 1633 1654 .16756.16066.1717
1 1 177 1 .182116. 1841 6.18836.19036.1924
1 i B56 . . 2025,6. 2046/6 200616 2086,6.21066.2126
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Sec. 1-150 UNITS, FACTORS, AND TABLES

Bypotbol!c Logarithms.—Concluded

N| o | 2 | 3 | 4 5 6 7 8 9
5006. 2146]6 21668 2186/6.2206/6. 2226/6. 2246/6. 2265/6. 22856. 23056 2324
6.25006.2519

5106 2344:6.2364/6. 23836 2403/6.2422/6. 244216 2461 .24
52016, 25386 25586 25776 2506,6. 26156, 2634:6 26536.2672!

.2720(6.2748!6.2766/6. 2785/6 . 2804/6. 2823.6. 2841/6.
6.2016/6.2934/6.2053/6.2071/6.2080,6. 3008/6. 3026/6. 3044/6.. 306316 . 3081
550 30996 3117/6. 31356 31540 31726 3190/6.32086. 32(2)2 32446 3261

570'6 3456/6.3474(6.3491/6.3509/6.3526/8.3544/6.3561/6. 35186 359616.
580' 6.3630,6.3648/6.36656.36826.3699/6.37166.373316.3
.3801/6.38186.3835/6.3852/6 . 3869, 3886‘&.3902

600/ .3969}6.39866.4003 .4019/6.4036/8.4052!6.40696.40856.4102/6. 1

610/6.4135/6.4151/6.4167/6.4184/6.4200) 42]66 423216.4249/6.4265(6..
62018 4297/6.4313/6.4329/6.4345/6.4362/6. 43786 4394/6.44006.4425/6. 4441
6306. “57l6 .447314.4489/6.4505(6.4520/6.4536/6. 4552/6 .4 .4583/6.4599

6406.46156. 46306 4640/6.4661 .46776 4603/6.4708,6.4723/6.4730/6.4754
6506. 477()6 47856.4800/6. 4816/6. 483 48466 4862/6.4877|6. 4892/6. 4907
6606.4922'8. 49386 4953 6. 49686 4983’6 4998'6. 6013‘6 .5028/6.5043/6. 5058

670'6 50736.50886. 5103'6 5117!6.5132/6.5147/6.5162/6.5177!6.5191/6. 5206
6806.5221/6.52366. 52506 5265'6 528016 .5204/6 53096 532 38 5338/6.5352
'0 6367'6 5381(6.53966. 5410|6 5425'6 .5430'6. 54536, 5646816 54826 5497

7006.5511/6.55256. 5539,6.5554:6. 55688.55826. 5596'6 56106.5624!6. 5639
7106.56536.5667.6. 56816 56956 5709'6. 57236. 5737/6.5751/6.57656.5779
7206 5793:6. 580616 . 56820 | .5834/6 58486 58626. 58766 58806. .5917
7306. 6930‘6 .5944/6.5058!6. 5971/6. 59856 50906 . 6012.6 . 6026/6. 6039/6 . 6053

7400 60676 6080'6. 6093'6 61076. 6120!6 sm's 6147/6.6161/6.6174/6. 6187
7506.62016 62146 62276. 624! .62548, 6267'6.6280/6. 62046 63076. 6320
7eo|6 63336.63466 sasot 6386'6 163996.6412:6.6425/6.6438/6.6451
77006.6464/6 o477|6 649016 . 65036 6516/6.6529/6 . 6542/6. 6554/6 . 656716 . 6580
780,6.6503/6. 6606/6.6619:6.6631(6.6644'6.6657'6.6670/6.68826. 669566708
7906.67206.6733/6.6746/6.6758/6.6771/6. 0783'6 .6796/6.6809(6.6821/6. 6834
8006. es«ls 68505.687116.6884/6. 68966.60086.60216.6033/6.6946/6. 6958
810'6.6070'6 09836 6995'6.7007/6.7020'6. -7032!8.7044|6.7056(6. 70890 7081
82016.70036.71056.71176.7130:6.714216.715418. 71668 71786719016 720
8306.72146.7226)8.72386.72506. 7262|6 17274'6.7286/6.7298/6.7310/6.

8406.7334/6. 7346‘8 73586. 7370'8 7382/6.73938.7405/8.7417/6.7429/6.
8506. 74526 74646. 74766 74886 74996.75116.75236 7534/6.7546/6.7558
8606.75606.75816.75036.76046.76166. 7627'3 .7639/6.76506.7662(6.

870'6 76856.7696/6.7708/6.77196.77316.7742/6.7754.6.77656.7776/6.
8806.77996. 781116 7822/6.7833:6.78456. 7856‘0 7867|5.787816.
8906.7912/6. 7923|6 .7935/6.7946,6.79576. 7968|6 .7979/6.7991/6.

9006.8024:6.80356.80466. 8057'3 80686

9106. sx:we 81456.81566.8167
9206.82446.82556.82656. 82766 .82876. szosle -8309/6.8320/6. 833
9306.8352/6. saesie 3373|e 8384/6.83956.84056 .

940 .8450/6. 84606. 8480,6. 84916, 85016 851
9506.8565/6.8575(6. 8586/6 85066, ssov’e 8617168628

) .86386. .
9605.8669 .8680/6.8600/6.8701'6.8711/6.8721/6.8732/6.8742/6.8752/8. 8763

.8773/6.8783/6.8794 8804!6 8814'6.8824/6. 883.
.8886|

.884 .
oao| .8876 :8806/6.8006/6. 8016689266 80376 . 8047/6 . 895716
900/6. 80776 80876 .8907}6 . 9007/6.9017/6 . 0027/6 . 90376 . 9047/6 . 905716 . 9068
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151. Conversion of Logarithms. For converting logarithms to the
base a, to another base b:

loge z
logs z= foge b (10)

loge bXlogr a=1 (11)
Common or Briggs logarithms are computed from the base of 10,

while hyperbolic logarithms are computed from the base ¢ or 2.7183.
Therefore

logio z
log.z logio e az
188. The Greek Alphabet
Name Large | Small Commonly used to designate
alpha A a angles, coefficients.
beta B [ angles, coefficients.
ma r £% specific gravity.
ﬁ:a A 3 ensity, variation. .
epsilon E e base of hyperbolic logarithms.
zeta z [ co-ordinates, coefficients.
eta H ] hysteresis (Steinmets) coefficient, efficiency
theta o [} lar phase displ t, time
e kK | ¢ | dieleotri ibili
x electric constant, susceptibility.

l:ll:E:l A A conductivity.
mu M " permeability.
pu N » reluctivity.
xi = [ output coefficient.
omicron o °
pi II 4 circumference + diameter.
tho P » resistivity. )
sigma z v (cap.), summation; leakage coefficient.
tau T T time-phase displ t, time
upsilon T v
,,Ei"l @ ¢ flux.
ou 3 |3 lar velocity in i

i angular velocity in time.
:e‘. Q ) (small), angular velocity in space.
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SECTION 2

ELECTRIC AND MAGNETIC CIRCUITS

ELECTRIC POTENTIAL

" 1, The cause of an electric current in a circuit is termed the electro-
motive force or voltage. The latter name is derived from the practical
unit of electromotive force called the volt. The current between two paints
in a circuit is due to a different electric state or *‘potential” at each point;
for this reason the electromotive force or voltage is sometimes called the
difference of potential.

2. The electric energy (W) developed or absorbed by an electric circuit
may be considered due to the actual flow of an i pressibl thing
which we call electricity. From this point of view, the quantity of electricity

Q which is transferred between two pointa of the circuit is the quantity factor

of the energy, while the difference of p ial, or the voltage K between the
same points, is the intensity factor of the energy ; or
W=QE. (1)

When Q is in coulombs, and E in volts, W is in joules (watt-seconds).
Hence, electromotive force or voltage may also be defined as electrical energy
developed or work done per unit quantity of electricity.

3. Electric Power.—Dividing both sides of the preceding equation by
the time which it takes for the quantity Q to flow through a cross-section of
the circuit, we get

P=]IE, (¢4]

where P is the power, and I the rate of flow or the current. The e.m.f. can
thus be defined as the power developed per unit of current.

4. The principal sources of electromotive force or difference of potan-
tial are the following: .

a{ Electromagnetic induction (see Par. 36);

b) Contact of dissimilar substances (see Par. 8);

o) Thermo-electric action (see Par. 8);

d) Chemical action (Sec. IQI:

e& Friction between dissimilar substances (see Sec. 22).
In the light of the modern electrical theory, all these phenonema, with the

ption of (a), appear to be but special cases of the g 1 contact acti

8. In a circuit made up of several subst. a diff of potential
(e.m.f.) exists at each junction of two unlike substances. However, from
the law of conservation of energy it follows that unless the circuit contain
a source of energy, the resultant e.m.f. in the circuit must be sero and no
current can be established. This phenomenon also takes place in circuita
made up of a single substance whenever the substance is not physically and

hemically h The following are the principal cases of thermal

and contact action:

(a) Seebeck effect. Ina closed circuit consisting of two different metals, if
the two junctions are kept at different temperatures, a permanent current
will flow. Thus, if one junction of a .cogger-nron circuit be kept in melting
ice and the other in boiling water, it will be found that a current passes from
copper to iron across the hot junction. If, however, the temperature of the
hot junction be raised graduslly, the e.m.f. in the circuit slowly reaches a
maximum, then sinks to zero, and finally is reversed.

(b) Peltier eflect. When a current is passed across the junction between
two different metals, an evolution or an absorption of heat takes place.
This effect is different from the evolution of heat (i%r), due to the resistance
of the junction, and is reversible, heat being evolved when the current _
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passes one way across the junction and absorbed when the current passes in
the other direction. There is a definite relation between the direction of the
thermo-electric current and the sign of the Peltier effect. If a current be
forced across a junction in the same direction as the thermo-electric current
flows at the hot junction, the junction will be led, that is, heat will be
absorbed. Conversely, a current passing in the normal direction across the
cold junction of a thermo-electric cirouit evolves heat. In general, then, a
thermo-electric current absorbs heat at the hot junction and gives up heat at
the cold junction. Therefore, a current produced in the same direction by

means must cool off tiu Junction which serves as the “hot’" junction
and warm'up the ‘‘cold’’ junction.

(c) Thomson effect. In a copper bar, heat is carried with the electrio
curreat when it flows from hot regions to cold ones; on the other hand,

the current flows from cold regions to hot ones, these hot parts of the
bar are cooled. In iron these effects are reversed. The conductor may be
thought of as composed of a number of little elements of volume, at the
junctions between which occur reversible heat effects, similar to Peltier
effects at the junctions between different metals. .

(d) Volta effect, or contact electrification. When pieces of various
materials are brought in contact, an e.m.f. is develo between them.
Thus, in the case zinc and copper, sinc becomes charged positively and
copper negatively. According to the electron theory, different substances
Ea-. different tendencies to give up their negatively charged corpuscles.

3 :;u them up very easily; therefore a number of negatively charged
::1! pass from it to copper. Measurable e.m.fs. are observed even
between two pieces of the same ce, having different structures; for
instance between a piece of cast copper and electrolytic copper. Frictional

ity is lained in a similar way, only a more intimate contact is
necessary where the conductivities of the substances are

6. Literature references. For a detailed treatment, curves and mathe-
matical theory of thermo-electric and tact ph see Maxwell, J. C.,
* Eleetricity and Magnetism,” Vol. I, Arts. 246 et scq.; Enc*clo ia Bri-
tsanies, under ** Thermo-electricity’’; Whetham, W. C. D., ** The Theory of
Experimental Electricity,” Chap. 6; Brooks and Poyser, ‘* Magnetism and
Electricity,”” Chap. 28.  For an explanation of thermo-electric effects in the

of the electron theory see Fournier d'Albee, ‘‘ The Electron
Theory,” Chap. 5; Thomson, J. J., ** The Corpuscular Theorx of Matter,”
pp. 73 and 97; Campbell, N. R., * Modern Electrical Theory,” pp. 118-124.

7. The value of the e.m.f. at a junction of unlike substances

nds upon the kind of substances, and is approximately proportional to
the temperature. The e.m.f. generated in this way can be utilised as a
measure of temperature. For temperature rises up to 200 deg. cent.

e=kit+kyt?, 3)
and for temperature rises above 200 deg. cent.
. log emkslog t+ke - (4)
A more general formula is
e=g+-bttct? (5)
The quantities ki, ks, ks, k4, a, b and c are t For ical values
o Sec. 4.

8. Thermocouples and batteries. In order to utilise these contact
e.mfr., means must be devised to supply energy to the system continuously.
There are two ways of doing this, namely, by heat and by chemical reaction.
The thermocouple is an example of the former, and the battery an example
of the latter. For further discussion of thermocouples see Sec. 3. Batteries
are trested in Sec. 20. .

ELECTRIC CURRENTS

9. An electric current is defined as the rate of flow of electricity, or the
quantity of electricity which flows through a cross-section of the cirouit per
wit time. If the current I is steady, then )

_ -3 ®

If @ is the quantity of electricity in coulombs, and T the time in seconds,
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the current I is in amperes. When the rate of flow is non-uniform, the in-
stantaneous current is

\'-'a—‘ ’ (7)

for a classification of electric currents see the Standardisation Rules of the
American Institute of Electrical Engineers, Sec. 24.

10. Steady and transient states. An electric circuit may be in a
steady or in a transiont state. When a current is continuous, or when it
varies periodically between the same limits and according to the same law,
the circuit is said to be in a steady state. For instance, the circuit of an
alternator is steady as long as the load, speed and field excitation are kept
constant. The same circuit is in a transient state when the load is switched
on or off, or when it is varied in such a way that the same conditions do not
repeat themselves periodically. A transient current may be periodic, for
instance in a rectifier, in which cycles follow in such rapid succession that
the current is very different from the permanent value which it would grad-
ually assume.

11. A direct current given out by a chemical battery is constant in
value, or continuous, when the load is constant. A current delivered under
the same conditions l)y an electric generator or a rectifier is pulsating,
that is, it varies periodically due to a finite number of commutator segments.

13. An alterna current may vary “cordeio? to the simple sine law
(Par. 152), or according to a more complica periodic law. In the
latter case the current may be resolved, for purposes of theory and analysis,
into a fundamental sine wave, and sine waves of higher frequencies (Par.
209). Sometimes a complex aiternat.»nz current or voltage is replaced for
practical purposes by an equivalent sine-wave.

13. Transient currents may be oscillating or non-oscillating, ac-
cording to the conditions in the circuit. Oscillations are due to periodic
transformations of the electrostatic energy stored in the dielectric into the
electromagnetic energy of the magnetic flux linking with the current.
During these transformations part of the energy is converted into the
Joulean (i%r) heat in the conductors and in surrounding metallic objects,
including the iron of the magnetic circuit. Part of the energy is also con-
verted into the heat caused by magnetic and dielectric hysteresis. The
oscillations are thus damped out, and their amplitude decreases. When the
conditions are particularly favorable for the conversion into heat (high
resistance in series, or low resistance in parallel), both the electrostatic and
the electromagnetic energy are directly cqnverwti into heat, instead of being
pnrtlg converted into one another, This conversion into heat is an irre-
versible phenomenon, so that in this case the current is non-oscillating, but
gradua]l{ reaches its final value. When it is desired to maintain oacilla-
tions as long as possible (wireless telegraphy) the series resistance must be
kept down as low as possible. When oscillations are harmful (switching in
}on cables or transmission lines), extra resistance is temporarily connected
n the circuit.

14. Conductors and insulators. For practical purposes, materials
used in electrical engineering are divided into conductors and insulators. A
conducting material allows a continuous current to pass through it under the
action of a continuous e.m.f. _An insulator (more correctly called a dielec-
tric) allows only a brief transient current which charges it electrostatically.
This charge or displacement of electricity produces a counter-e.m.f. equal
and opposite to the applied e.m.f., and the flow of current ceases. he
division into conductors and dielectrics is not strictly correct, but convenient
for practical purposes. A substance may practically stop the flow of current
when the applied voltage is sufficiently low, and at the same time be unsuit-
able as an insulator at high voltages. Some materials which are practically
non-conducting at ordinary temperatures b ]good duct when
sufficiently heated. For numerical data and tables of conducting and
insulating properties of the principal materials used in practice see Sec. 4.

15. The electronic theory of conduction. Accordinaltp the modern
electronic or corpuscular theory of electricitg'. there is an indivisible atom of
negative clectricity, called the electron or the corpuscle. Atoms of matter
consist of one or more electrons and an unknown something which has the
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nature of positive electricity. A negatively charged particle of matter is
one in which there are more electrons than neyeeaar{lto neutralise its positive
electricity. A positively electrified body is one which has lost some of the
electrons it had in the neutral state.

16. Motals and other solid conductors supposedly possess free or
electrons, in addition to those associated with the molecules.
ree electrons are in rapid motion as if they were the particles of a gas

dl.olved in the metal. When an e.m.f. is applied, each electron gains a
tomponent velocity which, on account of its negative charge, is in the oppo-
site direction to the e.m.f. This drift of electrons is equivalent to a current.
ln thur motion the electrons come in collision with the molecules and give
rt of their momentum. This loss is luppooed to account for the

J m (s?r) heat set free m all conductors. Also see Sec. 22.

. _In liquids which are chemical com ego eleotro-

gs) the passage of an electric current is accompanied by a chemical

omposition. Atomu of metals and hydrogen travel through the liquid

in the direction of the positive current, whilo oxygen and acid radicals

travel against the positive current. Thus, while in solid conductors elec-

tnnt travels across the matter, in electro'lytes it travels with the matter.

of electrolytic conduction see Sec. 1

u. Gases in the normal state conduct electricity only to a slight

. A gas may be put in the conducting state by different means, such

as raising its temperature, drawing it from the neighborhood of flames, arcs,

or clowlnc metals, or from a space in which an clectric duchsr%e is passing,

This conductivity is due to electrons which form electri ticles

mxed up with the m (ions). The process by which a gas is e into &

conductor is called the ionization of the gas. The movement of free
electrons constitutes the current through the gas.®* Also see Sec. 19.

CONTINUOUS-CURRENT CIRCUITS

19. Ohm'’s law. When the current in a conductor is stead{ and there
are no deetromouve forces within the conductor, the value of the current ¢
is proportional to the voltage ¢ bet the ter ls of the ductor, or
e=ri (8)
where the coefficient of proportionality r is called the resistance of the
conductor. The same law may be written in the form
t=ge (9)
vben the coefficient of prog:ruomhty g=1/r is called the conductance
of the conductor. When t! urrent is measured in amperes and the elec-
it;om;:.ve force in volts, the resistance r is in ohms and the conductance g
m!
ben there is a counter-electromotive force ¢ within the conductor,
Olnn'l law becomes

et—ecmri, (10)

S glet—ec), (¢3))
where ¢¢ is the voltage between the terminals of the conductor.
20. rot cylindrical conductors the resistance is proportional to the
I, and invu-lely proportional to the cross-section 4, or
e p%. (12)

where the coefficient of propomonnh p (rho) is called the resistivity (or
specific rcastu:ce)4 of the ma: 'or numerical values of p for various
materials

The conductance of a cylindrical conductor is

g=AS, (13)

® For the original development o! the electronic theory and its ap lication
n.riom electric snd tic p ous books and articles
l;y J. Th 1 it of the lts will be found in
oumiet d'Albee’s ** 'l‘he ogmon Theory” and i m asomewhat more advanced
“Modern Electrical Theory” by N. R. Campbe
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where A\ (lambda) is called the conductivity of the material. Since g=1/r,
the relation also holds, that

X-L ! (14)

For the calculation of resistance of non-cylindrical conductors see the
author’s ** Electrio Circuit,” Chap. III, and the references given there.

21, Temperature eoeﬂciont The resist of a ductor varies
with the temperature according to a rather complicated law. The resistance
of all metals and of practicall ty all alloys mcreases with the temperature.
The resistance of carbon and of electrolytes d with the temperature.

For numerical values see Sec. 4. For many materials the variation of re-
sistance with the temperature can be represented by the relation

ri=ro(l4at) (15)

where r¢ is the resistance at ¢ deg. cent., r, the resistance at 0 deg. cent., and

‘s ‘) is called the temperature coefficient of the material. For numerical

ues of a for various materials see Sec. 4. = When the resistance of & material

increases with the temperature. a is positive; otherwise it is negative. For

other formuls see Sec. 4

13, I.odl‘ l.nd duct in series. When two or more
ted in series the equivalent resist of the bina-
tlon is equ.;l to the sum of the resistances of the individual reustou. or
Teog =11+ r2t-ete. (16)
When conductances are connected in series, the equivalent conductance
@e¢ i8 determined from the relation .
1
- — t
o + +e 0.y Qan

in other words, when two or more conducton are connected in series, the
reclErocul of the equivalent conductance is equal to the sum of the recip.
of the individual conductances.

23. When resistances are connected in parallel, the equivalent re-
sistance re is determined from thé relauon

1
P + +eto. (18)
Oee=g1t+g1tete. (19)
24. The simple rule is: lul-uneol are added when in series; con-
ductances are added when in parallel. In the case often met in pncuee

when two resistances are connected in
parallel

or simply

rire

T 20 4

26. Series-parallel circuits. In " 32 Tt
a combination like the one shown in
Fig. 1, where some of the resistances 3
are in series, some in parallel, and
where it is required to find the eﬁmva B
lent resistance between A and B, the
gtoblem is solved step by step, by com-  Fia. 1.—Series-parallel circuit.

ining the remstances 1n series, con-
verting them into conductances and :
adding them with other conductances in parallel. For instance, in the case
shown in Fig. 1 begin by combining the resistances r: and R into one, and
determine the corresponding conductance

1.

(R+r1)?
add this conductance to the conductance 1/ro. This will give the total con-
ductance between the points M and N. The reciprocal of it gives the equiva-
lent resistance between the same points. The total resistance between the
points A and B is found by adding r: to thisresistance. When anetwork of
conductors cannot be reduced to a series-parailel bination, the p
is solved as shown in Par. 9.

W
-
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2¢6. Power and energy. When a steady current ¢ flows through a con-
ductor and the voltage across the terminals of the ductor is ¢, the power,
or the energy per unit time, delivered to the conductor is
Pmei. @n
If the is exp d in amp the potential in volts, the power
P is in watts (joules per second). When the voltage and the current are
A ble, their instant values being represented by e and ¢ respect-
ively, the preceding uation gives the instantaneous power, that is the
instantaneous rate at which energy is being delivered to the conduotor.
The total energy delivered to conductor during a time ¢ is
W=cit=eQ, (22)
where Q is the total q tity of electricity (coulombs) which p d through
the conductor. If Q is in coulombs (amp ds), Wisin j (watt-
seconds). When the voltage and the current are variable the total energy

is expressed by
4]
W fﬂ'al, (23)
U

where the time interval is ts—11.

27. Joule’s law. When the conductor i hmic resi only
and no counter-electromotive forces, we have ¢ =ri=i/g, so that the power
PO L

P-s’r-;-:-c’g. (24)

This expression is known as Joule’s law.

28. If the conductor contains a counter-e.m.f., ¢, for instance,
that of & motor or of a battery, the power is given by

Peetimecs+1or, (25)
where ¢¢ is the vol acroas the terminals of the conductor. In this expres-
;:: ¢ci is the useful power, and i% is the heat loas in the conductor. See

. 19,

39. Kirchhoft’s laws. In an arbitrary network of conductors (Fig. 2)
with sources of continuous e.m.f. connected in one or more places, the dis-
tribution of the currents is such that two conditions are satisfied, namely,
Zim0, and Ze= Tir. (26)
The first equation refers to any junction point of three or more conductors
and states the fact that as much current flows toward the junction as away
from it, because electricity behaves like an
incompressible fluid. In this equation all
the currents which flow toward the junction
are taken with the sign plus (+); all those
which flow away from it with the sign
minus (—), or vice versa, The second law
refers to any closed circuit taken at random
in the network, The voltages e are the
local electromotive forces in such a circuit
and the currents and the resistances refer to
the individual conc tors of the circuit.
The directions of flow of the currents can
be assumed arbitrarily to start with, and in
writing the second equation one follows a
selected circuit in a certain direction, clock-
wise or counter-clockwise, taking as positive
F1a. 2—Network of con-  the currents which flow in this direction and
ductors. the e.m.fs. which tend to produce currents
. .inthe same direction. The currents and the
voltages in the opposite direction are d in the equation with the sign
minus. For a given network of conductors the total number of eT.l:nona of
the first form is equal to the number of juncti ts less one; the number
of equationa of the sccond kind is equal to the ber of independent
!"lﬁ-rthn in the network. The total number of equations of both kinds
equal to the number of unknown currents so that these currents can be
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determined by nolvin%e:imuluneous equations. For an example of such
equations see Par. 81 below.

30. Wheatstone bridge. The combination of six resistances shown in
Fig. 3 is called the Wheatstone bridge. The resi are denoted by
a, b, ¢, a, B, v, the currents by z,

v. 2 & % An electric battery
of e.m}. is connected in the
branch BC, and the value of a
includes the internal resistance
of the battery. In practice a
galvanometer is usually con-
nected in the branch 04, and a
includes its resistance. When
the four resistances b, c, 8, v, are
s0 adjusted that no current flows
through OA, the bridge is said
to be balanced, and the condi-
tion holds that,

bB=cy. (6]

31. Unbalanced bridge. 'B
When the Wheatstone bridge is
not balanced, Ohm’s law and

[Kirchhoff's laws give the follow- F1a. 3.—Wheatstone Bridge.
az=C—B+E, at=A, ¢+y—3=0,
by=A-C, By =B, n+z—z=0, (28)
c3=B—A, v =C, f+z—y=0.

Here E is the battery e.m.f., and A, B, C, denote the potentials of these
points below that at O. These mine equations contain nine unknown
quantities, vis., six currents and three potentials. Solving° them as simul-
taneous equations any of the unknown quantities may be determined. For
instance, the current in the galvanometer circuit is

= Eba—cy), @)

where the * determinant” D is given by

D =abc+bc(8+7v) +caly +a) +abla+B) +(a+bd+c) By+vatah).®

32, Networks of conductors. In a general case (Fig. 2) as many
Kirchhoff equations (Par. 29) may be written as there are conductors; the
unknown quantities may
the currents, the resistances
or the voltages; also any com-
bination of these, provided
that the total number of un-
known quantities is equal to
the number of equations. The
equations are conveniently
solved by the method of deter-
minants, found in most text-
1 books on algebra.

33. Maxwell's solution.

In some cases it is convenient
to consider, instead of the ac-
tual currents, fictitious cur-
rents in each mesh (Maxwell,
sbid., Art. 282b). The actual
. ourrent in each conductor is
equal to the algebraioc sum of the fictitious currents. For instance, in
Fig. 4 the current in conductor f is the difference of the fictitious currents
X and Y. The Kirchhoff equations are written for the flotitious currents.

F1a. 4.—Method of simplifying networks.

. l\é[a;well. J. C. **A Treatise on Electricity and Magnetism,” Vol. I,
rt. 34

For phctical forms of the Wheatstone bridge and its application to the
measurement of resistance see Sec. 3.
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An example of such a solution will be found in Del Mar's ** Electric Power
Condncton."‘r. 34.

34. Equivalent star and mesh (delta). The number of meshes, and
consequently the number of equations, may be reduced, when some of the
meshes are in the form of a triangle, like abcin Fig. 4. For the three resistances
forming the triangle may be substiluted the three resist a, B, and v, which
radiate from one point.

The currents and the voltages in the rest of the network remain the same,
provided that

be . ca - ab
= G@rsio’ P=a+oTa’ T Gtorg O

The number of meshes is thus reduced by one. See Kennelly, A. E., Elec-
trical World and Engineer, Vol. XX X1V (1899), p. 413. For a disoussion of
equivalent star- and delta- ted imped for alternating currents
see his “Application of Hyperbolic Functions to Electrical Engineering
Problems,” Appendix E.

35. In the practical case of distribu networks and feeders, the
determination of the currents and voltages at the junction points is sim| lified
by using the following laws of superposition of currents and voltages.
(1) The true current at any point in the network is the algebraic sum of
the currents which would flow if the consumers’ currenfs were taken in
succession instead of simultaneously. (2& The voltage drop to any point
in the network is equal to the sum of the drops to the same point calculated
under the assumption that the consumers’ currents are taken in succession
and not uimultaneousl!. Some simplification in the solution of the Kirchhoff
equations is possibly due to the fact that the voltage drop along a conductor
is usually small as compared to the voltage between it and the return con-
ductor. For details of such calculations see Teichmuller, *' Die Elektrischen
la'tm?vn;" F. B. Crocker, ** Network of Electrical Conductors,” El. World,
Vol. LIX (1912), pp. 799, 847, 901; Alex. Russell, ** The Theory of Electric
Cables Networks,”’ Chap. 4; Nowak, J., ** A Machine for the Calculation
of :!ru]Fp]ér Networks,” The Electrician, Vol. LXVIII (1912), p. 748; Hersog
and Feldmann, °** The Distribution of Voltage and Current in Closed Con-
dueting Networks,”’ Trans. Inst. Elec. Congress, 8. Louis, 1904, Vol. II, p.
6s9; their book entitled ** Die Berechnung Elektrischer Leitungsnetze,”
and Rsiha und Seidener, *‘ Starkstromtechnik,” Sec. 8. .

ELECTROMAGNETIC INDUCTION

38. Faraday’s law of induction. When a magnetic flux ¢ within a
loop of wire varies with the time, an e.m.{. is induced in the loop, the instan-
taneous value ¢ of the e.m.f. being proportional to the rate of change of flux;

Ld
e-‘-— kﬁ’ (31)

where 38/t is the rate of change of flux ¢ with respect to the time ¢, and k&
is a constant which depends upon the units of voltage, flux, and time. When
@ is in maxwells, ¢ in volts, and time in seconds, k=108 If the flux is
in webers, k=1. The sign minus determines the relative directions
of the flux and the e.m.f. Namely, when the circuit is closed, the induced
e.m.f. tends to produce a current in the direction such as to ogpose the change
in flux. This Iatter statement follows from Lenz’s law, which is stated by
Mazwell® as follows: If a constant current flows in the primary circuit A
and if, by the motion of A, or of the secondary circuit B, a current is indu
in B, the direction c.:{ this mg:zd currenthmlllbe such t.tlimt, bfy ‘l:.a electro-
magnetic action on A4, it ten: oppose the relative motion of the circuits.
Bee the right-hand screw l;;la (Par. 86) orfFleminz's rule (Par‘.' 87). For
practieal three particular cases of elect netic i tion are
eoﬁderetr beiow.

31. SBtationary conductor and variable flux. This is the case when
both the exciting m.m.f. which produces the flux, and the winding in which
saem.f. is induced, are stat. , relatively to one another. The voltage
isinduced by a varying magnetic flux, the changes in the flux being produced
by varying cither the magnitude of the m.m.f. (stationary transformer) or

*Masxwell, J. C. *‘A Treatise on Electricity and Magnotism,” Vol. II,
Art 542,
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the reluctance of the magnetic circuit (inductor-type alternator). If the
flux is linked with N turns and varies harmonically with the time, at a fre-
quency of f cycles per second, the maximum induced e.m.{. is
Emaz=2xfN ®mez108 volts, (32)
where ®mas is the i instant value of the flux, in maxwells.
The effective value of the induced e.m.{. is .

E = 4.44fN ®maz10-9 volts. (33)

When the flux varies according to a law different from the sine faw the
effective voltage is

E = 4x{N ®mas108, (34)

where x is the form factor (Par. 307).
The &vu‘sgo o.m.f. induced in one turn, no matter what the law of
variation of the flux with the time, is

where the subscripts 1 and 2 refer to the initial and the final instantg
respectively.

38. Stationary flux and moving conductor. When the exciting m.m. f.
which produces the flux, and the winding in which the e.m.f. is induced, move
relatively to each other, as in a generator, so that the conductors cut acroes
the lines of flux, the instantaneous induced e.m.f. in a conductor is

¢ = k®ly, (36)
where @ is the flux density, I the length of the conductor, » the relative veloo-
ity between the flux and the conductor, and k a coefficient which depends
upon the units selected. When ¢ is in volts, ® in maxwells per square centi-
meter (gausses), ! in centimeters and » in imeters per & d, k=10-8,

The three directions, @, !, and v, are mprooed to be at right angles to each
other; if not, their projections at right angles to each other are to be used in

receding formula. For practical formulas giving the e.x:;lf. induced

direct-current and alternating-current machinery see Sec. 7 and Sec. 8.

39, Variable flux and moving conductor. When coils or conductors
are moving through a pulsa magnetic field, as for inst in ph
motors, the induced e.m.f. is due to a combined transformer and generator
action (Par.-37 and 88), and is equal at any instant to the sum of the e.m.f.
induced by a constant flux in & moving coil and that induced by a pul-
sating flux in & stationary coil. Let the frequency of the pulsating ﬁelfr be
f oycles per second; that of the rotating coil f’ cycles per second. A pul-
sating field can be resolved into two revolving fields, one rotating clock-
wise, the other counter-clockwise. Therefore, the induced e.m.f. is a result
of the superposition of two e.m.fs., one of the frequency f+f’, the other
J—f._ Inthe particular case of f=/" the e.m.f. induced in the rotating coil
is of the frequency 2f, the frequency f—f" being equal to sero.

40. Yorce on a conductor carrying a current in a magnetic field.
Let a conductor carry a current of ¢ amp. and be placed in a magnetic field
the density of which is @ maxwells per square centimeter (@ gausses). Then,
if the length of the conductor is I cm., the foroe tending to move the con-

ductor across the field is
F =10.2i@110-% (kg.) 37

It is presupposed in this formula that the direction of the axis of the conductor
is at right angles to the direction of the field. If the directions of s and B
form an angle a, the preceding expression must be multiplied by sin a.

The force F is perpendicular to both ¢ and B, and its direction is determined
by the :}hbhsnd screw rule (Par. 86). Namely, the effect of the magnetic
field produced by the conductor itself is to increase the original flux density
(®) on one side of the conductor and to reduce it on the other side. The
conductor tends to move away from the denser field.

41. The attraction or repulsion between two parallel straight con-
ductors, u::inaf currents 41 and i3 (amp.) and placed in a non-magnetic
medium, is calculated according to the formula

Fe= 2.04:'1":(;) 10-¢ (kg.) (39
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where 1/b is the ratio of the length of each conductor to the axial distance
between the conductors. he force is an attraction or a repulsion accordi
to whether the two currents are flowing respectively in the same or in the

te directions.

hanical force exerted between magnetic flux and a oumnt-«?inx
conductor is also present inside the conductor itself, and is called pinch effect.
The force between the infinitesimal filaments of the current is an attraction,
50 that a current in a conductor tends to contract the conductor. This
dfiect is of importance in some types of electric furnaces where it limits the
ourrent w!:ieh can l;b: e.n}od by a molten conductor. The same stress also
tends to te t. ctor.

42. Interlinkage of electric and magnetic circuits. The most general
relations between the electric and the magnetic q ities are expressed b{
two laws of circuitation.® S8tripped of the vector-analysis termsin whic|

these laws are usually expressed, they are as follows: Let H be the magnetio
intensity or the m.m.f. gradient at a point in & medium of constant permea-
bility, and let G be the electric intensity or the e.m.f. gradient at a point,
The first law of circuitation states that the line integral of H along a closed
curve is proportional to the volume of the total current (conduction current
and displacement current) linked with this curve. The second law of
dircuitation states that the line integral of the electric intensity along a closed
eurve is proportional to the rate of change of the total magnetic flux linked
with this curve. The coefficients of proportionality depend only upon the
units used. The theory of propagation of electromagnetic waves is based
Muméhue two laws. Bee for instance W. 8. Franklin’s ** Electric Waves,"”

THE MAGNETIC CIRCUIT

43. The simple magnetic circuit. The simplest magnetio circuit is a
uniformly wound torus ring (Fig. §). The relation between the m.m.f. §
and the flux @ is similar to Ohm's law
(19), vis.,

F=RP (39)
where R is called the reluctance of the

magnetic circuit. The same relation is
sometimes written in the form

o= OPF (40)
where @ = 1/® is called the permeance
of the magnetic circuit. Reluctance is

\! g to st and per

is_ ous to conduct of an elec-
trio circuit.

44. The m.m.f. does not depend
alone on either the current in the wind-
ing or on the number of turns, but on
the product of the two; therefore, the
natural unit for the m.m.f. is 1 am , but in the practical system
1 amp-turn is 1.257 units of m.m.f. If the flux in the preceding equations
is expressed in webers (one weber = 10 maxwells) the permeance i3 expressed
in benrys (being of the nature of inductance). It has been proposed to call
the corresponding unit of reluctance the yrneh, this being the word henry
spelled backward, corresponding to ohm and mho. It has also been pro-
posed to name the unit of permeance a perm, and the unit of reluctance a
rel,t when the flux is in maxwells and the m.m.f. in ampere-turns, but no
names have yet been generally accepted. In the C.G.B. electromagnetic

m the unit of m.m.f. is the gilbert, equal to 10/4x =0.7955 amp-turn.
ore the m.m.f. in gilberts, exp d as a function of ampere-turns, is

s-:—",nl- 1.257n @n

* Heaviside, O. °‘’Electromagnetic Theory,” Vol..I.
et 7. ““The Magnetio Cirouit:" MecGraw-Hill Book Co. Inc..
New York, 1912, Chap. I, and appendices.
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where nI is the product of the number of turns and the current in amperes.
For further information about tic units see Sec. 1.

48. Permeability and reluctivity. The reluctance of a uniform mag-
netic path (Fig. 5) is proportional to its length ! and inversely proportional
to its cross-section 4, or .

a-rz

(42)
and A
C= g (43)

In these expressions » is called the reluctivity and 4 the permeability of the
material of the m:gneﬁc path. For air and all non-magnetic substances,
» and u are assumed to be equal to unit ?er centimeter-cube, corresponding
to centimeter measure for ! and A in & ) and (43), and the gilbert as the
unit of m.m.f. This is the conventional assu in the C.G.8. elec-
tromnetio system and is the one generally employed. See also Par. 83
an

The method preferred by the author, and expounded in his * Magnetic
Circuit’ (see footnote reference in Par. 44), is to eﬁlke the ampere-turn as
the unit of m.m.f. In such cases, with the maxwell’as the unit of flux, the
permeability and the reluctivity of air, respectively, are

»=(0.7955 per cm.3=(.3132 per in.?
u=1257 per cm3=3.193 per in.‘} (44)

This method has the advantage of greater simplicity in calculations, but is
not yet in general use (see Sec. 1; Giorgi system of units, Par. 3(ds)).

46. M, otic fleld intensity JC is defined as the m.m.f. per unit length
of path. In any uniform field

= g (45)
In a non-uniform magnetic circuit o5
. 3C = ar (46)
Inversely
F=3Cl or F= f 3L 47

3 i:u ulaot known as the magnetizing force or as the magnetic potential
ent.

‘rlf ¥ is in ampere-turns, JC is in ampere-turns per centimeter (or per inch)

of length. If § is in gilberts, JC is in gilberts per centimeter (or per inch).

47. Flux density (®) is defined as the flux per unit area perpendicular
to the direction of the lines of force. In a uniform field

B = ; (48)
In a non-uniform field 20
®B= Yy (49)
Inversely
d=®BA, or d= [ BIA. (50)

If the flux is measured in maxwells and areas in square centimeters,
flux density is expressed in maxwells per square centimeter; one maxwell
per square centimeter is sometimes called a gauss. In this country flux
density is also expressed in maxwells, or in kilolines, per square inch.

It follows at once from (40), (43), (45) and (48) that

®=puie (51)

which is the familiar relationship between flux density, permeability and mag-
netic field intensity.

48. Reluctances and permeances in series and in parallel. Reluct-
are added like resi and duct (P

ances and per ar. 28
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to86), reepectively. That is, reluctances are to be added when in series, and
permeances are 4o besadded when in parallel. If several permeances are given
connected in series they are first converted into reluctances by taking the
reciprocal of each. Similarly if reluctances are given in a parallel combina-
not they are first converted into permeances by taking the reciprocal of
eac!

49. kunoﬂndon characteristic. The magnetic properties of a
sample of steel or iron are re?mented by a saturation or magnetizatio:
curve (Fig. 6). M tic intensities JC in t i

"

ns per cent
(or per inch) are plotted as abscises
and the corresponding flux densities
@® in kilolines per square centimeter (or
per square inch) as ordinates. The
curve 18 also known as the ®8-3C curve.
. The practical use of a magnetisa-
tion eurve may be best illustrated by
an example, t it be required to find
the number of exciting ampere-turns
for magnetising a steel ring so as to
produce in it & flux of 168,000 max-
wells. Let the cross-section of the
. ring be 3 cm. by 4 cm., and the mean
! diameter 46 cm. Let the quality of
the material be represented by the
curve in Fig. 6. he flux density is
168,000/(3 X 4) = 14,000 maxwells per
square oentimeter or 14 kilogausses.
For this flux density the. correegondi
abscissa from the curve is about 1
u.mp:::;m per b:enﬁfmmr. Tg:e total
Fra. 6.—Typical B-3C curve. requi number of ampere-turns is
Pl . 18X 7 X 46 = 2,600.
It may be noted that it is much more convenient to plot curves of @
using as abscisase JC in ampere-furns per unit length, rather than gilberts per
unit length. For ** B-JC’’ curves of various grades of steel and iron see
Sec. 4. The ‘nﬁrincipnl methods for experimentally obtaining magnetisa-
tion curves will be found in 8ec. 3.

80. In a magnetic circuit eonu-ﬂ.ngl:g.rﬂy of iron and partly of

air the ampere-turns required for establishing a certain flux are calculated
by adding together the ampere-turns requi for each part of the circuit.
Let B; be the flux density (gausses) in the iron and 4 the length (centimeters)
of the path in the iron, B, the flux density in the air and I the length of the
air-gap in the di ion of the lines of force. Then the total ampere-turns
required for the circuit are
NI=Xili+3Cola, (52)

where 3 (am turns) is found from a saturation curve for the known
value of B: (49) and JCa=0.7955@.. If ¢ is in inches, and B, in maxwells
per square inch, 3Cs = 0.31328.. The same method is applied if a magnetio
direuit consists of more than two parts, as for instance the magnetic circuit
of an electric generator or motor (S8ecs. 7 and 8). For numerous practical

bl and soluti see the author’s ** Magnetic Circuit,” pp. 27-31,
and Chaps. V and VI.

81. Analysis of magnetisation curve. Three parts are distinguished
ina ation curve (Fig. 6), the lower or nearly straight part, thn:middle
ed the knee of the curve and the upper part which is nearly a straight

. As the magnetic intensity X increases, the corresponding flux denmty
3 increases more and more slowly, and the iron is said to approach satura-

tion. The percentage of saturation of a hine is defined in Art. 47 of
the Standardization Rules of the A. I. E. E. (Sec. 24).

8. Susceptibility and induced magnetization. A magnetio flux in
iron or in another m:fnetic substance may be thought of as due to two

“auses: (1) the external applied m.m.f., and (2) the internal or molecular
mm.fs., induced by the applied m.m.f. Thus, we have

K=, ' (53)
where X is the magnetic intensity due to the external m.m.f., and J is the
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intensity of induced nu?etintion. The coefficient « is called the w-
bility of the material. The total flux density in iron also consists of two
parts, viz., that due to JC and to J, or, in the C.G.8. system,

®B =rIC+4x3. (54
Dividing both sides of this equation by JC, gives
pml44 wx, ' (85)

where u is the permeability of the material (Par. 88). Susceptibility is equal
to sero for non-magnetic materials, is positive for paramagnetic and nega-
tive for di netic sub It is seldom used in practice. *

63. The permeability (x) and the reluctivity (») of a material (Par.
48) are also defined as the ratios g

pegpand ym k. (56)
Their values depend upon the units selected for @ and JC. In the C.G.8.
electromagnetic system @ and JC are numerically equal for non-magnetic
materials, consequently umy=1. When ® is expressed in maxw per
square centimeter (or per square inch) and 3C in smmre—turm per unit
length, x and » for air and other no gneti terial ve values given in
Par. 46, 44.

84. Two different scales of permeability. For steel and iron the per-

meability u=@®/3C is frequently calculated from the magnetisation curve
Par. 49), and is usually plotted against @ as absciss® (see curves in Sec. 4).
ne must be careful to distinguish between the absolute Jgomnbmty
and the relative permeability. The former is equal to /X, the latter is
the ratio of the permeability of a sample to that of the air. Tn the C.G.8.
electromagnetic system both permeabilities are numerically the same,
because u is assumed to be unity for the air; nevertheless they have different
physical dimensions in any system of units.

88. Magnetic calculations. In practice, of mag
circuits with iron are usually arranged so as to avoid the use of permeability u
altogether, using a ®-JC curve directly (Par. 49 and 860). In some 1
investigations it is convenient to use the values of permeability and also an
empirical equation between 4 and B. For small and medium flux densities u
may be expressed as a parabolic curve, of the form

w=a—b(B—®)210"¢ (37)

N
@@giﬂl&i

F1a. 7a.—Relation between directions Fra. 7b.—Fleming's rules.
of current and flux.

For numerical values of the coefficients see Sec. 4. It is also possible to
represent the relationship between @ and JC for a magnetic material
empirically by a hyperbola (Frohlich's formula)

(Y
®= "'—_*_Fc. (58)
or also in the form .
reluctivity r-%- a+ﬂd¢-;. (69)

The coefficients @ and # must be so determined as to satisfy the saturation
curve of the particular material used.

86. The right-hand screw rule. The direction of the flux produced
by a given current is determined as shown in Fig. 7a (see also Fig. 5). If the

* Maxwell, J. C. ** A Treatise on Electricity and Magnetism,” Vol. II.,
Arts., 426 to 428.
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current flows in the direction of rotation of a right-hand acrew, the flux is in

the direction of the progressive movement of the screw. If the current in a

ight conductor is in the direct of the progre e motion of & right-

screw, then the flux ircles this conductor in the direction in which

the screw must be rotated in order to produce this motion. The dots in the

figure indicate the direction of flux or current toward the reader; the crosses,
that away from him.

57. The relativo direction of flux, e.m.f. and motion in a generator
mz be determined with the right hand by ing the thumb, index- and
i ﬁmn.ouwformtbethmuu s coordinate system and then
pcinting index-finger in the direction of the flux (north to south) and
the thumb in the direction of motion, the middle finger will give the
direction of the generated e.m.f. (Fig. 7'7). In the same way in & motor,
using the left hand and pointing the index-finger in the direction of the flux
the middle finger in the direction of the current in the armature con-
ductor, the thumb will indicate the direction of the force, and, therefore,
the_resulting motion. These two rules, indicated in Fig. 7b, are known
as Fle s rules.

88. Laplace’s law. In a medium the permeability of which is the same
at all poaints, the tic field int yg:odn at a point A by an
element of a conductor ds (in cm.) through which a current of s amp. is flow-
ing, is

630-1'];—':? (gilberts per cm.) (60)
where r is the distance between the element 3s and the point 4, in centimeters
and a is the angle between the directions of s and r. ~The intensity J3C is
perpendicular to the plane comprising ds and r, and its direction is deter-
mined by the right-hand screw -rul .:ven above. The field intensity pro-
duced at A by a closed circuit is obtained by integrating the above expression
for 3X over the whole circuit. :

8. The magmnetic fleld due to an indefinite s ht conductor,
wrym&‘ a current of s+ amp., consists of concentric circles which lie in planes
perpendicular to the axis of the conductor and which have their centres on
thi:d axis. The fleld intensity at a distance of r cm. from the axis of the
conductor is

x-% (gilberts per cm.), (61)
its direction being determined by the

|\

I,

\‘L—« w2l 02wl

T 10b3 (1 /_‘r,_‘_‘, )l ®

(gilberts per cm.). 2)
When =0 "
ge= 221 ©3)
L and when ! is very great in comparison
Fio. 8. —Magnetio field along the axis tor
of a arcular conductor. Jc-o'zn’l f (64)

13
61. The magnetic intensity within a solenoid made in the form of
s torus ring, and also in the middle part of a long straight solenoid, is

X -':—;ﬂll'» (gilberts per om.) (65)

where { is the current in amperes, and n, is the number of turns per centi-
meter .
The determination of the fleld intensity produced by short coils is
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usually a complex matter, and the results are expreased by complicated
formule. See references in Par. 74.

63. The stored magnetic energy in a single loop of non-magnetic wire,
when the dimensions of the wire are small compared to those of the loop (so
that the flux inside the wire is negligible), is

2

Webio =0 =2 (ioules) (66)

where 1 is the current in amperes, @ the flux linking with the loop, in webers,
and @ the permeance of the magnetic path, in henrys.

63. Effect of le . _When the flux linking with part of the turns of a
coil C is not negligible (see Fig. 9), the total stored energy may be expressed
in the following forms:

W= }ilnc®e + ZnpAd,], (67)
W = §13(n*Cc + Znpiaby) }
The last expression is identical with
. W = §Li? (68)
where L is the inductance of the coil (Par. 67). The subseripts ¢ in the fore-
going expreasions refer to complqto linkages, that is those which embrace

A

205

Fi1a. 9.—Magnetic field due to a coil.

all the turns of the coil, the subscripts p to partial linkages. See the
author’s * Magnetic Circuit,’" Art. 57.
64. The density of magnetic energy, or the magnetic energy stored
per cubic centimeter of a magnetic field is
piC? @} @ . .
T - - ——
w 8 ~ 8r —Brn (joules per cubic cm.). (69)
Here XC is the intensity in gilberts per centimeter, B is the flux density in
webers per square centimeter and u is the relative permeability; or if 3 is
in ampere-turns per centimeter, then

)

W e juiCle i(BJC-% (joules per cubic em.) (70)
where u is the so-called absolute permeability (see Par. 64). To find the
total energy of a field the preceding expressions are multiplied by the element
of the volume d¢ and integrated within the desired limits of volume. For
an mterestiezs; comparison of practical possibilities as to the amount of
energy stored in the netic form 8er unit volume, compared with other
forms of energy, see Steinmets, C. P., General Electric Review, 1913, p.
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no?fs Magnetic tractive force.® The carrying weight of a lifting mag-

AB?
Fm 24.64 (kg.) (7.1)

where & is the flux density in the air-gap, expressed in kilolines per square
centimeter, and A is the total area of the contact between the armature and
the core, in square centimeters. See also Sec. 5

66. Magnetic force or torque. The mechanical force or the torque
between two parts of a magnetic circuit may in some cases be conven-
iently calculated by making use of the principle of virtual displace-
ments. An infinitesimal lacement between the two parts is assumed,
and the assumption is made that the work necessary for this displacement
is equal to the change in_the stored magnetic energy, plus the electrical
energy added during the change from the source of7tlhe exciting current. For

details see the author’s ** Magnetic Circuit,” Art.

INDUCTANCE -

67. The electromagnetic inductance, or the coeficient of s¢lf-in-
duction L, is defined from any of the following three fundamental equations:

em —L%‘,‘- (72)
W = §itL; (73)
L=n2@.+ nd@y. (74)

These expressions are true only when the permeabilitK of the medium is con-
stant x'Fl:ue first equation expresses the fact that the self-induced voltage
is proportional to the rate of change of the current in the circuit, and L is the
coefficient of proportionality. According to the second equation, the mag-
petic energy stored in a circuit is proportional to the square of the current
(Par. 83), and L is the coefficient of proportionality. In the third formula
L is expressed through the permeances @ of the magnetic Rnthn linking with
the circuit (Fig. 9), and the number of turns with which these paths are
linked. The subscripts c and p refer to complete and partial linkages respec-
tively (Par. 68). I-‘gr practical purposes both inductance and permeance
are expressed in henrys (Par. 44). The first expression is convenient for
measurements of inductance, the third one for calculations in those cases
where the shape of the magnetic paths is known or can be estimated.

68. Closed etic circuit. For a torus ring (Fig. 5) uniforml;
wound with one Enr of thin wire the partial link may be neglect. !
0 that ny =0, and Pc=uA/l, where for non-magnetic materials u=1.000;
4 is the cross-section of the flux within the ring, and ! is the average length of
the fluz. Consequently

2
L_].257In< A

url0~8=1.257n11A10"%  (henrys) (75)

In this expression nc is the total number of turns, and niy =ne/l is the number

of turns per centimeter length of the magnetic path; I and A are in square

:;ntinaten; ur is the relative permeability of the core with respect to the air
'ar. §4).

69. Yor a torus ring of rectangular cross-section wound with several
yors of wire the inductance is

L=045BA+3tG+A 40110 (henrys)  (76)
In this expression b and A are the di i of the tic core on

which the wire is wound, D is the mean diameter of the ring, n is the total
number of turns, and ¢ the thickness of the winding (all in centimeters).

U the core is magnetic, the product bh must be multiplied by the relative

* Maxwell, J. C. ‘‘Treatise on Electricity and Magnetism;'’ Cambridge
Cniversity Press; Vol II, Art. 643.
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perx'nesbility of the steel. If the magnetic core occupies only 8 part a of
the cross-section bh, use the expression bhlaur+(1—a)], in place of bhA.

70. For other calculations of inductance using formula (68) see the
suthor’s ‘* Magnetic Circuit,” Chaps. X to XII.

71. Thin solenoids. For a straight coil uniformly wound with n; turns
per centimeter length, provided that the length of the coil is large com-
pared to its transverse dimensions, and that the winding consists of one layer
of comparatively thin wire, the inductance is

L=1.257n,21A410"% (henrys) @n
the notation being the same as in Par. 68.

73. The inductance of & long straight coil wound with several layers
of wire, and with an iron core of radius a 1nside,

Lmtmlarr[14+ (=1 5454+

where r is the inside radius of the winding, and
d its radial thickness; n1 is the number of turns
per centimeter length, and all the dimensions
are in centimeters. 1f there is no iron core,
put a=0.

73. Prof. Morgan Brooks has derived a
universal semi-empirical formula for the in-
ductance of short and long coils without
iron cores. His formula is given below in
two forms, one (79) for dimensions in centi-
meters, the other (80) for dimensions in En-
glish units. Both give results in henrys. The
notation is explained in Fig. 10.

Cm? F'F”
m X Tov (henrys) (79)

]
L2 Vo00). (o) XF'F"  (henrys) (80)
ST btctR onry
In Eq.(80) the conductor length is in thousands
of feet, and the coil dimensionsin inches; 0.366
is the conversion factor. F’ and F” are em-
pirical coil-shape factors dependent upon the
ind dent of the absolute

ds
3r

Jio-+  (henrys) (78

L

relative, and indep
di i of the winding. Values of F! and
F? are as follows: F1a. 10.—See Par. 73.
10b+12¢+2R o, _ 4R .
F’-m. F 0.5 loglo(100+—————2b+3c (81)

Cm indicates the length of the conductor in centimeters;
Ft indicates the length of the conductor in feet, and Ft/1000=thousands of

feet;
N is the total number of turns in the winding, whenoe

Cm =2xaN, when a is in centimeters, and (82)
e - 2xaN hen a is in inches. (83)
1000~ 12000 " " @ -

Numerous tables, curves, and charts which simplirfqy the use of this formula
for practical design will be found in the Bulletin No. 63 of the University
of lrlinois. by Morgan Brooks and H. M. Turner, entitled ‘‘ Inductance of
Coils.” For another empirical formula see Do ie“' L. A., “The Inductance
of Air-cored Solenoids,” Elec. World, Vol. LXIII (1914), p. 259.

74. Bureau of Standards, formulas for inductance. For a thorough
analysis and comparison of various formulas for the inductance of coils':to
reader is referred to the following excellent series of articles published in the
Bulletin of the Bureau of Standards:

' Formulw and Tables for the Calculation of Mutual and Self-inductance
(Revised), E. B. Rosa and L. Cohen, Vol. VIII, p. 1; 1912; ** Caloulation of
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the Self-inductance of Single-layer Coils,” Edward B. Rosa. Vol. II, p. 161;
1908; ' The Self-inductance of a Coil of any Length Wound with any Number
of Layers of Wire,”” Edward B. Rosa. Vol. IV, p. 369; 1907; ** S8elf-Inductance
of a Solenoid of any Number of Layers,” Louis then. Vol. IV, lp 383; 1907;
“Construction and Calculation of Abeolute Standards of Inductance,”
J. G. Coffin. Vol. II, p. 37; 1906.

* Revision of the Formulas of Weinstein and Stefan for Mutual Inductance
of Coaxial Coils,” Edward B. Roea. Vol. II, p. 331; 1906; ‘‘The Mutual
Inductance of Two Circular Coaxial Coils of Rectangular Section,”” Edward
B. Rosa and Louis Cohen. Vol. II, p. 350; 1906. See also E. Orlich,
“Kapasitdt und Inductivitit” (Vieweg), p. 74. and Louis Cohen, ** Formul®
and Tables for the Calculation of Alternating-current Problems,” Chap. 2,

78. The inductance of a concentric cable is (Fig. 11)
L =0.4605 lono(g) 4+0.05+L’ (millihenrys per km.) (84)

LN PR WAL P N}
=5l -16G) *1e(G) '+ - - - ] (85)
The foregoing expression for L is true at low frequencies only. At high

vencies an unequal distribution of currents reduces the partial linkages
%0 t in ge:

where

L =0.4605 logu(%) +k(0.05+L"). . (88)

Here k=1 at usual industrial frequencies, and gradually approaches sero
as the frequency increases to infinity.

7¢. N-conductor cables. For the field
distribution in and the inductance of non-
concentric cables see Alex. Russell, ** Alter-
nating currents,” Vol. I; for the induct
of armored cables see J. B. Whitehead
*The Resistance and Reactance of Armo:
Cables,”” Trans. A, I. E. E,, Vol. XXVIII
(1909), p. 737.

77. The inductance of a single-phase
transmission line is given by

L = 0.4605 logu%-lv- 0.05, in millihenrys per
kil ter of one d y (87)
where a is the radius of the conductors, and b

F1a. 11.—Cross-section of is the distance between their centres. To find
concentric cable. the inductance per mile mnlﬁ[ly by 1.?09.
N n d feet

To find ti
divide by 3.281. For tables of reactance (Par. 184) at usual frequencies
and see Sec.

78. Yor iron conductors use 0.054, instead of 0.05 in the above formula,
where g, is the relative permeability of the iron with respect to the air. The
value of s, varies with the current, and also depends upon the %o\mlity of the
iron. For good tel ph wire x, is equal approximately to 150.

. 79, For stranded conductors the actual radius is too large to be used
in the formula for inductance. For all practical purposes, the equivalent
radius of & stranded d may be d the same as that of a solid

conductor of the same sectional area. For an accurate calculation
of the inductance of stranded conductors see Dwight, H. B., Electrical
World, 1913, Vol. LXI, p. 828.

80. The inductance of a three-phase line with symmetrical spacing,
Per wire, is the same as the inductance of a single-phase line per wire, with
the same sise of wire and the same spaci It is d by the formula
(87)in Par. T7. This formula holds true for balanced as well as unbalanced

for bal d and unbal d line voltages, for a three-wire two-phase
system, three-wire single-phase system, monocyclic system, etc. o

81. For a semi-symmetrical lpu:tn‘g of a three-phase line, that

when two spacings are equal, and the third is different, formuls (87) in
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Sec.2-82 ELECTRIC AND MAGNETIC CIRCUITS

Par. 77 holds true only for the conductor situated symmetrically with respect
to the other two. he inductance of the other two wires cannot be cal-
culated in a simple manner. For practical purposes it is sufficient to take
the inductance of all three wires as equal to that of a line symmetrically
spaced, the equivalent spacing being equal to the geometric mean of the three

actual spacings, or
bog= {/ bibabs. (88)

83. Yor the equivalent resistance and reactance of a three-phase
line with unequal spacings of wires see the writer's ** Magnetic Circuit™,
Art. 63. In this case the e.m.f. induced in a conductor by the varying mag-
netic fluxes ists of two comp ts, one being in quadrature, the other
in phase with the current in the conductor. The first component corresponds
to the inductance of the conductor, the other represents transfer of power
from one phase to the others. In general, these components are different
for the three conductors, and in order to equalize them for the whole line

ductors are transposed after a certain number of spans. i -
tion of conductors is used on power lines (Sec. 11) as well as on telegraph
and telephone lines (Sec. 21) to reduce the unbalancing effect of mutual in-
duction. See also Par. 87 below. The inductance of two or more parallel
cylinders of any cross-section can be expressed through the so-called geo-
metric mean distance introduced by Maxwell.* For details also see Orlich,
* Kapasitit und Inductivitit,” pp. 63-74.

88. Mutual inductance. When two independent electric circuits,
(1) and (2), are in proximity to each other, their electromagnetic energy may
be said to consist of three parts: the part due to the linkages of the flux pro-
duced by the circuit {11) with the current in (1); that due to the flux produced
by the circuit (2) with the current in (2); and that due to the current in each
circuit linking with the flux produc b{ the other circuit. Employing the
notation in Par. 67, the total energy of the system is expressed by

W=4i12L1+3$is2Las+t18slm (joules) (89)
where L and L3 are the coefficients of self-induction of the two circuits, and
Lm is called the coefficient of mutual inductance of the two circuits.
All three coefficients are measured in henrys.

84. The coefficient of mutual induct: is also defined from the
relations: @i &

1 3
a Ln ap e L"dt . (90)

that is, L determines the voltage e: induced in the circuit (1) when the current
83 in circuit (2) varies with the time, and vice versa.

88. The coefficient of mutual inductance of two long coaxial
single-layer coils of the same length I and cross-section 4, is

Lm=1.257n31A1078, (henrys), (91)
where n1 and n2 are the numbers of turns per centimeter length of the two
coils respectively; ! and A are ed in centimeters.

86. Yor two long coaxial coils wound in several layers the coefficient
of mutual inductance is a an
La=tntmilddmt(14714 35)  (benrys)  (02)
and if an iron core is present d an
Ln= 4n|’m’ldldnr|’[ 14 (ur—1)a2+ 7: +ﬁ,] (henrys) (93)
of notation see Par. T8 above. See also the references

For explanati
in Par. T4.
87. The coefficient of mutual inductance of two parallel line
circuits (Fig. 11a) is given by
by

L =0.4605 1o¢m(bm) (millihenrys per km.) (94)

where a1 and b are the distances from one of the wires of circuit 1 to the

* Maxwell, J. C. * Treatise on Electricity and Magnetism,” Vol. I, p. 324,
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Circuit 1 conductors of the other circuit, and as and bs
S —— are the corresponding distances of the other
wire of circuit 1 from the conductors of the

N other circuit. For interference between

a) transmission and telephone lines due to
as 8 mutual inductance see S8ec. 21. Tra ition

of telephone lines is also explained in Sec. 21.

Circuit 2 88. Actual measurement must be em-
Fie. 11 ployed in most cases to determine the coeffi-
G. 1la. cient of mutual inductance. BSee Sec. 3.

HYSTERESIS AND EDDY CURRENTS

83. The hysteresis 10op. When a sample of iron or steel is subjected
toan alternating magnetisation, the relation between @ and I (Par. 49) is
different for increasing and decreasing values of the magnetic intensity (Fig.
12). This phenomenon may be thought of as due to some kind of friction
between the molecules of the magnetic material. Each time the current
wave completes a cycle, the magnetic flux wave must also complete a cycle
and each molecular magnet be turned through one revolution. This loss
sppears as heat. The figure AefBcdA in Fig. 12 is called the hysteresis loops.

90. Retentivity. If the coil shown in Fig. 5 be excited with alternating
current, the ampere-turns and consequently the m.m.f. will, at any instant,
be proporti 1 to the instant value of the exciting current. Plotting
Y £-x°°or s ©—F curve (Fig. 12) for one cycle, the closed loop, cdAe/B, is
obtained. The first time the iron is magnetised the virgin or neutral curve,
04, will be produced; but it cannot be produced in the reverse direction,

, because when the m.m.f. drops to sero there will always be some mag-
petism (+Oe or —Oc) left. This is called residual magnetism and in
order to reduce this to sero, an m.m.f. (—Of or +0d) of opposite polarity
must be applied. This m.m.f. is called the coercive force.

91. Wave distortion. If the instantaneous values of the exciting current
I (which are directly proportional to the m.m.f.) and @ are plotted with
time (Fig. 12) it is seen that if the coil is connected across a sine-wave e.m.f.,
the current wave will be badly distorted and displaced from the e.m.f.
wave, which is in time quadrature with the flux wave, as shown at the left
in 12. On the other hand, if the coil is connected in series and the cur-
rent forced to follow the sine curve, the flux wave is distorted and displaced
from the current wave, as shown at the right in Fig. 12.

Fra. 12.—Periodic waves of current, flux and e.m.f.; hysteresis loop.

92. Components of exci current. The alternating current which
fows in the exciting coil (Fig. 12) may be considered to consist of two com-
ronenu, one exciting magnetism in the iron, and the other sugplyu the

ysteresis loss. For practical xmooeo both components may be rep. ced
by equivalent sine-waves, and ly by vectors (Fig. 13). We have

I, =1 cos 0=power component of the current;
Py=IE coe 0 =,E= hysteresis loss in watts,
Ja=1I sin @ = maguetizing current,
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wherein 7 is the total exciting current and 6 the angle of time-phase displace-

ment.
The energy lost per cycle can be represented by the area, AfBd, of the
loop; see Par. 94 below. J

93. Hysterotic le. Without hysteresis, EA
the current I would be in phase quadrature with
E. For this reason the angle a=90—0 is called -
the angle of hysteretic advance of phase.

Sin a= I, _LE_ __ watts loes (95)

*=°T ™ 1E " apparent watts’

In practice, the measured loss usually includes
eddy currents (Par. 98) so that the name ‘' hys-
teretic'’ is somewhat of a misnomer.

94. The energy lost per hysteresis cycle
(Fig. 12) is proportional to the area of the loop,or

+@
Energy-chma (joules) UM

-@ Fro. 13.—Components
wherein V' is the volume of the iron, B and JC of exciting current; hys-
being the coordinates of the loop instead of ® and teretic angle.
¥ as shown in Fig. 12; and ¢ a constant depend- o
lAng. u&on the scale used. For details see the author’s ** Magnetic Circuit,”

95, Steinmets’s formula. According to exhaustive experiments by
Dr. C. P. Steinmets, the heat energy released per cycle per cubic centimeter
of iron is approximately

W =nB!- 0., (ergs) 97)

The exponent of ® varies between 1.4 and 1.8 but is generally taken as
1.6. Values of 5 are given in Sec. 4 (see index).

96. Power loss per unit weight. The most convenient way to express
the hysteresis loss is

! GM’ . 3
Prmka To()( 1000 (watts per unit weight) (98)
wherein f is the frequency in cycles per d; ® the i flux density

in lines or maxwells per square centimeter, and ka a constant; see Sec. 4.
97. Two-term formula. Another empirical formula for the hysteresis

loss is
Pr=f(y’"B+n"’B?) (watts per unit weight) (99)

where 5’ and »’’ are empirical coeficients. This formula
is more accurate at medium and high flux densities than
the preceding one.

98. Eddy-current losses are IR losses (Par. 27) due
to secondary currents (Foucault currents) established in
those parts of the circuit which are interlinked with alter-
nating or pulsating flux. Referring to Fig. 14, a bar-
shaped conductor is just entering a non-uniform field.
The advancing side, 4, is cutting more lines than the
srailing side, B, so that there is a difference in potential
between these two sides and electricity will flow as shown
by the arrows. The value of the currents, according to
Ohm’s law, is directly proportional to the e.m.f. and in-
versely proportional to the resistance of the path. The

Fia. 14. e.m.f. is directly proportional to the thickness, ¢, of the

Eddy currents. bar, but the length of the path, and therefore its resist-

i . ance, is but slightly altered by varying the thickness, ¢.

Referring to Fig. 15, which shows a cross-section of a transformer core,
primary current, I, produces the alternating flux, ®, which by its change
generates an e.m.f., ¢, in the core; this e.m.f. then sets up the secondary
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eurrent, i. Now, if the core be divided into two (b), four (c), or n parts,

the same total e.m.f. will be generated but the e.m.f. in each circuit will be

e/2, e/4, ¢/n respectively, whatever the

4 I I length of the circuit, and therefore the
resistance will not be materially alte;

99. Effect of lamination. From the
two examples given above it is seen that
the eddy currents can be greatly reduced
by laminating tbe circuit, i.e., by making
<) it up of thin sheets each insulated from the
(a) %) ( others. The same purpose is accomplished

3 . by using stranded conductors or bundles
F1a. 15.—Section of trans- of wires. . The eddy-current loss in a
former core. laminated iron core is

2
Py=ke uimo&')i (watts per unit weight) (100)
’
wherein ¢ is the thickness of the laminations in mils; / the frequency in cycles
m mten’iu'.lm k. a factor including the specific weight and resistivity of
material.
The determination of values of the constant, ke, for different materials is
treated in Sec. 4 (see index).
A formula for the loss in conductors of circular section, such as wire, is
Py (7T/Bnea)?
T 4 1000
wherein r is the radius of the wire in centimeters; f the frequency in cycles per
second ; Bues is the maximum flux density in lines per square centimeter
snd p the specific resistance of the wire, .., the resistance in ohms per
centimeter cube.
A farmula for the loss in sheets is

) p,-.(_'%’%“)j (watts per cu. cm.) (102)

wherein ¢ is the thicknees in centimeters; f the frequency in cycles per second;
(Bues is the maximum flux density in lines per asquare centimeter, and p the
specific resistance. L.

The specific resist. of vari materials is given in Sec. 4 (see index).

100. Real or ohmic resistance is the resistance offered by the conductor
to the passage of elactricity. Although the specific resistance is the same for
either alternating or continuous current, the total resistance of a wire is
greater for alternating than for continuous current. This is due to the fact
that in a conductor which is continuously cut by flux, there are generated
e.m.fs.; these e.m_fs. are greater at the centre than st the circumference
s0 that the potential difference tends to establish currents which oppose the
main current at the centre and assist it at the circumference. The result is,
that the main cucrent is forced to the outside thus reducing the effective area
of the conductor. This phenomenon is called skin effect (Par. 101).

101. 4 theoretical formula for the calculation of skin effect is*

1 /2xflu\? 1 2xflu\*
r=R[1+55(z100) ~Teo(ios) +ote] (obme. G10D
herein r is the resist offered to an alternating current: R that offered
to a continuous current; / the frequency in cycles per sccond, u the relative
permeability of the conductor and { the le; of the conductor in centimeters.
It will be noted that 1/R is proportional to the area of cross-section of the
conductor; therefore, the skin effect degenda upon the area of cross-section
of the conductor and the frequency of the current. These should be kept as
small as possible, although skin effect seldom cuts any great figure where
moderate sized conductors are used to carry current at ordinary frequencies.
It is in iron or other magnetic materials, where skin effect becomes really
important. It must be considered in rail returns for alternating-current
systems. Skin effect tables are given in Bec. 4 (see index). For a detailed

Ar:.M."dl’ J. C. ** A Treatise on Electricity and Magnetism,” Vol II,
600.

(watts per cu. cm.) (101)
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treatment of resist to alternating currents and eddy ourrent losses in
metallic conductors see Louis Coben, ** Formul® and Tables for the Calcu-
lation of Altemaﬁng-cment Problems,’”” Chap. I. Numerous tables and
formuls will be found there, relating to the resi to alternating currents
and eddg current losses in solid, hollow and concentric cylihdrical conductors,
flat conductors, coils and conductors in slots of laminated iron armatures.

103. Effective resistance and reactance. When an alternating-current
circuit has appreciable hysteresis, eddy currents and skin effect, it can be
replaced by an equivalent circuit, without these losses, by using equivalent

tances and equivalent reactances (Par. 164) in place of the real ones.

These equivalent or effective quantities are so chosen that the energy rela-
tions are the same in the equivalent circuit as in the actual one. In a series
circuit let the true power lost in ohmic resistance, hysteresis, and eddy
currents be P, and the reactive (wattless) volt-amperes P’. Then the effec-
tive resistance and reactance are determined from the relations

ressmP; iizey =P, (104)
In a parallel circuit, with a given voltage, the equivalent conductance and
susceptance (Par. 163) are calculated from the relations

ey =P; ethessmP’. (105)
Such ﬁuivslenc electric quantities which replace the core loss are used in
the analytical theory of transformers and induction motors.

108. Core loss. In practical calculations of electrical machinery the
total core loss is of interest rather than the hyteresis and the eddy currents
separately. For such computations empirical curves are used, obtai
from tests on various grades of steel and iron (see Sec. 4).

104. The aration of hysteresis from eddy currents. For a
given sample of laminations, the total core loss P, at a constant flux density
and at variable frequency /, can be represented in the form

Paaf+bfr (106)
where af represents the hysteresis loss and bf* the eddy or Foucault-current
loss, a and b being two constants. If we write this equation for two known
frequencies, two simultaneous equations are obtained from which a and b
are determined.

108. Determination of constants. It is convenient to divide the fore-
going equation by f, because in the form

;—’-a+bf 107)

it represents the equation of a straight line between (P/f) and f. Having
pl::tped the known values of %P/ against f as abscissse {Le most probable
straight line is drawn through the points thus obtained. The intersection
of this line with the axis of ordinates gives a; b is calculated from the pre-
oceding equation. Knowing a and b, the s<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>