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PREFACE

The modern radio communication center with its numerous trans-
mitters and associated equipment is a far cry from the isolated radio
station of a decade or so ago. The highly developed stations of the
present day demand of their operating personnel a skill which is closely
akin to radio engineering. Broadcasting and its consequent effect on
all radio are largely responsible for this. Broadcasting gave a spurt to
radio unequaled in the annals of any other scientific development.
Apparatus was hurriedly built and the erection of stations rushed. The
technical aspects of radio were in a constant upheaval, apparatus,
methods, and even systems changing from month to month. But the
initial confusion is now over; radio has found its stride, so to speak, and
its technique is quite settled. Radio evolution in the future holds
promise of being less spasmodic.

The situation thus pictured has been recognized by the government
in the establishment of the Federal Communications Commission with
a special division charged with the establishment of technical standards
to which all licensed radio operators must. conform. These standards
are high and keep pace with scientific radio development. But there
are other even higher standards up to which the technical radio operator-
technician must measure. We refer to the standards set up by employers
of technical radio personnel. These employers have found it good
business to employ only thoroughly qualified men. It follows, therefore,
that technical radio education must fill this demand.

It was to meet the expanded scope of technical radio requirements
that this book was planned. We believe that our objective of providing
within one volume most of the technical information required by the
practical radio operator-technician has been achieved. The original
manuseript would have made a book almost 50 per cent larger than the
present volume, with a consequent increase in price. Hence, in order to
keep the size of the book within reasonable limits, many sections were
condensed. Wherever a diagram in the practical sections told the
story, a word-for-word explanation was omitted. What the reader does
not find in the text, therefore, he will usually learn from the diagram.
As far as possible, items on the diagrams have been labeled. This has
been done to aid the reader and instructor in referring to these specific
items, even though a list of parts may not accompany the diagram.

The book is divided roughly into two parts: Principles and Practice,
The first six chapters are given over to principles and the remaining nine
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vi PREFACE

chapters to practice. High-grade technical skill is always founded on a
sound basis of fundamental principles. It has been our purpose, there-
fore, to go into these principles extensively, delving deeply into alternat-
ing current, which plays an important part in modern radio. It is on the
assumption that these principles have already been mastered that the
practical sections of the book have been written. In fact, it is necessary
that these principles be understood before the practical sections,
beginning with Chap. VII, can be read intelligently.

Throughout the book, wherever current flow is treated, the electron
viewpoint (negative to positive) has been adhered to. Indications are
that the general trend in radio technical circles is in this direction,
rather than in the direction of a blind acceptance of the conventional
(positive to negative) direction law expounded in the majority of texts
on electricity.

Particular attention has been given to broadcasting, and much of the
material included on this subject appears here for the first time in a radio
textbook. The practical description of the Western Electric broadcast
transmitter is written on a basis of wide operating experience with this
equipment. The treatment as here given is not a mere digest of instruc-
tion-book material; and the diagrams accompanying the text were
especially prepared and simplified for our purpose.

Broadcast men will also find the chapters on Studio Acoustics and
Apparatus, Control-room Equipment and Operation, and Antennas to
be of great value for the ordinarily inaccessible information which they
contain.

Police operators will find much of interest in the broadcast sections
and, in addition, in the sections on ultra-short-wave equipments, which
are now extensively used for police communications.

Aviation radio is treated from the radio-telegraphic, as well as from
the radio-telephonic, angle. Modern aircraft transmitters, receivers,
and direction-finding equipment together with the testing and mainte-
nance of this apparatus are included.

Nowhere is radio more important than in its marine applications; and
it is with this in mind that the sections dealing with marine radio have
been written. In addition to the conventional medium-frequency
equipment, high-frequency transmitters and receivers have been fully
illustrated and explained. Low-power transmitters such as are used by
the Coast Guard have also been included. Marine direction finders
and the principles underlying all such equipment are completely covered
in a special chapter.

The last three chapters of the book are given over to a thorough
treatment of power-supply apparatus including rectifiers, generators,
and batteries, and their associated equipment. By placing this material
at the end of the book we have saved the reader the necessity of tediously
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completing these power chapters before getting on to the more interesting
study of radio circuits. We feel that this approach to the subject,
although.a new one, offers distinct pedagogical advantages.

Lack of space did not permit a discussion of the nearly obsolete spark
and arc transmitters or of radio laws. Those readers who wish informa-
tion on these old type transmitters will find them adequately described
in the authors’ “Practical Radio Telegraphy,” the predecessor to this
volume. Radio laws have been fully treated in the companion book to
this volume, the authors’ ““Radio Operating Questions and Answers,”
and in inexpensive government publications.

In short this book covers the requirements for all classes of radio
operator’s license examinations, treats long, medium, short, and ultra-
short-wave radio, includes all classes of radio stations, and, in general, is a
complete text on the practical radio communication based on a theoretical
introduction.

THE AUTHORS.

NEw York, N. Y.,
June, 1935.
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SYMBOLS AND ABBREVIATIONS

Note: Where a single symbol is given more than one meaning in this list, the
application in a particular instance is obvious from the context of the text.

A

A
a.c.
ACW
ACCW
a.f.
amp.
av.
ma.
AVC
B, b
B

®
C,c
c.g.s.
cm.
cond.

cos ¢

cw

d

db
d.c.
D/F
E
e.m.f.
e

E ¢

E

E,

Ea4

E,

E’cm €cn
E,
EM.F, emf.

E,

E,
F

voltage amplification or gain.

area or cross section; amperes.
alternating current; in tables and lists
attenuated continuous wave(s).
continuous waves generated by an alternating-current plate supply
(ACW).

audio frequency; in lists and tabular matter = A.-F.

ampere.

average.

milliampere.

automatic volume control.

susceptance.

lines per square inch.

flux density in gausses per square centimeter.

capacity (farads).

centimeter-gram-second (absolute) system.

centimeter.

condenser.

A-C.

power factorg; in text line B/Z.

continuous waves (unmodulated).
distance; diameter; difference.
decibel.

direct current.

direction finder (radio).

effective electromotive force; electrical pressure; volts.
electromotive force.

instantaneous e.m.f.

electric-field intensity.

vector e.m.f.

maximum or resultant e.m.f.
maximum or resultant vector e.m.f.
grid-biasing voltage.

counter e.m.f.

grid-signal voltage swing.
electromotive force.

r.m.s. vector. LA_)
V2

vacuum-tube plate voltage.
force (magnetomotive force in Gilberts); filament; modulation
factor.
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Se
Fl
G g
gal.
Gn
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me. or mec./s.
MCW
mf., mfd.
mmf.
m.m.f.
mh.

wh.

Mu = ()
M. O.
m.p.
M.O.P.A.
N
my./m.
m.p.h.
mw.

n

nl
NEMO
Osc.

P

P.A.
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= frequency, cycles per second; filament; farad.

cut-off frequency.

full load.

conductance; vacuum-tube grid.
gallon(s).

mutual conductance (inicromhos).
ampere turns.

height.

henry.

hysteresis; gilberts per centimeter.
magnetic-field intensity; harmonic (pad type).
second harmonic (Ff; = third harmonic, ete.).
effective current flow, strength of flow.
instantaneous current.

plate current.

interrupted continuous waves.
intermediate frequency.

v/ =1 (operating vector).

numerical constant; dielectric constant.
coupling coefficient.

kilocycles.

kilovolt-amperes (E X I X 1,000).
kilowatt (B X I X cos ¢ X 1,000).
inductance.

length.

logarithm.

modulation percentage.

mutual inductance; mutual coupling.
meter (39.37 in.); modulation factor.
milliammeter.

milliampere.

megacycle.

modulated continuous waves.
microfarad.

micro-microfarad.

magnetomotive force.

millihenry.

microhenry.

amplification factor er constant.
master oscillator.

maximum peak.

master-oscillator power amplifier.

total number of turns; turns ratio; number of field poles.
millivolts per meter.

miles per hour.

milliwatts.

number of turns.

no load.

= pick-up equipment remote from main-studio control room.

oscillator.
average electrical power (watts), E X I; vacuum-tube plate.
power amplifier.

P, p = primary.
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R.F., rf.
R.M.C.A.
RFA
r.m.s.
r.p.m.
r.p.s.

S, s

Sg, sg
Sw.

T, t

T-L

VA, va.
VM, vm.

Y,y

SIS

avy
eff
Sl

maz
min
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instantaneous power.

potential difference (volts).

power factor.

efficiency of a coil.

quantity of electricity in coulombs or ampere-hours.
noise suppression control.

resistance (ohms).

reluctance.

resistance of output load or circuit.
vacuum-tube alternating-current plate resistance.
Radio Corporation of America, Inec.

radio frequency.

Radiomarine Corporation of America, Inc.
radio-frequency ammeter.

root mean square.

revolutions per minute.

revolutions per second

secondary; switch.

screen grid.

switch.

time in seconds.

transmission line.

vacuum tube.

velocity.

volts X amperes.

voltineter.

volume indicator.

average clectrical energy in joules or watt-hours (B X I X ¢).
watts.

Western Electric Co.

instantaneous energy.

reactance (reactive ohms).

capacitive reactance (ohms).

inductive reactance (ohms).

mutual reactance (chms).

admittance.

impedance (combined R and X in ohms).
impedanee magnitude (absolute value of)
impedance of input load or circuit.
impedance of output load or circuit.

SusscrirT LETTERS

applied.

antenna.
alternating current.
average.

effective value.

full load.

maximum value.
maximum value.
minimum value.
milliampere.



pv./m.
mv./m.
nl

P, p

p.r.
S, s

s.r.
r.m.s.

B

SEFr > o

uv.
pv./m.
HEW.

lRoe e«
fl

¢ 8

H Y.
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= microvolt per meter.
= millivolt, per meter.
= no load.

= input.

= output. .

= primary.

= parallel-resonant.
secondary.

= geries-resonant.

= root mean square.

SprECIAL SIGNS

phase angle.

wave length.

permeability; amplification factor.
microfarad.

= micro-microfarad.

= microhenry.

= microvolts.

= microvolts per meter.

= micro-microwatt.

specific reluctance.

3.1416.

= phase ‘angle; power factor; flux (magnetic lines of force).
2#f; ohms.*

ohms (standard); megohms.*
is proportional to; varies as.
cycle.

infinity.

angle.

r.m.s. magnitude (|E|, lZi).
therefore.

(delta) change, variation.

is not equal to.

plus or minus.

* It is the practice among many engineers to use “ to denote ohms and % to denote
megohms. In this text “ denotes ohms and ¢ denotes megohms. Examples: 10 = 10
ohms; 102 = 10 megohms.
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GREEK ALPHABET

Letters Names Letters Names | Letters I Names
—_— — |
A a Alpha I ¢ Iota :i P | P Rho
B 8 Beta ' K & Kappa | 2 a,s Sigma,
r v Gamma | A A Lambda ) T T Tau
A 5 Delta M n Mu T v Upsilon
E € Epsilon | N v Nu l ® |goro Phi
‘7 ¢ Zeta | = | & Xi | x X Chi
H ] Eta BRY o Omicron v | oy Psi
<] 0 Theta I T Pi l Q | @ Omega

CoMMON PREFIXES

Charac-
A.bb.re— Prefix Numerical equivalent T A teristic of
viation exponent .
logarithms
meg. mega 1,000,000 10¢ 6. —
k. kilo 1,000 103 3. —
Fraction Decimal
deci. deci 1/10 0.1 10-! - 1. -
c. centi 1/100 0.01 10-2 - 2, —
m. milli 1/1000 0.001 10-3 - 3. -
u micro 1/1,000,000 0.000001 10-¢ - 6. —
pp (mm.)| miero-micro | 1/1,000,000,000,000 |0.000000000001 10-12 —-12. —
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PRACTICAL
RADIO COMMUNICATION

CHAPTER 1
DIRECT-CURRENT ELECTRICITY AND MAGNETISM

The precise nature of electricity is as undefined today as it was
when electrical effects were first noticed centuries ago. Its manifesta-
tions, however, are now quite well understood, and from these, modern
science has been able to construct a theory of electricity which satisfac-
torily explains most electrical actions.

It is upon this theory of electricity, known as the electron theory, that
the art of radio is based. It is consistent, therefore, that a study of radio
communication should begin with an exposition of the fundamental
concepts of electricity as outlined in this chapter.

I. ELEMENTARY ELECTRICITY

1. Electric Charges and Forces.—It has been found that when
certain bodies are subjected to friction, they possess a property of attrac-
tion or repulsion, depending upon the character of the materials used.
This property has been defined as electricity or electrical energy, and is
generally referred to as electrical charges showing differences in behavior.
This is to say that, if one body acts in a definite manner, it is said to be
positively electrified; and, if it acts in an opposite manner, it is said to
be negatively electrified. It is merely an arbitrary expression of behavior
to state that a body is positively or negatively electrified, charged, or
excited. If a body does not react at all, it is said to be neutral, that is,
the positive and negative charges are equal and therefore neutralize
one another.

If a piece of sealing wax is rubbed with fur it is found that it acquires
abnormal powers to attract other lighter bodies. This force of attraction
is actually large enough to attract small bits of paper or deflect a sus-
pended pith ball against the force of gravity.

If a pith ball is suspended from a silk thread, as illustrated in Fig. l(a) :
and touched with a charged ebonite rod, the ball will acquire a negative
charge. This is due to the ball receiving some negative particles of
electricity from the rod, which consequently leaves it in an excessively

1
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negative state. The ebonite rod will then repel the ball. If a charged
glass rod is touched to another pith ball, some negative particles will
pass from the ball to the glass, leaving the ball positively charged. The
two pith balls thus oppositely charged and placed in the vicinity of one
another will attract each other. Hence the law: Like charges repel and
unlike charges attract one another.

Figure 1(e¢) may be used to show the phenomena of electrical forces
existing between bodies and will serve as an illustration of a testing
instrument for detecting small positive or negative forces. By applying
negative particles to the suspended pith ball as previously stated, the
instrument may be used as an effective electroscope to detect the presence
and kind of charge in other bodies.

Non-Conductor

or
Insule, {‘\or @ @
@) &
Prth C ona’ucfor‘
2}

(a) (b)

F1a. 1.—Phenomena of electrical forces between two bodies.

harged

L Silk
Suspension
7hreads

AR RANY

Any two dissimilar materials brought in contact become more or less
charged with equal amounts of opposite kinds of electricity.

Uncharged or neutral bodies are believed to be composed of equal
amounts of positive and negative particles of electricity. Thus, if a
charged body is placed near it, the interior positive and negative par-
ticles of electricity are displaced in the manner illustrated in Fig. 1(3). It
will be noted that the external charge attracts the unlike charge in the
neutral material, and repels the like charge. If the material is a con-
ductor, the negative charges are shifted to one end of the sphere and the
positive charges to the opposite end. This is probably due to the fact
that many of the negative particles move about freely in conductors,
while in insulating materials or poor conductors the negative charges are
bound, and are therefore not free to move about. In good insulating
materials there are assumed to be few or no free charges, and yet attrac-
tion with charged bodies may result owing to the formation of the charge
into small doublets. An approaching charge will attract these doublets
as illustrated in Fig. 1(b).
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It is this production of a state of strain between bodies that is called
electric or static lines of force. The presence of these lines is fairly con-
clusive proof that all matter is a fundamental manifestation of electricity.

Matter in the general sense may be defined as anything that hag
weight, such as solids, gases, and liquids. Matter is believed to be
composed of molecules which in turn are made up of one or more of the
92 known chemical elements. These elements of which the molecule is
composed are known as atoms.

2. Protons and Electrons.—Matter, therefore, may be imagined as
being made up, in the last analysis, of small individual bodies called
atoms, which in turn are made up of small quantities of positive and
negative charges called protons and electrons, respectively. The physical
dimensions of these minute particles are now definitely known, particu-
larly under conditions of rest. The proton has been calculated to have a
mass 1.66 X 10~%* gram when at rest, and the electron to have a mass
of 8.99 X 10~% gram when at rest. These particles have a definite
amount of charge about them which is called the electrostatic field. This
field is a stationary one and is measured in units called electrostatic units
or more recently statcoulombs. The statcoulomb, therefore, is an expres-
sion of the number of units of electricity or electric lines of force present
when a body is at rest. The proton and electron both possess an
indivisible charge about them of 4.77 X 10~1° electrostatic lines or
statcoulombs.

From these dimensions it is'quite apparent that the mass of an
electron is an insignificant part of the total mass which is almost entirely
the proton. This condition has now been definitely proved by the
hydrogen atom, which incidentally is the smallest of all the atoms, and
which contains one proton and one electron. In other words, the mass
of a proton is substantially equal to the mass’of the hydrogen atom which
is calculated to weigh 1,840 times as much as an electron.

An ‘atom is therefore a sort of solar system with a sun and planets
and empty regions. These empty regions are of vastly greater dimen-
sions than the imaginary sun and planets, so much so that in reality the
greater part of a molecule, and in turn all matter, is unoccupied, although
it may seem to us to be solid, gaseous, or liquid. In this imaginary solar
system which makes up the atom we might conceive of the planets as the
electrons and the sun as nuclear protons. It thus seems logical and
according to scientific research findings that the weight of a body is
dependent upon its atomic structure, and, in turn, that the activity in
or outside of the atom is dependent upon the number of electrons around
the nuclei.

When an atom has many electrons, it seems that they are arranged
in successive orbits around the nucleus and revolve around it in either
ellipses or circles. It is now definitely known that the chemical and
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electrical properties of the atom depend almost entirely upon the outer
ring of electrons. Copper and silver, for example, are classified as good
conductors of electricity, probably due to the fact that the orbital arrange-
ments of the electrons in these materials are such that the electrons in the
outer orbit are more free to roam about than the outer orbital electrons
of other materials. The electrons located in the inner structure of the
atom are called nuclear electrons, and those in the orbits are called
orbital electrons.

Figure 2 illustrates the arrangement of protons and electrons in a
helium atom, showing both the nuclear and orbital electrons. It is now
believed that nuclear electrons oceur only as parts of a newly discovered
entity called the meutron, the combination being located between the

protons as compensating forces, since
-Nuclear the repellent tendency of the four
- f,/s::;;':;) protons would otherwise cause them
to fly apart.

Thus in all atoms, beginning with
Sy the hydrogen atom, which has one
Flectrons Proton and one electron, up to the

uranium atom, which has 92 protons

and 92 electrons, the electrons are

Fi6. 2.—Arrangement of protons and arranged in various orbits, and each

electrons in a helium atom. element manifests certain chemical

and electrical phenomena dependent almost entirely upon the orbital
motion of electrons, particularly in the outer ring.

It is now definitely known that in certain materials electrons are
constantly changing from one orbit or orbital position to another. Under
these conditions the material is constantly radiating energy into space
which gradually causes it$ disintegration. This process takes place
in those elements containing between 83 and 92 electrons in their atomic
structure such as bismuth and uranium, respectively. Those elements
of lower atomic numbers do not disintegrate by radiation unless they are
subjected to a considerable rise in temperature under which condition
electronic collisions increase and disintegration takes place.

Profons-

Although physicists have also found other small entities to be included within
the structure of the atom, the reader need not feel that a knowledge of their behavior
is essential for an understanding of the flow of electrical current as treated in this
text. In view of the frequent reference to these units in scientific literature, however,
a brief summary of their characteristics will be given here.

The outstanding addition as a new particle of matter is the positive electron, which
has been christened the positron. The existence of this particle was discovered by
Dr. Carl D. Anderson in 1932. It is believed to consist of positively charged particles
or corpuscles or rays. Its mass is equal to that of the electron but is of opposite
polarity. Its charge, therefore, is like that of the proton although the latter has been
computed to be approximately 2,000 times more massive.




DIRECT-CURRENYT ELECTRICITY AND MAGNETISM 5

The positron, according to Dirac, is born of radiation and possesses an extremely
short life since it is immediately absorbed by surrounding matter and dies only to
give birth to new radiation. The precise manner of its annihilation and rebirth has
been deduced from the fact that when it strikes a free electron, both particles are
annihilated and give rise to what are known as photons or gamma rays which travel
in opposite directions with a total energy of a million eleciron volts.

It must not be believed, however, that the positron is a preexisting particle of
matter in an atom such as the proton, neutron, and electron; it is rather a particle
entirely born of radiation.

3. Potential.—The term potential is commonly used to express the
level of any point in space. In an electric field, for example, the potential
of a point has the same meaning as has potential energy to a point in the
gravitational field of the earth. That is, the potential of any point
above the surface of the earth (ground) may be defined as the amount
of energy that is required to raise a unit mass of matter from the earth
to that point. More energy or work is required to raise it to a greater
height from the earth, and therefore the potential energy required is
said to be greater. When a mass is raised to a point at the limit of the
gravitational field of the earth or, in other words, to an infinite distance,
then its potential with relation to the earth is at its maximum.

It is generally regarded that the outermost boundary of an electric
field has an absolute zero potential and that, therefore, this absolute
potential of any point in a field may be defined as the quantity of work
required to bring unit mass, if the field is gravitational, from infinity
to that point. Similarly the absolute electrical potential of a point is
defined as the work necessary to bring a unit-positive charge from an infinite
distance to the point. If the field is due to a positive or negative charge,
the potential of any point in the field is either positive or negative, since
work must be performed by an external force, and by a resisting field.
Therefore, the potential energy of the unit posi-
tive or negative charge will be increased when
it is moved closer to the charge which is
repelling it.

In an electrical circuit we say that a current
flows when an electrical potential difference
exists between the two ends of the circuit. Fie. 3.—Electric field
Hence, if two oppositely charged bodifes, are Eﬁ;vr";:(’i’bo;ive": oppositely
connected by a conductor, a current will flow
from the negative to the positive point or from the point of low poten-
tial to the point of high potential. For example, if the + and the —
charges of Fig. 3 are connected by a conducting wire, the electrons will
pass from the negatively charged body to the positively charged body, and
in doing so will carry one end of the lines of force with them, finally
shortening the lines until they disappear. Hence the strain between the
bodies is said to be relieved and the potential difference drops to zero.

o el o
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The potential difference (PD) between any two points may be defined
as the amount of work required to move a unit-positive or unit-negative
charge from one point to another.

From this it may readily be seen that whenever work is being done by
moving charges in an electric field a difference of potential must exist
between the two charged bodies. In other words, differences in poten-
tial must exist wherever there is an electric field, and an electric field
must exist whenever there are differences of potential.

If it is desired to find the electrical potential at a point near a charged
body we may do so by the following reasoning.

In Fig. 4 the point A is a charged unit with a certain number of
stateoulombs which will be called Q units of electricity. To obtain the

difference of potential, PD, between the

S S ]
t ...... CR i dg--_-;----—----:] point p; at a certain distance d, from the
67 - A ; charged body A, and the point p. at a
£ #2 distance d, from the charged body A4, the

Fig. 4.—Illustrating the differ- . .
ence of potential between a charged strength of the electric field at the point p,

body A and various points P at may be obtained by taking the ratio of
VAN GILERAGE ¢ the electric units to the distance squared,
or ¢; = Q/d?; similarly, at the point p,, by the ratio ¢ = Q/d;. Now,
since the potential difference is the work required to move unit-positive
charge from p; to p,, that is, over distance dj, and if the strength of the
field is equally distributed between p; and p;, the amount of work done
is found by multiplying the strength of the field by the distance ds.
However, since this force or strength of the field varies inversely as the
square of the distance from A, the average force can only be obtained by
taking the geometric average of the two forces p; and p., thus,

T ?( T The work or the potential difference may then be obtained

by taking the product of the average strength of the field times the
distance. Hence,

__ 9 _ofl_1
PD = m X (dz — dl) = Q(—Jl- d2> (1)

If it is required to obtain the absolute potential X of the point py,
the poinf p2 must be moved to an infinite distance from A. Hence, the
potential difference E; at the point p; will be equal to the ratio of the
statcoulombs to the distance d;, or Q/d;. From this it may readily be
seen that the potential due to a charged point varies directly as the
charge and inversely as the distance from the charge. A generalization
may now be stated as Coulomb’s law, as follows. Force is inversely
proportional to the square of the distance between electrically charged particles.

4. Free Electrons in Solid Conductors.—In order to understand
electric phenomena, as associated with the flow of current in a cir-




.DIRECT-CURRENT ELECTRICITY AND MAGNETISM 7

cuit, some idea as to the atomic structure in this relationship must be
understood.

Various phenomena point to the existence of roving electrons in a
solid conductor called free or conduction electrons. It is believed that
these electrons are constantly moving from atom to atom in a conductor
with a movement which resembles an elliptical motion. That is to say,
some electrons leave their respective atoms and move toward other atoms
inside the conductor without being forced to do so by the application
of an exterior electrical pressure. 9

These electrons apparently do not travel from end to end in a con-
ductor, as they do in an electrical circuit when some external potential
is applied. They probably move from atom to atom and, like little
planets, swing around their nuclei.

Thus we must imagine them to have left their orbits in the atoms
of the solid and to be moving about in the solid in a sort of haphazard
way. Consequently the atoms that have lost an electron are positively
charged and, even though they are vibrating because of material tem-
perature, are not free to move about the solid. This is due to the effect
of molecular forces in the vicinity of these atoms which hold them in
their definite positions. It is apparent here that the free electrons
moving about may again recombine with atoms, but in the same material
their number per cubic centimeter is assumed to be almost universally
constant; that is, when one electron recombines, another electron becomes
free. At temperatures above 450°C. these free electrons actually
force themselves through the surface of the metal and radiate energy
into space. At normal metal temperatures the free electrons that take
part in the transfer of electricity are sometimes called conduction electrons.
~ b. Electric Current.—The modern conception of an electric current
flow in a conductor, as accepted by physicists, is based upon the theory
of conduction electrons; in other words, that an electric current may
be defined as a progressively moving electron, or electrons. This may
give the impression that an electric current is actually flowing in a wire
having both ends open, since free or conduction electrons are actually
in motion. That is true, but, since the electrons do not actually flow
from one end of the wire to the other end unless they are forced to do so
by the application of some external potential, they are not considered
“flowing”’ from the electric-current point of view. However, as soon
as the two ends of a conductor are connected to a battery or generator
this movement of electrons begins and continues around the entire
circuit in a definite direction, depending upon the polarity of the battery
or generator, as long as the difference of potential is applied.

Motional Velocity of Electrons.—When a potential is applied to two
ends of a wire conductor to form an electric circuit, the electrons move
around the entire circuit from the negative terminals of the battery or
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generator to the positive terminals. This is contrary to the earlier
belief that a current always flows from the positive terminal through
the conducting medium to the negative terminal. This latter conception
is still maintained in many textbooks only to conform to the conventional
standard of direction.

When it is said that a current is flowing from the positive to the
negative terminals of a battery or generator this merely expresses the
conventional flow of an electric current. But it is, nevertheless, true
that electrons are moving in the opposite direction, that is, from the
negative terminal of the potential supply through the metallic conductor
toward the positive terminal. Hence, the current flow in a metallic
conductor must always be looked on as an electron drift toward the
positive terminal from the negative terminal of the battery or generator.

It is important to note that the electrons do not move at a high rate
of speed through the metallic conductor when the potential is applied.
That is to say, the progressive motion of the electrons in a metallic
conductor is very slow. The electrical impulse or signal set up by the
electron movement, however, is very fast and attains the velocity of an
electric wave through the conductor or surrounding medium. This is
analogous to a heavy freight train which when starting moves as a whole
very slowly, but on which the pulling force or energy is transferred very
quickly with a jerk from the engine to the last car.

The slowness of the actual electron movement is due to the fact that the free elec-~
trons are constantly colliding with the atoms in the metal, consequently retarding
their progressive motion. On the other hand, it must not be thought that the actual
velocity of the electrons is low. If it were not for the constant collisions with:the
atoms of copper in the wire, the electrons would actually reach velocities many millions
of times as great as their normal drift. However, since the copper atom or molecule
is many thousand times as great as that of the electron, the numerous collisions
prevent a rapid progressive motion. The electrons, therefore, bound and rebound
at tremendous velocities in the copper wire, always moving toward the positive
electrode; thus producing an electron drift through the entire conductor.

It can readily be seen that the electron would acquire tremendous velocities if it
did not collide with the relatively larger masses of atoms or molecules in the wire.
Proof of this tremendous accelerating action is seen in hot metals. The heating of a
body tremendously increases the atomnic and molecular agitation, and the eclectrons
may be accelerated to such a high degree that they are actually foreed out through the
surface of the metal. Under these conditions electrons are known to have reached
tremendous velocities in the order of thousands of miles per second.

Summarizing, it is believed that the existence of free electrons in
the conductors is the real reason for the manifestation of an electric-
current flow in an electric circuit when a pressure is applied. It is
therefore also to be assumed that any material or body which is so
atomically constructed as to be devoid of or deficient in free electrons is
a poor conductor. This seems to indicate that materials classified as
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insulators are apparently lacking in free-electron movement within
their atomic and molecular structure, and that conductors offer resistance
to current flow in inverse proportion to the number of free electrons
present in their molecular structures.

The reader must bear in mind that the only true flow of current in
solid conductors is the electron drift through the circuit from the point
of negative potential to the point of positive potential, the potential
in electric circuits being provided by batteries or generators.

In gases or liquids the current flow is in both directions. This action
will be described in detail later.

6. Electromotive Force.—In order to maintain a steady flow of
current in an electric circuit, there must be a constant pressure and a
suitable path through which the current may flow. The pressure in
electrical circuits is called the electromotive force or em.f. In hydraulic
systems the pressure is referred to as a Copper Wire

certain number of units or pounds per o—

—_—

square inch. Electrically this pressure is
expressed in units called volts, which are
the units used to denote the difference of
potential or electromotive force. Hence,
when the e.m.f. of a battery or generator is
mentioned, the reference is to its pressure
as being a certain number of volts. e .

The electron viewpoint on the theory Fie. 5—A simple electrical circuit
of potential difference is of far greater showing current flow.
importance than the more generally accepted hydraulic analogy,
because it expresses more definitely the actual conditions which
take place in an electric circuit. For example, let us refer to Fig. 5
which represents a simple electric circuit of copper wire connected to the
terminals of a battery or generator E.

The circuit must be visualized as a continuous conductor completed through the
medium of the generator winding between the terminals 7 and 7.  'When the genera-
tor is set in motion, a generation of e.m.f. takes place (to be explained in Chap. XIV),
and an e.n.f. is exerted between the terminals 7'y and 7T..  This establishes a difference
of potential which will make one terminal of the generator positive (4) and the
opposite terminal negative (—). Now, since the entire circuit forms a continuous
path through the conductor and the generator winding, the force exerted by the
generator in motion causes the free electrons in the copper-wire conductor to be
moved in the direction of the arrows, as indicated in the diagram. The electrons
progressing around the conductor in the direction of the positive terminal are said to
he moving from a point of low potential to one of a higher potential. The reason
for this progressive motion is probably due to the fact that electrons in the generator
winding have been displaced during the time in which the generator is in motion.
This condition may be hypothesized by the illustration in Fig. 5, where E again repre-
sents the terminals of the generator.
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When the generator is put in motion, a displacement of electrons in the generator
winding will force a number of free electrons into the conducting wire at the negative
terminal 7. The displaced electrons now moving in the direction of the arrow into
the conductor will repel other free electrons in the wire beyond them. Hence there
will be a succession of forces transmitted through the entire wire by virtue of these
displaced electrons. Thus the continuous displacement of electrons in the generator
armature during its motion causes all the free electrons in the conductor to move
around the circuit from 7 to 7. producing what is generally known as an electric
current.

It is important to note that the same number of electrons must pass
any given point in the conductor in a given time so long as the current
remains constant. This can be readily visualized if one imagines a
long pipe filled with billiard balls which are receiving a steady series
of pushes at one end causing the balls in the entire pipe circuit to move.
Hence, the movement of the balls will be the same at every section of the
circular tunnel (pipe) regardless of the section at which the pushes are
produced. Electrically this means that a current flow is the same at
any portion of a simple circuit.

7. Current Strength and Quantity.—The rate of flow of water through
a pipe is measured as so many gallons a second, which expression includes
a definite quantity of water and a unit of time. The distinction between
the terms rate of flow (strength) and quantity must be carefully under-
stood in order to comprehend the practical application of these terms to
electric circuits. For example, at the rate of 1 gal. of water per second,
there might be 3,600 gal. of water delivered to a tank in 1 hr., thus
distinguishing the rate of flow from the quantity, and naming it. Elec-
trical quantity is measured in coulombs. In referring to the relation
between quantity and rate of flow in an electric circuit, the electrical
term for rate of flow or strength must be used. This unit is called the
ampere. When one practical unit of quantity of electricity (coulomb)
flows continuously every second, the rate of flow, or the strength, is
said to be 1 amp., or, if 2 coulombs flow continuously every second, the
strength of the current would be 2 amp., and so on. Hence, it can be
readily seen that the current in amperes is independent of the length
of time the current flows in a given circuit, regardless of whether it flows
for a fraction of a second or for hours.

To find the total quantity of current flowing through a circuit in a
given time, multiply the amperes by the time (in seconds),

Q=IXt (2)

Ezample: If an incandescent lamp requires a current of 4 amp. to maintain a
steady brilliancy, what quantity of electricity would be consumed if the lamp is
lighted 2 hr.?

2hr. = 60 X 60 X 2 = 7,200 sec.
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Formula and Computation:
Q=1IXt=1 X7200
Q = 1,800 coulombs

To find the average current strength (in amperes) when the quantity and the time
are known:

1=-9 @
Proof:
Q = 1,800 coulombs
t = 7,200 sec.
7= L800
7,200

= 0.25 or 14 amp.

To find the time (in seconds) required for a given quantity of electricity (in cou-
lombs) to pass a certain point of a circuit:

t= 4

~O

Proof:

1,800 coulombs
14 amp.

_ 1,800

T i

= 7,200 sec.

~ O
I

o~

8. Electrical Resistance and Conductivity of Materials.—When
water flows through a pipe, the resistance it meets with depends directly
on the length of the pipe, its diameter, and general conditions, such as
bends and roughness. Similarly, when a difference of potential is
applied to an electric circuit, a current flows through the circuit, and
the amount of opposition (resistance) offered to the flow is proportional
to the resistivity of the wire, which in turn depends upon the character
of the material through which the current flows, its length, diameter, and
temperature.

It will be remembered that the materials having less free or conduction
electrons in them are classified as poor conductors or resistances. Hence
alloys which have less free electrons in them than copper or silver are
higher resistance materials, and the progressive flow of electrons will
be relatively less; consequently we say that the current through any
such material will be reduced. All metals, therefore, have a certain
amount of resistance or conductivity which depends upon their atomic
structure.

When pure metals are heated, through excessive current flow or otherwise, the
electron acceleration in the material is greatly increased. This results in a greater
number of electron impacts with the atoms, consequently reducing the progres-
sive motion of electrons in the conductor. Heated wires, therefore, have greater
resistance than cool wires, depending upon the amount of heat and the character
of the metal.
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It has been found that the electron flow in certain alloys when placed in an atmos-
phere approaching absolute zero temperature is practically unimpeded. That is to
say, owing to the fact that all molecular motion in heatless bodies is reduced to zero,
practically no resistance is offered to the progressively moving electrons when an
electromotive force is applied. The absolute zero temperature, commonly known
as the Kelvin temperature, abbreviated K., is 460 degrees below zero on the Fahren-
heit scale or 273 degrees below zero on the Centigrade scale. Hence it may readily
be seen that at ordinary temperatures there is an ever present molecular agitation
which consequently introduces an opposition or resistance to the flow of free electrons.

The resistance of carbon varies inversely with temperature. In other words, the
resistance of carbon decreases as the carbon gets hot. Therefore, the kot resistance of
a carbon lamp is less than its cold resistance. On the other hand, the resistance of a
tungsten or other metallic-filament lamp, including metallized carbon, increases with
temperature. The hot resistance of a tungsten filament is about 12 times its cold
resistance.

The resistance of certain (most) alloys, such as German silver, does not vary
appreciably with temperature.

The resistance of electrolytes decreases as the temperature rises.

The following table illustrates the relative resistance and conductance values of
different pure metals and alloys when operating under the temperatures indicated.

TaBLE I.—RELATIVE CONDUCTANCES AND RESISTANCEs oF CONDUCTORS

Resistance of a1 cir.-mil.-ft.| Relative Relative
Material (ohms) conductivity | resistance
(as compared| (as compared
30°F. 75°F. with copper) | with copper)
Silver, pure annealed....... 8.83 9.67 108.6 0.925
Copper, annealed.......... 9.59 10.5 100.0 1.00
Copper, hard drawn. ... ... 9.8 10.75 97.8 1.02
Aluminum, 95 per cent pure 16.03 17.7 59.8 1.67
Zinc, pure................ 34.6 37.9 27.7 3.60
Iron wire................. .58.7 65.1 16.2 6.17
Nickel................... 74.1 85.13 12.95 7.72
Steel wire. ............... 81.16 90.15 11.6 8.62
Brass.................... 43.31 45.4 ' 22.15 4.51
Phosphor-bronze.......... 51.0 51.8 18. 5.31
German silver............. 127.0 128.7 7.5 13.32

An examination of the above table shows that the resistance of alloys is very
much greater than that of the pure metals. This is a characteristic property of
alloys, which is taken advantage of in the preparation of wires of high specific resist-
ance. Even a slight trace of another metal, which by itself may be a good conductor,
has an enormous effect on the resistance; hence, copper used for electrical purposes
has to be exceptionally pure.

The resistance of any material is expressed in ohms. (The electrical sign for the
ohm is usually shown thus w.) This is the term used to express the resistance of an
electrical circuit in ohms per unit length. For example, the resistance of 1,000 ft.
of copper wire which has a diameter of }{¢ in. (No. 10 B. and S. gage) is about 1 ohm,
although a piece of iron wire of the same length and cross section has a resistance of
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about 6 ochms, and a similar piece of German silver wire has a resistance of about 17
ohms.

9. Ohm’s Law.—In any circuit through which there is a flow of
current we must obviously have all of the three following factors present:
(1) the pressure or potential difference (volts) which causes the current
to flow; (2) the opposition or “resistance’” (ohms) which must be over-
come to produce a current flow; (3) the current strength (amperes) which
can be maintained in a circuit as a result of the pressure overcoming the
resistance and thus causing a flow. In any circuit there is always a
definite relation between these three units, and, therefore, the value
of any one unknown factor may be calculated when the values of the other
two are known. The law governing these calculations is known as
Ohm’s law.

RULE 1: The current strength in any circuil is equal to the e.m. J. applied
to the circuit, divided by the resistance of the circuit.

__ pressure
Current = resistance
or
E
I=% (5)

Ezample 1: If an electric lamp having a resistance of 55 ohms is connected across a
potential of 110 volts what current will flow through the lamp?

T-E_10
R~ 55
I =2amp

The current strength in any circuit increases or decreases directly with the increase
or decrease in the potential, when the resistance in the circuit is assumed to be con-
stant. If the pressure is constant, the current will increase as the resistance is
decreased, and decrease as the resistance is increased.

In other words the current might be said to vary directly with the e.m.f., and
inversely as to the resistance.

Ezample 2: If in the above problem the voltage is increased to 220 volts, how many
amperes will flow through the lamp?

[ E_ 20
R 55
I = 4amp.

RuLE 2: The amount of e.m.f. required to maintain a certain current
strength in a circuit tn which the resistance is known is equal to the product
of the current strength and the resistance

Pressure = current X resistance
or

E =1 X R (written IR). ’ (6)
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Ezample 3: How much pressure must be applied to a circuit to cause 5 amp. to
flow if the resistance is 30 ohms?

E
E

IXR=5X30
150 volts

I

I

The pressure varies directly with the current and resistance values. For example,
if it is desired to send a greater current through the same resistance, a greater amount
of pressure must be applied to the circuit, or, if the same current is to be passed through
a greater resistance, then a greater pressure must be applied.

Ruik 3: To find the value of resistance required to be inserted in any
circuil, so that a given current will flow under a known pressure: the resist-
ance is equal to the pressure to be applied, divided by the current strength
to be maintained:

pressure

Resistance =
current

or

R== : )

Ezample 4: A certain resistance passes a current of 7 amp. through a circuit at a
pressure of 35 volts. What is the value of the resistance?

_E_35
LS5 =y
R = 5 ohms

When a constant pressure is desired, its resistance must be cut ir: half if the current
is to be doubled, or, if there is to be a constant current maintained in which the
pressure is doubled, then the resistance must also be doubled.

A simple method of remembering the Ohm’s-law application to direct-current
measurements is illustrated in Fig. 6.

/4 R 7 R
= ——E =) ._41 =)

Fig. 6.—A simple method of remembering Ohm'’s law.

For cxample, if the voltage and amperage in an electrical circuit are known, the
pyramid diagram may be applied as follows: Place the finger over the unknown
quantity, that is, the resistance R. This leaves the remaining letters E and I for the
voltage and current, respectively. Thus the letter E being above the letter I simply
means that the current I is divided into the voltage E to give R. If the voltage, for
example, was found to have been 100 volts and the current 2 amp., then by the applica-
tion of the pyramid explanation, the resistance must be 50 ohms.

Similarly, if it is desirable to find the current I if the voltage E and the resistance B
are known, then, by the same application, the current can be determined by placing
the finger over the unknown quantity I. For example, if the voltage E is 100 volts
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and the resistance R is 50 ohms, then, by application of the pyramid, it will be found
that the current 7 will be 2 amp. Similarly, if the resistance R in an electric circuit
is 50 ohms and the current 7 2 amp., then, by application of the pyramid, the unknown
quantity E can be determined by placing the finger over the E. Thus multiplying
IR we shall find the voltage E to be 100.

10. Simple Electric Circuits.—Ohm’s law shows that, for a given
voltage, the lower the resistance the larger will be the current, and the
higher the resistance the smaller the current.

Circuits are divided into three classes:

1. Series circuits.
2. Parallel circuits.
3. Series-parallel or parallel-series circuits.

a. Series Circuits.—Figure 7 shows a simple series circuit in which
may flow a steady current. This is called a series circuit because the
current flows in one continuous path. Further-
more, this current is the same at any point in
the circuit. An ammeter placed at any point
would give the same reading. The ammeter is
a device for measuring current strength in
amperes.

Now, as each of these parts will have resist- Resistance (R)
ance, each will have what is known as an IR F'* 7‘_‘,2&:3?18 series
drop, which is always directly proportional to
the resistance. Hence, each IR drop represents a certain amount
of em.f. expenditure in each part of the circuit, and the differences
of potential produced by the source must equal the total e.m.f. expended.
In other words, the input must equal the output plus losses. This can
be readily seen if the three parts used in all series circuits are considered.

1. The inside or internal part of the e.m.f. source, that is, batteries,
generators, etc.

2. The leads which connect the apparatus to the source, that is, the
lines.

3. The apparatus itself.

Thus, if each one of these parts has a certain amount of resistance,
and the same current is flowing through them, each will have an IR
drop which is proportional to its resistance. Therefore the IR drop
in the source is called the internal drop, and that in the line is called the
line drop. Hence, since each IR drop represents an expenditure of
e.m.f., the total expenditure of e.m.f. in the circuit will be the sum
of the e.m.fs. expended in each part, and, obviously, the difference of
potential produced by the source must equal the total e.m.f. expended.
Therefore, the supply e.m.f. must always supply a higher voltage than is
required at the source terminals. The source voltage is referred to as

E.M.F. (Pressure)
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a definite no-load voltage when no current is being delivered to the
external circuit, and as a load voltage whenever current is being forced
through the circuit. Obviously, there will be a certain voltage drop
whenever current is drawn from a source, the amount, of course, being
proportional to the resistance of the circuit.

It is seen, therefore, that any source of e.m.f. having a high internal
resistance will not permit a large current to flow in the external circuit,
because even a small current will cause an internal expenditure of voltage
equal to the total voltage of the source and, therefore, no voltage will be
available at the terminals for external use.

Figure 8(a) shows a series circuit with more than one resistance
unit connected in series. Remembering that the same amount of
current passes through every part of the circuit, the total e.m.f. will
be the sum of all the IR drops. Thus, the equivalent resistance (a

EMF
+

(a) (b)
F1a. 8.—Series and parallel circuits.

resistance having a total value of the three) in a series circuit is equal
to the sum of the resistances of the individual units (assuming the wires
to have a negligible resistance), thus:

Total effective resistance, R = R; + R; 4 Rj, ete. (8)

Referring to Fig. 8(a), assume each resistance to have 5 ohms resist-
ance; then what would be the effective circuit resistance?

The total resistance in the circuit, therefore, would be equivalent
to a circuit containing one resistance of 15 ohms, and so on. Thus, the
current would be equal to the total e.m.f. divided by the total resistance,
or

E

I=R

An important point to remember in series circuits is that, for a given
voltage, the current at every point in the circuit is inversely proportional
to the total resistance of the circuit.

b. Parallel Circuits—A parallel circuit is one in which there are
two or more parts connected between two points in a circuit. Figure




DIRECT-CURRENT ELECTRICITY AND MAGNETISM 17

8(b) shows a simple parallel circuit consisting of two resistances R, and R»
connected between two points @ and b of any circuit. These resistances
are assumed to have a value of 10 and 20 ohms, respectively, and to be
connected across a potential of 100 volts.

How many amperes are flowing through each resistance and what is the total
amperage being drawn from the supply line?

R, = 10 ohms
R, = 20 ohms

Then, by Ohm'’s law as applied to a series cireuit, the eurrent flowing through R,
is found by dividing 10 into 100 or I = E/R. Thus

E
I_ﬁ,
I =10 amp.

Then, the eurrent flowing through R2; will be found in a like manner to be

E
I—Rz
I = 5amp.

and so on, regardless of the number conneeted in parallel. The total eurrent flowing
in the exterior cireuit, or in other words the eombined eurrent, is then found by adding
the current flow of each part, thus

I=I+4+1I

or
I =10 4 5 amp.
I =15 amp.

In parallel eircuits, therefore, the total eurrent flowing through any parallel com-
bination can always be found by applying Ohm’s law to each braneh and then adding
the current value of each braneh, as in the last example.

It can be seen, from the above statement, that the total current I is greater than
can possibly be obtained through any one braneh providing the impressed e.m.f. is
kept constant.

From this, it is quite obvious that the joint resistance of any parallel combination
is less than the resistance of any one of the branehes.

For example, if three resistances of 10, 20, and 30 ohms are connected in parallel,
the total effective resistance will be less than the smallest resistance. The effective
resistance, therefore, can he accurately found by the formula

1
R = -
T ®
R, + 2 + R,
where R, = 10 ohms.
R, = 20 ohms.

Ry = 30 ohms.
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Hence

1 1 60

Foe 3 27T

60 60 © 60 0
R = 54 ohms
When this formula is applied to two resistances in parallel, it becomes
_ Ry X R,
R.r = R+ k. (10)

¢. Series-parallel Circuits.—A series-parallel or parallel-series circuit
comprises a combination of series and parallel parts. Figure 9 illustrates

+]g— +]p=
& |
7y
Parallel | Series
R
(a) (b) (c)

F1g. 9.—Series-parallel and parallel-series circuits.

three types of series-parallel and parallel-series circuits. Once again
Ohm’s law must be applied to every part of the circuit. In analyzing
more complicated circuits of this type, however, it will be necessary
first to reduce each parallel combination to its equivalent series resistance
before combining it with the remainder of the circuit. Then, the circuit-
resistance voltage drop and current flow can be determined by Ohm’s
law.

For example, if B; and R, = 10, and R; = 5 ohms, then by reducing
the parallel combination R, and R, by the parallel formula, we find
the resistance to be 5 ohms. Then,
by adding R; to the result of R
and R, we find the total effective
resistance to be 10 ohms. The same
application can be made to the two
other forms of series-parallel and
L —I parallel-series circuits.

. oI N d. Circuit Applications.—There
SHE: IO'Th“:e*:’l’_g;li:ti’g;z: ic;’cs‘;fe:f’“tam"‘g are, however, many variations of

simple series, parallel, and parallel-
series circuit problems, such as are illustrated in some of the following
diagrams.

r-E;=24.5 %v‘

L-—EZ =i v»l

Figure 10 is a simple series circuit containing three resistances in series. The
total resistance of the entire circuit is readily determined by adding the three resist-
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ances; hence the effective resistance, Ry = Ry + Ry + Ry = 16 ohms. By the use
of Ohm’s law I = E/R, we find that the current flow in the circuit is 3.5 amp. Since
the current flow in a series circuit is the same at any portion of the circuit, 3.5 amp.
must flow through each resistance. Now, if it is desired to determine the voltage or
potential difference across any one of the resistances, we simply apply Ohm’s law,
E = IR. Thus, if it is desired to determine the voltage across E,, multiply IR,, or
3.5 X 4 = 14 volts. It can readily be seen that the resistances R, and R; are provid-
ing a potential drop of 24.5 and 17.5 volts, respectively. In other words, these two
voltage drops deducted from 56 volts leave a balance voltage of 14 across R,, which
proves that the sum of the voltage drops across each resistance must equal the applied
e.m.f,, or in this case 56 volts.

Figure 11 illustrates a scries-parallel combination. In this type of circuit the
parallel combination of 10 and 5 ohms must first be reduced to its effective resistance
by the formula on parallel resistances,

Rk
Bt = B+ R,

or an effective resistance of 314 ohms. Since the effective resistance of R; and Rsis
connected in series with R,, the total circuit resistance may then be obtained by adding

I«-E,=72V->|

F1G. 11.—A series-parallel combination.

the two values R: + Ry, or 314 + 12, which is a total resistance of 1514 ohms. The
current flow in the circuit may again be obtained by Ohm’s law I = E/R = 92/1514
= 6 amp.

To prove this example we find that the voltage across E, = IR; = 6 X 12 = 72
volts and E» = IR, = 6 X 3%4 = 20 volts. Hence, E, + E; = 72 + 20 = 92
volts, which is the value of the applied e.m.f.

It will be noted that the voltage pressure across R; and R; is the same. This
condition holds true in all parallel circuits since it is assumed that the connecting wires
have a negligible resistance. In parallel combinations, therefore, it is a simple matter
to determine the current flow through each branch by the ratio I = E/R.

In the preceding example we find the current flow by this ratio through R; = I
= E/R = 2% = 4 amp.; through branch R, = E/I = 29{, = 2 amp., or a total of
6 amp. flowing out of the parallel combination.

With this form of reasoning it is possible to obtain the unknown values of any
series or series-parallel combination.

For example, Fig. 12 illustrates a series-parallel combination in which the applied
e.m.f. and total current flow are given, but one of the parallel resistances is unknown.
To find the value of this resistance proceed as follows.

Determine the amount of current passing through R», since the difference between
I through R and the total flow of 4 amp. must be the amount passing through the
unknown resistance. When the current flow through R; is found, the resistance may
be determined by Ohm’s law R = E/I.
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The voltage across the parallel combination E: must be 16 volts, since the resist-
ance R, is carrying a current of 4 amp.; hence E, = IR,, or 8 volts. Thus, if the
resistance R, has a voltage drop across it of 8 volts, the remaining voltage across the
parallel combination must be 16 volts. Ilence the current flowing through R, =
I, = E;/R; = 16/12 = 114 amp. and, since the total current flow is 4 amp., the

current flow through R; must be I — I, = 4 — 114 = 224 amp. Then Ry = E/I
= 16/2%4 = 6 ohms.

B 5
/. FE-= R
isy
S,

- pesv

F1a. 12.—Another series-parallel combination. Fic. 13.—

Resistance in
series  with
filament.

F=6/V.

A practical application of the simple series cireuit is illustrated in Fig.
13 in which a vacuum tube is designed for an operating e.m.f. of 2.5 volts
at which voltage the tube will draw 1.75 amperes. What value of resist-

ance must be inserted to operate this tube at the required voltage if the
applied e.m f. is 6 volts?

o631 6.3V, o< 6.3 - 6.3, o 6.3V 6.3V ]
---------------------- B2V - emreemeammniceemae
—
IS
S SR
R
I A
----------------------- E=lQY, - wnrnnmm cmeemeeeee o>

Fig. 14.—Filaments in series.

Since the voltage across the tube terminals must be 2.5 volts, the
resistance will be required to drop the voltage from 6 to 2.5 volts, a
drop of 3.5 volts. Hence, if a current flow of 1.75 amp. passes through
the resistance and filament, under the assumption that K is correct, we
may readily determine the value of resistance to obtain the desired result
by the ratio B = E/I = 3.5/1.75 = 2 ohms.

Similarly, if a number of low-voltage filaments are to be operated
from a high-voltage supply system, the voltage must be decreased to
the desired operating voltage of the tubes. For example, six tubes are
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to be operated from a 110-volt line and each to require a potential of
6.3 volts. At this potential each tube will draw 0.3 amp. What value
of resistance must be inserted to satisfy this condition? Figure 14
illustrates the circuit arrangement.

If each tube requires a potential of 6.3 volts, then the effective
potential of the six tubes connected in series must be 6 X 6.3 volts, or
37.8 volts. Hence, it will be necessary to drop the voltage from 110
to 37.8 volts, or a total drop of 72.2 volts.

The total current flow through R and all the filament resistances
will be 0.3 amp. (current flow in a series circuit is the same at any portion

Jamp.

X, =150

Xp=150
Xy=is50w

(a)
Ry=/<
(b)

X=150%.  Xy=150%

Rp=
Z5=500% | g5,

=/5ow
Z,= Z,- Xq
S00% S00w

xz=/5o‘~" Xg=l50@
)
F16. 15.—Circuits illustrating the shunt law,

d)

of the circuit), if the value of R is assumed to be correct. Hence the
correct value of R to effect this condition is again obtained by the ratio
R =722/0.3 = 24024 ohms.

11. The Shunt Law.—When an e.m.f. is applied to a network con-
sisting of two resistances in parallel, the current divides itself between
the two paths in inverse proportion to the resistance they offer to its
flow. Any branch of a circuit which by-passes another branch is called
a shunt with regard to the branch it by-passes.

Thus, in Fig. 15(a):

S
il
| =
-

and, therefore,

_ R,
I = I(Rl + R’z) an
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where I,and I, are the currents in B, and R, respectively, and I is the

total current flowing from A to B. The factor R—l;—_& is called the
1

multiplying factor of the shunt.

Ezample 1: An ammeter A reads 0 to 5 amp. It is desired to design a shunt S
to be used with the meter to cause it to read 0 to 25 amp. What should the resistance
of the shunt be, if the resistance of the meter is 1 ohm? The circuit is shown in Fig.

15(b).
Solution:
R, I,
BT
I. 5 R _1
L7200 R, 4
then

R, = YR, =% X1 =2%%ohm
The multiplying factor of the shunt R, is, therefore, found by the equation

Ri+ R, 02541 _1_.2_5_5
R, 025 025

So the shunt multiplies the current-carrying capacity of the parallel circuit Ri, B2
by 5. Whereas the meter would register full deflection with 5 amp. flowing through
the circuit without the shunt, it registers full deflection with 25 amp. when by-passed
by the shunt, a multiplication of five times.

Ezample 2: It is desired to know what current will flow through a load resistance-
Z, of 500 ohms connected to the output of an H pad (attenuation network) as shown
in Fig. 15(c). The equivalent of this circuit is shown as Fig. 15(d). The ammeter A
reads 1 amp.

Solution:
Bi_L_20 _Ii
R, I, 800 I,
Therefore
B Ri \ _, _ (200
I = 1) = 1+ = (100

1 X 0.2 = 0.2 amp.

If 0.2 amp. flows through R, then 0.2 amp. must flow through Z., as the current
in all parts of g serieg circuit is constant.

12. Kirchhoff’s Laws.—In the simple electric circuits explained, the
equivalent resistance and the currents in the various branches are
readily calculated by Ohm’s law, but in cases where complex combinations
involving cross connections are employed the solution cannot be derived
by that law.

Equations for the solution of such problems can easily be written
down by using Kirchhoff’s two laws. These are not ““laws” in the same
sense as Ohm’s law; they are merely useful rules which show how Ohm’s
law is to be applied.
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Rule 1: In any branching network of wires the algebraic sum of the
currents in all the wires meeting at a point s zero.

The term algebraic sum means that, if the currents are flowing from
the point, they are taken with a negative sign; and if flowing to the point
they are taken with a positive sign.

The rule may also be expressed: The algebraic sum of the potential
drops around every closed circuit vs always equal
lo zero. 7

This law then simply states that no elec- % T "
tricity accumulates at any point in a circuit. , B

A simple illustration of Kirchhoff’s first law 2 l q-
is seen in Fig. 16. =

The law states that if the voltage is meas- F16: 16.—A circuit illus-

trating Kirchhoff’s law.

ured across the resistance A, and then B, the

sum of these two voltage drops must be the same as the applied
voltage E. In other words, there are two reactions in the circuit,
namely, the one which causes the current to flow through the resistance,
due to the applied difference of potential, and the other, the resistance
reaction in the opposite direction, which tends to stop the current. This
is an important point in calculating problems in which several e.m.fs.
are applied in one circuit, some of which may be in opposite directions.

—
A

&

Figure 17 illustrates one of these conditions. In this circuit the total impressed
em.f. acting in the circuit is £ + E; — E,, illustrating that there are two forces

LA
_L ’ _hlg,
+ z
— F
.-{- R;
! =
—
E;
Fra. 17.—A circuit illustrating Fi1g. 18.—Another circuit for
Kirchhoff's first law. Kirchhoff's first law.

supplementing each other, and one opposing the two. Hence, if the impressed force
is made equal to the sum of the IR drops in the circuit, we may write

E+E2—E1 =IR1+IR2 (12)
or

E=IR1 +IR2 +E1—E2 (13)

\

It is therefore simply an expression, that the sum of the TR drops in the circuit must
be equal to the algebraic sum of the various e.m.fs. acting in the circuit.
In circuits where the current flow is apparent, such as in Fig. 18, the solutions for
the problem are easily obtained by Kirchhoff’s first law.
For path ABCD:
E=11R1 or E—IlRl =0
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For path AEFD:
E=12R2 or E—12R2=0

It can be readily seen that circuits containing e.m.fs. in different
directions can be very easily solved if we call all the voltages which
would cause the current to flow in one direction positive, and those
which cause it to flow in the opposite direction negative. Thus all the
positive and negative voltages are added up algebraically. Similarly
all the IR drops due to current in one direction are called positive, and
those IR drops due to current in the opposite direction are called negative.

Rule 2: In any closed path in the network, the algebraic sum of the IR
products is equal to the e.m.f. acting in that path.

The rule may also be expressed: The algebraic sum of the currents at
any junction of conductors is always zero.

=K

Fie. 19.—Illus- Fig. 20.—A complex electrical ecircuit.
tration of Kirch-
hoff’s second law.

This condition is illustrated in Fig. 19 in which case all the electrons
moving into the junction B are also flowing away from the junction,
or, in other words, there can be no accumulation of electrons at any one
point. Hence, the algebraic sum of all the currents at B must be zero.

Complex electrical circuits, such as illustrated in Fig. 20, may be
readily solved by application of Kirchhoff’s second law. Assume a
network of resistances made up in the form of a cube in which each edge
has an equal resistance of a value . To find the effective resistance
of the entire mesh between the points A and B proceed as follows.

Assuming I to be the total current, and E the potential difference
between the points A and B, then, by equality, the current divides itself
into three equal parts at the point A and again reunites at the point B.
Hence, currents in A and KB are each I/3. Also at H there are two
equal paths for the current /3 and, therefore, the current in HK must
be 1/6.

The voltage between the points A and B is the sum of the voltages
across AH, HK, and KB. Therefore,
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E=<§Xr>+<é><r>+<g—)><r>=gh’

but if R.;; = the equivalent resist-
ance, then £ = IR
Therefore,

IR = 3%Ir or R.;=95% Xr

Another form of complex network is
illustrated in Fig. 21. Here a number of
resistances are connected in series and
parallel combinations with a shunt resist-
ance connected in between them.

This system is relatively more diffi-
cult to analyze owing to the additional ‘—
shunt resistanf:e bet\.veen the arms, '.I‘o Fic. 21.—A simplified version of a bridge
find the effective resistance of the entire iR,
network proceed as follows:

Total I = I, + (I — I,) etc., as shown in the following solution.

E
+g= I(Rotal) By
i

Voltage equations Current equations
(1)311'—15—(1—11)=0 411'—15=I
@) Is+1,+1s —3(I — I, —I;) =0 51y + 41, = 31
®I1I-1,+30—-1,—-1:) =E 4] — 4], - 3I; = E
(4)311+11+15=E’ 411+15=E

Substituting (1) in (3):
(8) 4 — 41, — 121, + 3] =E =71 — 161, = E
Eliminating /s between (1) and (2)

-5 + 201, = +5I

5Is + 41, = 3
241, = 81

I

Il-—g

Substituting (6) into (5):

I
77 — 16(5) -E
I

E =71 — 5141 = 1341 = 541

~i &y

hence since B =
R.r = 1%4 ohms

Problems of this character should be carefully checked by assuming a certain
voltage E applied to the network at the points 4 and B.

Proof: If E = 20 volts, then I (total) at a resistance of 124 ohms would be 12 amp.
since

E

20
I—»Rl—%—l2amp.
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Hence, by computing the IR drops across each 3-ohm resistance, and each 1-ohm
resistance on the outside, we find the sum of the IR drops to be equal to the applied
e.m.f. (see Fig. 22).

13. Conductance.—It has been seen that the opposition offered to
the flow of electrons in a circuit is called the resistance, consequently all
materials possessing high-resistive properties are poor conductors; that
is to say, the conductivity or conductance of such materials will be
poor. Conversely, if the opposition to the flow of electrons in a material
is low, the conductance is good.

Fig. 22.—Diagram for proving complex circuit computation.

The conductance of a circuit is, therefore, the reciprocal of resistance
and is expressed by the ratio

¢=g
where @ represents the symbol for conductance.

Since @ is the reciprocal of the resistance unit, namely, the ohm, the
term conductance of a circuit is expressed as so many mhos (ohms spelled
backward). For example, if a wire has a resistance of 1 ohm, the con-
ductance will be 1 mho; if of 2 ohms resistance, ¥4 mho; 8 ohms resist-
ance, ¥ mho; 25 ohm resistance, 34 or 115 mhos, etc. If in Ohm’s
law, conductance is used instead of resistance the law would read

(14)

I =E@G (15)
I

E=5% (16)
I

G=5% a7

14. Energy, Force, Work, and Power.—Energy may be defined as
the ability or capacity to do work. Force is one of the factors of work
and has to be exerted through a distance to do work. Work is reckoned
as the product of the force and the distance through which it has been
applied. Work is done when energy is expended or when force over-
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comes resistance. Power i8 the time rate of doing work or the rate at
which energy is dissipated or transferred in the circuit.

16. Electrical Power.—Assuming a current of I amp. flowing for a cer-
tain number of seconds ¢ in a circuit at a potential of E volts, the amount
of electricity (coulombs) flowing in the circuit would then be a result
of the product of I X ¢ in which 7 is expressed in ampere-seconds.
From this the energy expended in the circuit is measured by the product
E X I Xt and is called the energy units or ergs and is expressed in
watt-hours.

The practical unit of e.m.f., the volt, is essentially made up of 108
units of e.m.f. called absolute units of eem.f. These small units are not
used in practical work but serve to indicate how certain fundamental
principles are definitely concluded. Similarly, the ampere is also
expressed in absolute units of current so that we say 1 amp., 2{o of an
absolute unit of current, and hence the energy expended in heat is
obtained by the equation

Energy expended = E X 107% X I X ¢ X t ergs (18)
Therefore,
W =E X I XtX107ergs, or E X I X 107 ergs per second (19)

Hence the rate at which energy is expended in heat in an electrical
circuit is obtained by the produet E X I. This is called the power
expenditure and is referred to as so many power units, called watts.
Thus, if an e.m.f. of 1 volt causes a current of 1 amp. to flow through a
resistance of 1 ohm, the power expended in the circuit will be 1 watt;
hence, 1 watt = 107 ergs per second. This is generally referred to as so
many watts active in 1 sec. or joules. Thus 1 watt acting for 1 sec. is
called a joule. :

Power Expressions.—Power = EI watts. Now, since

E

E = IR, and I= ol (20)
it follows that
Power = I X R X I = I*R watts (21)
or -
E E?
Power = E X PR watts (22)

The three expressions are numerically identical, and consequently
one should use the form which is most convenient.

In saying that the three expressions are numerically identical, it
must be understood that FE is the voltage which forces the current through
the resistance R. For example, let us assume that a current I flows
between two points in a circuit. If the potential difference, PD, between
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these points is represented by E volts, then the rate of power expenditure
in that portion of the circuit will be given by the produect EI as so many
watts. 1, however, the expression 12 is used to denote the rate of power
expenditure, it must be understood that this equation refers only to the
actual waste of power by conversion into heat. For example, if an
ordinary resistance is connected across a supply voltage, all of the power
is expended in heat. But, if a picce of apparatus such as a motor is
connected across the voltage, some of the power is wasted in heat, while
some of the power is converted into useful work. Under these conditions
the product IR gives mercly the power wasted in heat, and not the
useful or working power. Hence it may be seen that as more power is
wasted in 2R less useful power will be available for the operation of the
motor. Although the expression I2R may generally be looked upon as
wasted power, this is not entirely true since the power used up as heat
in an electric heater is really useful power.

When mechanical work is transformed into heat or heat into work, the
amount of work done is always equivalent to the quantity of heat.

16. Load Matching.—Perhaps one of the most important funda-
mentals in electrical engineering for the maximum
development of power in a load is the proper design
R, < of the load device to match the resistance or imped-

ance of the generating device itself. Whether
= the generating source be a generator, a chemical

F1g. 23.—Cireuit to illus- . q
trate load matching,  cell, or a vacuum tube, it must possess internal
resistance or impedance. Consequently, if a load
is connected to any of these generating devices, maximum power can be
absorbed by the load only if the two devices are of the same resistance or

impedance value.

For example, let us assume the generator (Z¢) in Fig. 23 to have an
internal resistance (due to its winding) of 1 ohm. We shall assume that,
at open circuit or no-load condition, the voltage developed at the terminals
of the generator is 3 volts. Now, if the load resistance (1) is 1 ohm, the
total power dissipation in the generator winding R¢ and the load resistance
R will be 4.5 watts, since ‘

K 3
T Re+ R, 141

Rg

I

= 1.5 amp.

Hence,
P..=EXI=3X15 =45 watts

Each resistance, therefore, dissipates an equal amount of power or
2.25 watts. Now, if the load resistance is doubled so that R = 2 ohms,
the total current flow will be

_ E 3
"R+ R 1+2

I = 1 amp.
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Hence
P,,=EXI=3X1=3watts

The power dissipated by the load resistance, therefore, will be
P,=I*XR =1X2 =2 watts
and that dissipated by the generator resistance
P, =I"}XR=1X1=1watt

Now, if the load resistance R is small compared with Rg, for example
E 3

Ret B, — 1+ 05~ 2amp
Hence the total power dissipated in the two resistances will be

0.5 ohm, the current flow will be I =

P,.=EXI=3X2 =06 watts
Thus the power dissipated in R. will be
P,=1*X R =4 X05 =2 watts
while that dissipated in the generator winding Rs will be
Pe=IXRE =4X1=1watts

Although a total of 6 watts is expended in the circuit, only 2 watts
are available at the load. Hence, 4 watts are wasted in heat in the
generator winding. This relation may be more clearly illustrated if we
assume the load resistance R. to be of zero resistance value. Under
these conditions, the power available at the load points (the short-circuited
resistance) would be zero, and consequently all of the power would be
wasted in heat in the generator winding itself.

17. E.M.F. Produced by Chemical Action.—If two dissimilar sub-
stances are placed apart in certain chemical solutions, a difference of
potential will be found to exist between them. Of these substances,
copper and zinc, or carbon and zine, immersed in a solution of sulphuric
acid and water, constitute the most commonly used primary cells, while
lead dioxide and sponge lead in a diluted solution of sulphuric acid, or a
nickel-iron combination in an alkali solution, constitute the two types of
secondary cells.

In order to make an electric cell it is necessary to provide two elec~
trodes one of which is at a higher potential than the other, in consequence
of which a current will flow between these two electrodes if they are
connected through an external circuit. In order to raise the potential of
one electrode over the other, the two electrodes are immersed in an elec-
trolyte which may take one of several forms. For storage batteries a
diluted solution of sulphuric acid is used, while in dry cells it is a mixture
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of sal-ammoniac and zinc chloride. As the action of the sulphuric acid
and water is the simplest to study, this action will be explained.

Let us examine the action in a primary cell (Fig. 24) made up of one
copper and one zine electrode immersed in a dilute solution of sulphuric

p W/'r'es{\ acid, H»SOy, the acid being dissolved in 3

a. When the acid is so dissolved the elec-

O 2 trolyte breaks up into a simple positive rad-
orgz:f:r :_'.: ical or ion of hydrogen, H* and a compound

=1 2 negative radical or ion of sulphur and oxygen
B 1 e it YL IS (S04)=. There is then the electrolyte in which,
R )| figuratively speaking, there are two radicals or
= : ions in free suspension. The hydrogen ion car-
Jors Drift Jon Driff ries a positive charge, and the sulphuric ion car-

Fic. 24.—A simple primary cell.  ries a double negative charge.

b. Owing to the chemical action of the
electrolyte on the zinc clectrode, atomic disintegration takes place which causes
atoms to leave the surface of the zinc and combine with the negative ions (SO~
in the clectrolyte, forming zinc sulphate which dissolves in the water. During the
operation of the primary cell the zinc electrode is, therefore, literally eaten away,
and it is obvious that such a cell cannot be recharged. Itcan be renewed by the
insertion of a new zinc electrode and a renewal of the electrolyte.

c. The loss of positive charges from the surface of the zinc leaves a predominance of
electrons, negative charges, and the zinc becomes negatively charged. If a circuit is
provided from the zinc electrode to the copper electrode, a current will flow which
will consist of a movement of the negative electrons from the zinc through the wire,
over to the copper.

Hydrogen does not unite with copper (or carbon); thus the positive ions of the
electrolyte are simply attracted toward the copper plate, which is negative with
respect to hydrogen. This results in the formation of hydrogen gas on the plate.
Here the gas clings in the form of bubbles until its lightness causes it to rise to the
top of the electrolyte and cscape into the air. However, under certain conditions
the hydrogen bubbles do not rise rapidly enough to clear the surface of the copper
electrode, and thus the internal resistance of the cell is increased. This formation
of hydrogen gas on the surface of the positive electrode is called polarization, and
unless counteracted, becomes a distinctly limiting factor in the life of a primary cell.
To counteract polarization, oxygen must be introduced into the battery to combine
with the hydrogen atom, forming water and thus preventing polarization.

d. Because of its porous nature and its ability to absorb oxygen and thus prevent
polarization, carbon is preferred to copper as the positive terminal of the primary cell.
The perfection of the so-called air cell was permitted by the discovery of a special
form of carbon which literally breathes in oxygen, thus delaying polarization and mak-
ing possible a primary cell with a life of a thousand hours or more.

e. The production of an e.m.f. in a secondary cell is essentially due to the same
type of action just described for the primary cell. Planté developed the first commer-
cially practical storage battery about the year 1860. To this day the lead-acid storage
battery is essentially the same as that developed in those early days, except, of course,
for mechanical improvements in making the plates and containers. The positive
plate of this cell consists of a grid covered with lead dioxide, and the negative plate
consists of pure sponge lead. The electrolyte is a diluted solution of sulphuric acid.
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f. If an external load circuit is connected to this cell so a current can flow, the
action is as follows. Atoms from the surface of the positive plate (lead dioxide, PbO,)
combine with the positive hydrogen ions, H*, liberated in the electrolyte giving the
plate a positive charge and forming lead monoxide which later reacts with the sul-
phuric acid to form lead sulphate. The positive plate therefore becomes filled with
lead sulphate as the discharge progresses.

At the same time, the negative sulphuric ions (SO,)~ combine with the atoms of the
negative plate (Pb) forming lead sulphate on the surface of the plate. Positive
charges having been removed from the surface of the sponge-lead plate to form lead
sulphate, an excess of negative charges remains on the plate, and it acquires a negative
charge or potential. The formation of lead sulphate on the surfaces of both plates
is called sulphation and tends to impede the combining of the atoms of the active
material of the plates with the ions liberated by the electrolyte, and the internal
reststance of the cell is increased. As the sulphation continues, the internal resistance
increases and the voltage produced drops. Lead sulphate, unlike zine sulphate, is
non-soluble in water. '

g. If a current is forced through the cell in a direction opposite to the discharge
current, the chemical action of discharge may be reversed, that is, the lead sulphate
on the surface of the plates can be decomposed and its constituent ions forced back to
their original position in the electrolyte and active materials of the plates. When all
of the sulphate has been decomposed and the elements restored to their original state,
the cell is said to be charged. It is obvious, of course, that the charging current must
be greater in value than the terminal voltage of the cell; otherwise, the cell will con-
tinue to discharge and this charging current must be maintained at this greater value
until the charging process has been completed.

The chemical action in a nickel-iron-alkali cell is very different from
that of the lead-acid type; it is much more complex but essentially the
results are the same; an e.m.f. is produced owing to one plate being at a
higher potential than the other. The details of thisaction will be described
later, in the section on the Edison Cell (see Sec. 408).

18. Directions of Current Flow.—Current flow in a metallic conductor
is a flow of free electrons toward the positive terminal of the conductor.
In the early days of electricity it was assumed and agreed that the
conventional flow of electric current should be a positive flow, that is, a
flow from the positive toward the negative. As pointed out in Seec.
5 on Electric Current this conventional flow is still referred to as the
flow of electric current whereas it is only the conventional flow, the actual
electronic flow being in the opposite direction in the most commonly
considered conductor, that is, in the metallic conductor. When the path
is a gaseous one, as in certain types of vacuum tubes, the electrons
liberated by electronic collision are attracted toward the positive plate or
terminal, and any positive ions are attracted toward the filament which is
the negative terminal. This constitutes a flow of current in two direc-
tions: one a positive flow, and the other a negative flow; one electronic
and the other consisting of positive ions. This positive flow is usually so
small that it can be neglected. Its presence, nevertheless, has been
proved by laboratory experiments.
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The flow of current in an electrolyte consists of a flow of negative
ions toward one electrode and a flow of positive ions toward the other
electrode. This constitutes a flow of current in two directions, and the
flow of negative electricity is not proportionately greater than the flow
of positive electricity.

The directions of current flow in an electrolyte are not of much prac-
tical importance. Furthermore, as the flow of current in a vacuum tube
is almost wholly an electronic flow, the positive flow, when present, can
usually be neglected. In metallic conductors the flow is entirely elec-
tronic which makes it apparent that for all practical purposes current flow
is electron flow which is always toward the positive potential.

A clear understanding of what constitutes a current flow in metallic,
gaseous, and electrolytic conductors should clear up any questions as to
direction of current flow. It should be understood that any state-
ment to the effect that current flows from positive to negative refers
only to a flow in a gaseous or electrolytic conductor, or to the conven-
tional flow of current in a conductor, in which the actual flow is electronic
and, therefore, from negative to positive. Bear all this in mind when
studying diagrams on which the direction of current flow in a metallic
conductor (wire) may be indicated by arrows which, if pointing from
positive to negative, indicate conventional flow, not actual electronic flow.

19. Local Action.—The presence of impurities in the plates of an
electric cell sets up small local currents, owing to the action of the elec-
trolyte on the two dissimilar metals. These impurities are embedded in
the active material of the plates and may be carbon, iron, or arsenic, or
other foreign matter. The local currents set up by these impurities
within each plate reduce the effectiveness of the plate for its intended
purpose and act as a constant drain on the cell, reducing the mass of the
affected plate by actual disintegration in a primary cell or by sulphation
in a lead-acid secondary cell. This waste of energy and active material is
called local action, as it is set up locally in the cell regardless of external
conditions. It is counteracted in part by using the purest obtainable
material in the manufacture of the cell.

20. The Voltage of a Cell.—The e.m.f. produced by a cell depends
only upon the kind of material used for the electrodes and the character
of the electrolyte in which these electrodes are immersed. The size or
shape of the electrodes do not affect the value of e.m.f. produced; but
these factors do affect the capacity of the cell as will be seen later.

The voltage on open circuit is the potential difference between the
positive and negative electrode. When the circuit is closed, the value of
voltage is decreased by the amount of e.m.f. lost in overcoming the
internal resistance of the cell and in forcing the current to flow through it.
Therefore, as a dry cell gets old, and polarization increases its internal
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resistance, its terminal voltage drops proportionately. A voltage drop
takes place also in the lead-acid cell as the plates sulphate and the internal
resistance of the cell is increased.

It is for this reason that an open-circuit voltage reading is of little
value in determining the potential charge in a cell. This electrical condi-
tion is, of course, affected by the internal resistance of the cell and must be
measured under a condition which will vary with a change in the internal
resistance. Such a condition is one in which a current flows through the
cell, and a voltage reading is valuable only when taken with the cell
discharging in a normal way.

21. The capacity of a cell is usually measured in ampere-hours, which
may be expressed in unit form as the number of hours a cell will deliver a
given current to a final terminal voltage specified by the manufacturer and
usually, on storage batteries, is indicated on the name plate.

The ampere-hour capacity of a lead-acid storage cell is proportional
to the area, thickness, porosity, and arrangement of the active material,
the quantity and specific gravity of the electrolyte, the temperature
under which the battery is operating, and the rate of discharge. It is
evident, therefore, that the ampere-hour capacity of a cell is very
largely dependent upon its design characteristics.

As dry cells are not generally required to deliver much current they.
are not rated in ampere-hours, although, of course, every electric cell
whether a primary or secondary cell may be rated in this way if desired.
In specifying dry cells it is generally more important, after the number
required is known, to specify that newly made cells be supplied, as the
best of dry cells deteriorate even when standing on a shelf on open circuit,
and their life rarely exceeds 15 months even on open circuit. It may be
said then that the capacity of a dry cell depends, in addition to the
factors enumerated above, on its age.

22. Connection Methods.—It is evident that, other factors being con-
stant, the voltage of a cell is dependent only on the character of the
material constituting its plates, and an increase in voltage over that
delivered by one cell can be had only by adding together the e.m.fs. of
more than one cell. This is called connecting cells in series and is graphi-
cally shown in Fig. 25(a).

In order to increase the capacity of a battery, that is, to increase the
load it can carry, it is necessary to increase the area affected by the
electrolyte. As an electric cell is usually available in only a limited
number of cell sizes, it is convenient, from a practical standpoint, to
increase the capacity of t