CHAPTER TWO

Electrical and Radio
Fundamentals

@ 2-1 Fundamentals of a Radio System
Tue Basis of radio communication
is the transmission of electromagnetic waves
through space. The production of suitable
waves constitutes radio transmission, and their
detection, or conversion at a distant point into
the intelligence put into them at the originat-
ing point, is radio reception. There are several
distinct processes involved in the complete
chain. At the transmitting point it is necessary
first to generate power in such form that when
it is applied to an appropriate radiator, called
the antenna, it will be sent off into space in
electromagnetic waves. The message to be
conveyed must be superimposed on that power
by suitable means, a process called modulation.

As the waves spread outward from the
transmitter they rapidly become weaker, so
at the receiving point an antenna again is used
to abstract as much energy as possible from
them as they pass. The wave energy is trans-
formed into an electrie eurrent which is then
amplified, or increased in amplitude, to a
suitable value. Then the modulation is changed
back into the form it originally had at the trans-
mitter. Thus the message becomes intelligible.

Since these processes are performed by elec-
trical means, a knowledge of the principles
of electricity is necessary to understand them.

¢ 2-2 The Nature of Electricity

Electrons — All  matter — solids, liquids
and gases — is made up of fundamental units,
called molecules. The molecule, the smallest
subdivision of a substance retaining all its
characteristic properties, is constructed of
atoms of the elements comprising the substance.

The atom is made up of a central part, called
the nucleus, around which minute particles or
charges of electricity, called electrons, circulate.
The atom can be compared roughly to the solar
gystem, with the sun representing the nucleus
and the planets the electrons. By far the
greater part of the mass or weight of an atom
is in the nucleus, but because of its extreme
compactness the nucleus occupies only a small
part of the space taken up by the atom. In the
normal or neutral atom the electrical “‘charge”
on each electron is balanced by an equal
charge of opposite kind associated with the
nucleus. The kind of electricity represented
by the electron is called megative, while that
associated with the nucleus is called positive.

The greater mass of the nucleus (the nucleus
is more than 1800 times as heavy as the elec-
trons associnted with it) is considered to be
principally in neutral particles — that is, parti-
cles which exhibit no electrical effects —
bound together by some means. These neutral
particles each may actually be the result of the
combination of a positive and a negative parti-
cle, so that the charge on each is neutralized.
The net positive charge associated with the nu-
cleus can be looked upon as an excess of positive
particles, or as an absence of enough negative
charges to neutralize completely the positive
charges present. Ordinary electrical activity is
the result of movements of the electrons, or
negative charges, so it is customary to consider
electrical phenomena as caused by the presence
or absence of these negative particles.

Tn the atoms of many substances, one or two
of the outer electrons associated with the
nucleus can be detached from the atom by
suitable means, thus leaving the atom as a
whole with a net positive charge. When this
occurs, electrical activity becomes evident.

The unit of quantity — The amount of
electricity represented by a single electron is
extremely small — far too small to be used as
a unit of quantity in practical electrical worlk.
The practical unit of electrical quantity is the
coulomb. One coulomb is equal to about 6.2 X
108 electrons. Because the electron is so mi-
nute, the “granular” nature of electricity is
not apparent in practical work.

Static and current electricity — An elec-
trical charge may be either at rest (staiic) or
moving. Electrostatics is that branch of electri-
cal theory which deals with the behavior of
electricity at rest. If an electrical charge is
moving, its movement constitutes a current of
electricity. The movement may take place
through a vacuum, through a gas or liquid, or
through solid materials (usually metals) called
conductors. When the movement is through a
solid, the collection of electrons constituting the
original charge does not move as a unit through
the entire path;instead, individual electrons all
along the path are urged to leave the atoms to
which they are attached. Each electron travels
only a relatively short distance before finding
another atom which is electron-deficient, and
to which it tends to attach itself. The motion
is, therefore, transmitted along the path from
electron to electron, much in the same way
that motion in a chain is transmitted from link
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to link. Naturally, the ease with which the
electron motion is transmitted depends upon
the ease with which an electron can be de-
tached from an atom of the substance through
which the current is moving.

The flow of current through a conductor is
accompanied by heating of the conductor,
which may be explained as resulting from col-
lisions between moving electrons and atoms,
setting the latter into vibration. Thus there is
a loss of energy, in the form of heat, accom-
panying the flow of current.
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Fig. 201 — Attraction and repulsion of charged objects,
as demonstrated by the pith-ball experiment described.

Insulators and conductors — Materials
whose atoms will readily give up an electron
are called conductors, while those in which all
the electrons are firmly bound in the atom are
called insulators or dielectrics. Most metals are
good conductors, as also are acid or salt solu-
tions. Among the insulators are wood, hard
rubber, bakelite, quartz, glass, poreelain, tex-
tiles and many other nonmetallic materials.

Resistance — No substance is a perfect con-
ductor, and there is also no such thing as a
perfect insulator. The measure of the difficulty
in moving an electron by electrical means is
called reststance. Good conductors have low re-
sistance (high conductivity), good insulators
very high resistance. Between the two are ma-
terials which are neither good conductors nor
good insulators, but nonetheless are useful
since there often is need for intermediate values
of resistance in electrical circuits.

Circuits — A circuit is simply a complete
path along which electrons can move. There
will normally be a source of energy (a battery,
for instance), and a load, or portion of the cir-
cuit where the current is made to do useful
work. There must be an unbroken path
through which the electrons can move, with
the source of energy acting as an electron
pump and sending them around the circuit.
The circuit is said to be open when no charges
can move, because of a break in the path. It is
closed when no break exists — when switches
are closed and all connections are made.

€ 2-3 Static Electricity

The electric charge — Many materials that
have a high resistance can be made to acquire
a charge (surplus or deficiency of electrons)
by mechanical means, such as friction. The fa-
miliar erackling when a hard-rubber comb is
run through hair on a dry winter day is an
example of an electric charge generated by
friction. Objects can have either a surplus or a
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deficiency of electrons — a surplus of electrons
is called a negative charge; a lack of them is
called a positive charge. The kind of charge is
called its polarity. A negatively charged object
is frequently called a negative pole, and a posi-
tively charged object a positive pole.
Attraction and repufsion — Unlike charges
(one positive, one negative) exert an attraction
on each other. This can be demonstrated by
giving charges of opposite polarity to two very
light, well-insulated conductors, such as bits
of metal foil suspended from dry thread (Fig.
201). (Pith balls covered with foil frequently
are used in this experiment.) When the two
charged objects are brought close together,
they will be attracted to each other. If the
charges are equal and the charged bodies are
permitted to touch, the surplus electrons on
the negatively charged object will traunsfer
to the positively charged object (i.e., the one
deficient in electrons) and the two charges will
neutralize, leaving both bodies uncharged. If
the charges are not equal, the weaker charge
neutralizes an equal amount of the stronger
when the two bodies touch, upon which the
excess of the stronger charge distributes itself
over both. Both bodies then have charges of
the same polarity, and a force of repulsion is
exercised between them. Consequently, the bits
of foil tend to spring away from each other.
Unlike charges attract, like charges repel.
Electrostatic field — From the foregoing it
is evident that an electric charge can exert a
force through the space surrounding the
charged object. The region in which this force
is exerted is considered to be pervaded by an
electrostatic field, this concept of a field being
adopted to explain the “‘action at a distance”
of the charge. The field is pictured as consisting
of lines of force originating on the charge and
spreading in all directions, finally terminating
on other charges of opposite polarity. These
other charges may be a very large distance
away. The number of lines of force per unit
area is a measure of the intensity of the field.
The general picture of a charged object in
isolated space is shown in Fig. 202. This is an
idealized situation, since in practice the charged
object could not be completely isolated. The
presence of other charges, or simply of in-
sulators or conductors, in the vicinity will
greatly change the configuration of the field.
The direction of the field, as indicated by the

Fig. 202 — Lines of force from a charged object ex-
tend outward radially. Althourh only two dimensions
are shown, the field extends in all directions from the
charge, and should be visualized in three dimensions.
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arrowheads, is away from a positively charged
object; if the charge were negative, the direc-
tion would be toward the charge.

Tt should be understood that the field pie-
ture as represented above is a convenient
method of explaining observed effects, and is
not to be taken too literally. The electric force
does not consist of separate lines like strings or
rods, but completely pervades the medium
through which the force is exerted. With this
understanding, it is convenient to talk of lines of
force and to measure the field intensity in
terms of number of lines per unit area.

The intensity of the field dies away with
distance from the charged object in a manner
determined by its shape and the circum-
stances of its surroundings. In the case of an
isolated charge at a point (an infinitesimally
small object), the field strength is inversely
proportional to the sequare of the distance.
However, this relationship is not true in many
other cases; in some important practical ap-
plications the field intensity is inversely pro-
portional to the distance, not to its square.

Electrostatic induction — If a piece of
conducting material is brought near a charged
object, the field will exert a force on the elec-
trons of the metal so that those free to move
will do so. 1f the object is positively charged,
as indicated in Fig. 203, the free electrons will
move toward the end of the conductor nearest
the charged body, leaving a deficiency of elec-
trons at the other end. Hence, one end of the
conduetor becomes negatively charged while
the other end has an equal positive charge.
The lines of force from the charged body ter-
minate on the conductor, where sufficient
clectrons accumulate to provide an electric
intensity equal and opposite to that of the
field at that point. Because of this effect, the
electrostatic field inside the conductor is com-
pletely neutralized by the induced charge; in
other words, the field does not penetrate the con-
ductor. In radio work this provides the means
by which electrostatic fields may be excluded
from regions where they are not wanted.

Charges induced in a conductor as shown in
Fig. 203-A are held in existence by the field
from the charged object. On taking the con-
ductor out of the field the electrons will re-
distribute themselves so that the charges dis-
appear. However, if the conductor is con-
nected to the earth through a wire while under
the influence of the field, as shown in Fig.
203-B, the induced positive charge will tend to
move as far as possible from the source of the
field (that is, electrons will flow from the earth
to the conductor). If the grounding wire is then
removed, the conductor will be left with an
excess of electrons and will have acquired a
“permanent’ charge — permanent, that is, so
long as the conductor is well enough insulated
to prevent the charge from escaping to earth
or to other objects. The polarity of the induced
charge always is opposite to the polarity of the
charge which set up the original field.
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Fig. 203 — Electrostatic induction. The field from the
positively charged body attracts electrons, which ac-
cumulate to form a negative charge. The opposite end of
the conductor consequently acquires a positive charge.
This may be “drained off” to earth, as shown at (B).

Energy in the electrostatic field — The
expenditure of energy is necessary to place an
electrical charge upon an object and thus es-
tablish an electrostatic field. Once the field is
established and is constant, no further ex-
penditure of energy iz required. The energy
supplied to establish the field is stored in the
field; thus the field represents potential energy
(that is, energy available for use). The poten-
tial energy is acquired in the same way that
potential energy is given any object (a 10-
pound weight, for instance) lifted against the
gravitational pull of the earth. If the weight is
allowed to drop, its potential energy is changed
into the energy of motion. Similarly, if the
clectrostatic field is made to disappear, its po-
tential energy is transformed into a movement
of electrons, or into an electrie current.

The potential energy of the lifted weight is
measured by its weight and the distance 1t is
lifted; that is, by the work done in lifting it.
Similarly, the potential energy (called simply
potential) of the electrostatic field at any point
is measured by the work done in moving a
charge of specified value to that point, against
the repulsion of the field. In practice, absolute
potential is of less interest than the difference
of potential between two points in the field.

Potential difference— 1f two objects are
charged differently, a potential difference
exists between them. Potential difference is
measured by an electrical unit called the volf.
The greater the potential difference, the
higher (numerically) the voltage. This voltage
exerts an electrical pressure or force as explained
above, and is often called electromotive force
or, simply, e.m.f. It is not necessary to have
unlike charges in order to have a difference of
potential; both, for instance, may be negative,
so long as one charge is more intense than the
other. From the viewpoint of the stronger
charge, the weaker one appears to be positive
in such a case, since it has a smaller number
of excess electrons; in other words, its relative
polarity 1s positive. The greater the potential
difference, the more intense is the electrostatic
field between the two charged objects.
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Capacity — More work must be done in
moving a given charge against the repulsion
of a strong field than against a weak one;
hence, potential is proportional to the strength
of the field. In turn, field strength is propor-
tional to the charge or quantity of electricity
on the charged object, so that potential also is
proportional to charge. By inserting a suitable
constant, the proportionality can be changed
to an equality:

Q =CE
where @ is the quantity of charge, E is the po-
tential, and ' is a constant depending upon the
charged object (usually a conductor) and its
surroundings and is called the capacity of the
objeet. Capacity is the ratio of quantity of
charge to the potential resulting from it, or

_Q
C=%

When @ is in ecoulombs and E in volts, C is
measured in farads. A econductor has a capacity
of one farad when the addition of one coulomb
to its charge raises its potential by one volt.

The farad is much too large a unit for prac-
tical purposes. In radio work, the microfarad
(one millionth of a farad) and the micro-
microfarad (one millionth of a microfarad) are
the units most frequently used. They are ab-
breviated pfd. and pufd., respectively.

The capacity of a conductor in air depends
upon its size and shape. A given charge on a
small conductor results in a more intense
electrostatic field in its vieinity than the same
charge on a larger conductor. This is because
the charge distributes itself over the surface,
hence its density (the quantity of electricity
per unit area) is smaller on the larger conduc-
tor. Consequently, the potential of the larger
conductor is smaller, for the same amount of
charge. In other words, its capacity is greater
because a greater charge is required to raise
its potential by the same amount.

Condensers — If a grounded conductor, 4
(Fig. 204), is brought near a second conductor,
B, which is charged, the former will acquire a
charge by electrostatic induction. Since the
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Fig. 204 — The principle of the condenser.

charge on 4 is opposite in polarity to that on
B, the field set up by the induced charge on A
will oppose the original field set up by the
charge on B, hence the potential of B will be
lowered. Because of this, more charge must be
placed on B to raise its potential to its original
value; in other words, its capacity has been
increased by the presence of the second con-
ductor. The combination is called a condenser.
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The capacity of a condenser depends upon
the areas of the conductors, as before, and also
becomes greater as the distance between the
conductors is decreased, since, with a fixed
amount of charge, the potential difference
between them decreases as they are moved
closer together.

Deelectric

L 1
10 source of T
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Fig. 205 — A simple type of condenser, consisting of
two metal plates separated by dielectric material. Dia-
grammatic symbols for condensers are shown at the
right. The two at the top indicate condensers of fixed
capacity: the two below, condensers whose capacity is
variable. The symbols on the left are commonly used,

If insulating or dielectric material other
than air is inserted between the conductors, it
is found that the potential difference is lowered
still more — that is, there is a further inerease
in capacity. This lowering of the potential
difference is considered to be the result of
polarization of the dielectric. By this it is
meant that the molecules of the substance
tend to be distorted under the influence of the
electrostatic field in such a way that the
negative charges within the molecule are
drawn toward the positively charged condue-
tor, leaving the other end of the molecule
with a positive charge facing the negatively
charged conductor. Since the electrons are
firmly bound in the atoms of the dielectric,
there is no flow of current and the total charge
on each atom iz still zero, but there is a
tendency toward separation which causes a
reaction on the electrostatic field. The dielec-
tric of a charged condenser thus is under
mechanical stress, and if the potential differ-
ence between the plates of the condenser is
great enough the dielectric may break down
mechanically and electrically.

The ratio of the capacity of a condenser with
4 given dielectric material between its plates
to the capacity of the same condenser with air
as a dielectric is called the specific inductive
capacity of the dielectric, or, probably more
commonly, the dielectric constant. Strictly
speaking, the comparison should be made to
empty space (i.e., a vacuum) rather than to
air, but the dielectric constant of air is so nearly
that of a vacuum that the practical difference
is negligible. A table of dielectric constants is
given in Chapter Twenty-One.

Condensers have many uses in electrieal
and radio circuits, all based on their ability to
store energy in the electric field when a poten-
tial difference or voltage is caused to exist be-
tween the plates — energy which later can be
released to perform useful functions.
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¢ 2-4 The Electric Current

Conduction in metals — When a difference
of potential is maintained between the ends of
a metallic conductor, there is a continuous
drift of electrons through the conductor to-
ward the end having a positive potential (rela-
tive polarity positive). This electron drift con-
stitutes an electrie current through the metal
(§2-2). The speed with which the electron
movement is established is very nearly the
speed of light (300,000,000 meters, or approxi-
mately 186,000 miles, per second), so that the
current is said to travel at nearly the speed of
light. By this it is meant that the time interval
between the application of the electromotive
force and the flow of eurrent in all parts of a
circuit, even one extending over hundreds of
miles, is negligible. However, the individual
electrons do not move at anything approach-
ing such a speed. The situation is similar to
that existing when a mechanical force is trans-
mitted by means of a rigid rod. A force ap-
plied to one end of the rod is transmitted
practically instantaneously to the other end,
even though the rod itself moves relatively
slowly or not at all.

The magnitude of the electric current is the
rate at which electricity is moved past a point
in the circuit. If the rate is constant, then the
current is equal to the quantity of electricity
moved past a given point in some selected
time interval. That is,

fat
1
where T is the intensity or magnitude of the
current, O is the quantity of electricity, and ¢
is the time. If Q isin coulombs and ¢in seconds,
the unit for I is called the ampere. One ampere
of eurrent is equal to one coulomb of electricity
moving or “flowing” past a given point in a
cireuit in one second.

The ecurrents used by different electrical
devices vary greatly in magnitude. The current
which flows in an ordinary 60-watt lamp, for
instance, is about one-half ampere, the current
in an electric iron is about 5 amperes, and that
in a radio tube may be as low as 0.001 ampere.

When a current flows through a metallic
eonduector there is no visible or chemical effect
on the conductor. The only physical effect is
the heat developed (§ 2-2) as the result of en-
ergy loss in the conductor. Under normal condi-
tions the rate at which heat is generated and
that at which it is radiated by the conductor
will quickly reach equilibrium. However, if the
heat is developed at a more rapid rate than it
can be radiated, the temperature will continue
to rise until the conductor burns or melts.

Experimental measurements have shown
that the current which flows in a given metallic
conductor is directly proportional to the ap-
plied e.m.f., so long as the temperature of the
conduector is held constant. There is no e.m.f.
so small but that some current will flow as a
result of its application to a metallic conductor.
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Caseous conduction — In any gas or mix-
ture of gases (such as air, for example) there
are always some free electrons — that is, elec-
trons not attached to an atom — and also
some atoms lacking an electron. Thus there are
both positively and negatively charged parti-
cles in the gas, as well as many neutral atoms.
An atom lacking an electron is called a positive
ion, while the free electron is called a negative
son. The term fon is, in fact, applied to any
elemental particle which has an electric charge.

If the gas is in an electric field, the free elec-
trons will be attracted toward the source of
positive potential and the positive ions will be
attracted toward the source of negative poten-
tial. If the gasis at atmospheric pressure neither
particle can travel very far before meeting an
jon of the opposite kind, when the two com-
bine to form a neutral atom. Sinee a neutral
atom is not affected by the electric field, there
is no flow of current through the gas.

However, if the gas is enclosed in 2 glass
container in which two separate metal pieces
called electrodes are sealed, and the gas pres-
sure is then reduced by pumping out most of
the gas, a different set of conditions results.
At low pressure there is a comparatively
large distance between each atom, and when
an electric field is established by applying a
difference of potential to the electrodes the
ions can travel a considerable distance before
meeting another ion or atom. The farther the
ion travels the greater the velocity it acquires,
since the effect of the field is to accelerate its
motion. If the field is strong enough the ions
will acquire such velocity that when one hap-
pens to collide with a neutral atom the force
of the collision will knock an electron out of
the atom, so that this atom also becomes
ionized. The process is cumulative, and the
freed electrons are attracted to the positive
electrode while the positive ions are attracted
to the negative electrode. This movement of
charged particles constitutes an electric cur-
rent through the gas.

Since an ion must acquire a certain velocity
before it can knock an electron out of a neutral
atom, a definite field strength is required be-
fore conduction can take place in a gas. That
is, a certain value of potential difference,
called the fonizing potential, must be applied
to the electrodes. If less voltage is applied, the

Gas at fow
pressure

Electrode

- Source of +
Potential
Difference

Fig. 206 — Illustrating conduction through a gas at
low pressure. Positive ions are attracted to the negative
electrode, while electrons are attracted to the positive
electrode. This takes place only after the gas is 1onized.
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ras does not ionize and the current is negligible.
On the other hand, once the gas is ionized an
increase in potential does not have much effect
on the current, since the ions already have
sufficient velocity to maintain the lonization.
The ionizing potential required depends upon
the kind of gas and the pressure. Tonization is
usually accompanied by a colored glow in the
gas, different kinds of gases having different
characteristic colors.

Fig. 207 — Electrolytic conduction. When an e.m.{. is
applied to the electrodes, negative ions are attracted to
the positively charged plate and positive ions to the neg-
atively charged plate. The battery, which is the source
of the e.n.f., is indicated by its customary symbol.

Current flow in liquids— A very large
number of chemical compounds have the pe-
culiar characteristic that, when they are put
into solution, the component parts become
ionized. For example, common table salt
(sodium chloride), each molecule of which is
made up of one atom of sodium and one of
chlorine, will, when put into water, break down
into a sodium ion (positive, with one electron
deficient) and a chlorine ion (negative, with
one excess electron). This can only occur so
long as the salt is in solution — take away the
water and the ions are recombined into the
neutral sodium chloride. This spontaneous
dissociation in solution is another form of
ionization, and if two wires with a difference
of potential across them are placed in the solu-
tion, the negative wire will attract the positive
sodium ions and the positive wire will attract
the negative chlorine ions. Thus an electric
current will flow through the solution., When
the ions reach the wires the electron surplus or
deficiency will be remedied, and a neutral
atom will be formed.

In this process, the water is decomposed into
its gaseous constituents, hydrogen and oxygen.
The energy used up in decomposing the water
and in moving the ions is supplied by the
source of potential difference. The energy used
in decomposing the water is equivalent to an
opposing e.m.f., of the order of a volt or two. If
this constant “back voltage” is subtracted
from the applied voltage, it is found that the
current flowing through a given solution, or
electrolyte, is proportional to the difference
between the two voltages.

Current flow in vacuum — If a suitable
metallic conductor is heated to a high tempera-
ture in a vacuum, electrons will be emitted
from the surface. The electrons are freed from
this filament or cathode because it has been
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heated to a temperature that gives them suffi-
cient energy of motion to allow them to break
away from the surface. The process is called
thermionic electron emission. Now, if a metal
plate is placed in the vacuum and given a posi-
tive charge with respect to the cathode, this
plate or anode will attract a number of the elec-
trons that surround the cathode. The passage
of the electrons from cathode to anode consti-
tutes an electric current. All thermionic vae-
uum tubes depend for their operation on the
emission of electrons from a hot cathode.

Since the electrons emitted from the hot
cathode are negatively charged, 1t is evident
that they will be attracted to the plate only
when the latter is at a positive potential with
respect to the cathode. If the plate is nega-
tively charged with respect to the cathode the
electrons will be repelled back to the cathode,
hence no current will flow through the vacuum.
Consequently, a thermionic vacuum tube con-
ducts current n one direction only. When the
plate is positive, it is found that (if the poten-
tial is not too large) the current increases with
an increase in potential difference between the
plate and cathode. However, the relationship
between current and applied voltage is not a
simple one. If the voltage is made large enough
all the electrons emitted by the cathode will be
drawn to the plate, and a further increase in
voltage therefore cannot cause a further in-
crease in current. The number of electrons
emitted by the cathode depends upon the tem-
perature of the cathode and the material of
which it is constructed.

Direction of current floww — Use was being
made of electricity for a long time before its
electronic nature was understood. While it is
now clear that current flow is a drift of nega-
tive electrical charges or electrons toward a
source of positive potential, in the era preced-
ing the electron theory it was assumed that the
current flowed from the point of higher positive
potential to a point of lower (i.e., less positive
or more negative) potential. While this assump-
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Fig. 208 — Tlustrating conduction by thermionic emis-
sion of electrons in a vacuum tube. One battery is used
only to heat the filament to a temperature where it wiil
emit electrons. The other battery places a potential on
the plate which is positive with respect to the filament,
and as a result the electrons are attracted to the plate.
The flow of electrons from filament to plate completes the
electrical path, and current fows in the plate circuit.
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tion turned out to be wholly wrong, it is still
customary to speak of current as flowing ‘‘from
positive to negative’” in many applications.
The practice often causes confusion, but this
distinetion  between current’”’ flow and
t“glectron’’ flow often must be taken into ac-
count. If electron flow is specifically mentioned
there is of course no doubt as to the meaning,
but when the direction of current flow is speci-
fied it may be taken, by convention, as being
opposite to the direction of electron movement.

Primary cells — 1f two electrodes of dis-
similar metals are immersed in an electrolyte,
it is found that a small difference of potential
exists between the electrodes. Such a combina-~
tion is called a cell. If the two electrodes are
connected together by a conductor external to
the cell, an electric current will flow between
them. In such a cell, chemical energy is con-
verted into electrical energy. The difference of
potential arises as a result of the fact that ma-
terial from one or both of the electrodes goes
into solution in the electrolyte, and in the
process ions are formed in the vicinity of the
clectrodes. The electrodes acquire charges be-
cause of the electric field associated with the
charged ions. The difference of potential be-
tween the electrodes is principally a function of
the metals used, and is more or less independent
of the kind of electrolyte or the size of the cell.

When current is supplied to an external cir-
cuit, two principal effects occur within the cell.
The negative electrode (negative as viewed
from outside the cell) loses weight as its mate-
rial is used up in furnishing energy, and hydro-
gen bubbles form on the positive electrode.
Since the gas bubbles are non-conducting, their
aceumulation tends to reduce the effective area
of the positive electrode, and consequently re-
duces the current. The effect is cumulative, and
eventually the electrode will be completely
covered and no further current can flow. This
effect is called polarization. If the bubbles are
removed, or prevented from forming by chemi-
cal means, polarization is reduced and current
can flow as long as thereis material in the nega-
tive electrode to furnish the energy. A chemical
which prevents the formation of hydrogen
bubbles in a cell is called a depolarizer.

In addition to polarization effects, a cell has
a certain amount of internal resistance because
of the resistance of the electrodes and the elec-
trolyte and the contact resistance between the
electrodes and electrolyte. The internal resist-
ance depends upon the materials used and the
cize and electrode spacing of the cell. Large
cells with the electrodes close together will
have smaller internal resistance than small
cells made of the same materials.

A collection of cells connected together is
called a battery. The term battery also is ap-
plied frequently (although incorrectly) to a
single cell.

Dry cells— The most familiar form of
primary cellis the dry cell. Like the elementary
type of cell just described, it has a liquid elec-
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trolyte, but the liquidis mixed with other mate-
rials to form a paste. The cell therefore can be
used in any position and handled as though it
actually were dry.

Metal ea,
(positive ter'g—;fnaj 'y Carbon Rod

Sealing
.gampoand'

Zinc container

|/ (negative
(tefm."na{)

o
o
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Blotting
paper.

Depolarizer
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Fig. 209 — Construetion of a dry cell.

The construction of an ordinary dry cell is
shown in Fig. 209. The container is the nega-
tive electrode and is made of zine. Next to it is
a section of blotting material saturated with
the electrolyte, a solution of sal ammoniac.
The positive electrode 1s a carbon rod, and the
space between it and the blotting paper is filled
with a mixture of carbon, manganese dioxide
(the depolarizer) and the electrolyte. The top
is filled with sealing compound to prevent
evaporation, since the cell will not work when
the electrolyte drys out. The e.m.f. of a dry cell
is about 1.5 volts.

Dry cells are made in various sizes, depend-
ing upon the current which they will be called
upon to furnish. The construction frequently
varies from that shown in Fig. 209, although
in general the basic materials are the same in
all dry cells. Batteries of small cells are assem-
bled together as a unit for furnishing plate cur-
rent for the vacuum tubes used in portable
receiving sets; such “ B’ batteries, as they are
called, can supply a current of a few hun-
dredths of an ampere continuously. Larger
cells, such as the eommon “No. 6" cell, can
deliver currents of a fraction of an ampere con-
tinuously, or currents of several amperes for
very short periods of time. The total amount of
energy delivered by a dry cell is larger when the
cell is used only intermittently, as compared
with continuous use. The cell will deteriorate
even without use, and should be put into serv-
ice within a year or so from the time it 1s manu-
factured. The period during which it is usable
(without having been put in service) 1s known
as the “shelf life” of the cell or battery.

Secondary cells — The types of cells just
described are known as primary cells, because
the electrical energy is obtained directly from
chemical energy. In some types of cells the
chemical actions are reversible; that is, forcing
o current through the cell, in the opposite
direction to the current flow when the cell 1s de-
livering electrical energy, causes just the re-
verse chemical action. This tends to restore the
cell to its original condition, and electrical
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energy is transformed into chemical energy.
The process is called charging the cell. A cell
which must first be charged before it can de-
liver electrical energy is called a secondary cell.
A simple form of secondary cell can be made
by immersing two lead electrodes in a dilute
solution of sulphurie acid. If a current is forced
through the cell, the surface of the electrode
which is connected to the positive terminal of
the charging e.m.f. will be changed to lead
peroxide and the surface of the electrode con-
nected to the negative terminal will be changed
to spongy lead. After a period of charging the
charging source can be disconnected, and the
cell will be found to have an e.m.f. of about 2.1
volts. It will furnish a small current to an ex-
ternal circuit for a period of time. This dis-
charge of electrical energy is accompanied by
chemical action which forms lead sulphate on
both electrodes. When the lead peroxide and
spongy lead are converted to lead sulphate
there is no longer a difference of potential,
since both electrodes are now the same mate-
rial, and the cell is completely discharged.
The lead storage battery — The most com-
mon form of secondary cell is the lead storage
cell. The common storage battery for automo-
bile starting consists of three such cells con-
nected together electrically and assembled in a
single container. The principle of operation is
similar to that just deseribed, but the con-
struction of the cell is considerably more com-
plicated. To obtain large currents it is neces-
sary to use electrodes having a great deal of
surface area and to put them as close together
as possible. The electrodes are made in the
form of rectangular flat plates, consisting of a
latticework or grid of lead or an alloy of lead.
The interstices of the latticework are filled
with a paste of lead oxide. The electrolyte is a
solution of sulphuric acid in water. When the
cell is charged, the lead oxide in the positive
plate is converted to lead peroxide and that in
the negative plate to spongy lead. To obtain
high current capacity, a cell consists of a num-
ber of positive plates, all connected together,
and a number of negative plates likewise con-
nected together. They are arranged as shown
in Fig. 210, with alternate negative and posi-
tive plates kept from touching by means of
thin separators of insulating material, generally
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treated wood or perforated hard rubber. The
separators preferably should be porous, so that
the electrolyte can pass through them freely;
thus they do not impede the passage of current
from one plate to the next. There is always one
extra negative plate in such an assembly, be-
cause the active material in the positive plate
expands when the cell is being charged and if
all the expansion took place on one side the
plate would be distorted out of shape.

The e.m.f. of a fully charged storage cell is
about 2.1 volts. When the e.m.f. drops to about
1.75 volts on discharge, the cell is considered to
be completely discharged. Discharge beyond
this limit may result in the formation of so
much lead sulphate on the plates that the cell
cannot be recharged, since lead sulphate is an
insulator. During the charging process water
in the electrolyte is used up, with the result
that the sulphuric acid solution becomes more
concentrated. The higher concentration in-
creases the specific gravity of the solution, so
that the specifie gravity may be used to indi-
cate the state of the battery with respect to
charge. In the ordinary lead storage cell the so-
lution is such that a specific gravity of 1.285 to
1.300 indicates a fully charged cell, while a dis-
charged cell is indieated by a specific gravity
of 1.150 to 1.175. The specific gravity can be
measured by means of a hydrometer, shown in
Fig. 211. For use with portable batteries, the
hydrometer usually consists of a glass tube
fitted with a syringe so that some of the elec-
trolyte can be drawn from the cell into-the
tube. The hydrometer float is a smaller glass
tube, air-tight and partly filled with shot to
make it sink into the solution. The lower the
specific gravity of the solution, the farther the
float sinks into it. A graduated scale on the
float shows the specific gravity directly, being
read at the level of the solution,

Storage cells are rated in ampere-hour capac-
ity, based on the number of amperes which can
be furnished continuously for a stated period of
time. For example, the cell may have a rating
of 100 ampere-hours at an 8-hour discharge
rate. This means that the cell will deliver 100/8
or 12.5 amperes continuously for 8 hours after
having been fully charged. The ampere-hour
capacity of a cell will vary with the discharge
rate, becoming smaller as the rated time of dis-
charge is made shorter. It also de-
pends upon the size of the plates and
their number. In automobile-type
batteries the dimensions of the plates
are fairly well standardized, so that
the ampere-hour capacity is chiefly
determined by the number of plates
in a cell. Tt is, therefore, common prac-
tice to speak of “1ll-plate,” “15-
plate,” etc., batteries as an indication
of the battery capacity.

Lead storage batteries must be kept
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Fig, 210 — Details

of typical lead storage-battery construction.

fully charged if they are tostay in good
condition. If a discharged battery is
left standing idle, lead sulphate will
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form on the plates and

(l\\ )"‘}\f\l\‘ eventually the battery
,y,: will be useless. When
b the battery is being

charged, hydrogen
bubbles are given off by
theelectrolyte which,in
bursting at the surface,
throw out fine drops of
the electrolyte. This is
called “gassing.” The
sulphuric-acid solution
spray from gassing will
attack many materials,
and consequently care
must be used to see
. that it is not permitted
Ay to fall on near-by ob-
jects. It should also be
wiped off the battery
itself.

A lead battery may
be charged at its nomi-
nal discharge rate; i.e.,
a 100-ampere-hour bat-
tery, 8-hour rating, can
be charged at 100/8,
or 12.5 amperes. The
charging voltage required is slightly more than
the output voltage of the cell. The preferred
method is to charge at the full rate until the
cells start to “gas’ freely, after which the
charging rate should be dropped to about half
itsinitial value until the battery is fully charged,
as indicated by the hydrometer reading. Alter-
natively, the battery may be charged from a
constant-potential source (about 2.3 volts per
cell), when the rise of terminal voltage of the
battery as it accumulates a charge will auto-
matically “taper’’ the charging rate.

The solution in a lead storage battery will
freeze at a temperature of about zero degrees
Fahrenheit when the battery is discharged, but
a fully charged battery will not freeze until the
temperature reaches about 90 degrees below
zero. Keeping the battery charged therefore
will prevent damage by freezing.

Cells in series and parallel — For proper op-
eration, many electrical devices require higher
voltage or current than can be obtained from
a single cell. If greater voltage is needed, cells
may be connected in sertes, as shown in Fig.
212-A. The negative terminal of one cell is
connected to the positive terminal of the next,
<o that the total e.m.f. of the battery is equal to
the sum of the e.m.f.s of the individual cells.
For radio purposes, batteries of 45 and 90 volts
or more are built up in this way from 1.5-volt
dry cells. An automobile storage battery con-
sists of three lead storage cells in series, total-
ling 6.3 volts — or, in round figures, 6 volts.
The current which may be taken safely from a
battery composed of cells in series is the same
as that which may be taken safely from one cell
alone: sinee the same current flows through all
cells, the current capacity is unchanged.

Calibrated
Seale |

1. Float
FHectrolyte—w

Fig. 211 — The hydrom-
eter, a device with a
calibrated scale for
measuring the specific
gravity of the electro-
Iyte, used to determine
the state of charge of a
lead storage battery.
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When the device or load to which the battery
is to be connected requires more current than
can be taken safely from a single cell, the cells
may be connected in parallel, as shown in Fig.
212-B. In this case the total current is the sum
of the currents contributed by the individual
cells, each contributing the same amount if the
cells are all alike. When cells are connected in
parallel it is essential that the e.m.f.s all be the
same, since if one cell generated alarger voltage
than the others it would forece current through
the other cells in the reverse direction and thus
would take most, if not all, of the load. Also, if
one cell has a lower terminal voltage than the
others it will take current from the others
rather than carrying its fair share.

Cells may be connected in series-parallel, as
in Fig. 212-C, to increase both the voltage and
the current-carrying capacity of the battery.

q 2-5 Electromagnetism

The magnetic field — Everyone is familiar
with the fact that a bar or horseshoe magnet
will attract small pieces of iron. Just as in the
case of electrostatic attraction (§ 2-3) the con-
cept of a field, in this case a field of magnetic
force, is adopted to explain the magnetic ac-
tion. The field is visualized as being made up of
lines of magnetic force, the number of which
per unit area determines the field strength. As
in the case of the electrostatic field, the lines of
force do not have physical existence but simply
represent a convenient way of describing the
properties of the force.
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Fig. 212 — Series, parallel, and series-parallel connec-
tion of cells. Series connection inereases the total voltage
without changing current capacity; parallel connection
increases current capacity without increasing voltage.
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Magnetic attraction and repulsion — The
forces exerted by the magnetic field are an-
alogous to electrostatic forces. Corresponding
to positive and negative electric charges, it is
found that there are two kinds of magnetic
poles. Instead of being called ““positive” and
“negative,”’ however, the magnetic poles are
called “north” (N) and “south” (S) poles.
These names arise from the fact that, when a
magnetized steel rod is freely suspended, it will
turn into such a position that one end points
toward the north. The end which points north
is called the “north-seeking,”” or simply the
“north,” pole.

Unlike electric lines of force, which termi-
nate on charges of opposite polarity (§ 2-3),
magnetic lines of force are closed upon them-
selves. This is illustrated by the field about a
bar magnet, as shown in Fig. 213-A. The lines
extend through the magnet, the direction being
taken from S to N inside the magnet and from
N to S outside the magnet. If similar poles of
two magnets are brought near each other, there
is a foree of repulsion between them, while dis-
similar poles are attracted when brought close
together. Asin the case of electric charges, like
poles repel, unlike poles attract.

If a bar magnet is cut in half, as in Fig.
213-B, it 1s found that the cut ends also are
poles, of opposite kind to the original poles on
the same piece. Such cutting can be continued
indefinitely, and, no matter how small the
pieces are made, there are always two opposite
poles associated with each piece. In other
words, a single magnetic pole cannot exist
alone; it must always be associated with a pole
of the opposite kind.

To explain this property of a magnet, it is
considered that each molecule of a magnetic
substance is itself a miniature magnet. If the
material is not magnetized, the molecules are

@)
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Fig. 213— (A) The field about a bar magnet. The
magnetic lines of force are continuous, part of the path
heing inside the magnet and part outside. (B) Cutting a
magnet produces two magnets, each complete with N
and 5 poles. With the magnets in the positions shown,
some of the lines of force are common to both magnets.
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in random positions and the total magnetic ef-
fect is zero since there are just as many mole-
cules tending to set up a magnetic field in one
direction as there are others tending to set up a
field in the opposite direction. When the sub-
stance becomes magnetized, however, the
molecules are aligned so that most or all of the
N poles of the molecular magnets are turned
toward one end of the material while the S
poles point toward the other end.

Magnetic induction — When an unmagnet-
ized piece of iron is brought into the field of a
magnet, its molecules tend to align themselves
as described in the preceding paragraph. If one
end of the iron is near the N pole of the mag-
net, the S poles of the molecules will turn
toward that end and an S pole is said to be in-
duced in the iron. An N pole will appear at the
opposite end. Because of the attraction be-
tween opposite poles, the iron will be drawn
toward the magnet. Since the iron has become
a magnet under the influence of the field, it
also possesses the property of attracting other
pieces of iron.

When the magnetic field is removed, the mol-
ecules may or may not resume their random
positions. If the material is soft iron the mag-
netism disappears quite rapidly when the field
is removed, but in some types of steel the
molecules are slow to resume their random
positions and such materials will retain mag-
netism for a long time. A magnet which loses
its magnetism quickly when there is no exter-
nal magnetizing force is called a temporary
magnet, while one which retaing its magnetism
for a long time is called a permanent magnel.
The tendency to retain magnetism is called
relentivity. The process of destroying magnet-
ism can be hastened by heating, which increases
the motion of the molecules within the sub-
stance, as well as by mechanical shock, which
also tends to disturb the molecular alignment.

Electric current and the magnetic field —
Experiment shows that a moving electron
generates a magnetic field of exactly the same
nature as that existing about a permanent
magnet. Since a moving electron, or group of
electrons moving together, constitutes an elee-
tric current, it follows that the flow of current
is accompanied by the creation of a magnetic
field. When the conductor is a wire the mag-
netic lines of force are in the form of concentric
circles around it and lie in planes at right
angles toit, as shown in Fig. 214. The direction
of this field is controlled by the direction of
current flow.

There is an easily remembered method for
finding the relative directions of the current
and of the magnetic field it sets up. Imagine the
fingers of the right hand curled about the wire,
with the thumb extended along the wire in the
direction of current flow (the conventional
direction, from positive to negative, not the
direction of electron movement). Then the fin-
gers will be found to poirt in the direction of
the magnetic field; that iz, from N to 5.
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Fig. 214— Whenever
electric current passes
through a wire, mag-
netic lines of force
are set up in the
form of econcentric
circles at right an-
gles to the wire, and
a magnetic field ex-
ists around the wire.
The direction of this
field is controlled by
the direction of cur-
rent flow, and can
be traced by means
of a small compass.

Magnetomotive force — The force which
causes the magnetic field is called magnetomo-
tive force, abbreviated m.m.f. It corresponds to
clectromotive force or e.m.f. in the electric eir-
cuit. The greater the magnetomotive force, the
stronger the magnetic field; that is, the larger
the number of magnetic lines per unit area.
Magnetomotive force is proportional to the
current flowing. When the wire carrying the
current ig formed into a coil so that the mag-
netie flux will be concentrated instead of being
spread over a large area, the m.m.f. also is
proportional to the number of turns in the coil.
Consequently magnetomotive force can be ex-
pressed in terms of the product of current and
turns, and the ampere-turn, as this product is
ealled, is in fact the common unit of magneto-
motive force. The same magnetizing effect can
be secured with a great many turns and a weak
current or with a few turns and a strong cur-
rent. For example, if 10 amperes flow in one
turn of wire, the magnetizing effect is 10 am-
pere-turns. If one ampere flows in 10 turns of
wire, the m.m.f. also is 10 ampere-turns.

The magnetie circuit — Since magnetic
lines of force are always closed upon them-
selves, it is possible to draw an analogy be-
tween the magnetic circuit and the ordinary
electrical circuit. The electrical circuit also
must be closed so that a complete path is pro-
vided around which the electrons or current
.an flow. However, there is no insulator for the
magnetic field, so that the magnetic circuit is
always complete even though no magnetic ma-
terial (such as iron) may be present.

The number of lines of magnetic force, or
fluz, is equivalent in the magnetic circuit to
current in the electric circuit. However, 1t is
usual practice to express the strength of the
field in terms of the number of lines per unit
area, or fluz density. The unit of flux density
is the gauss, which is equal to one line per
square centimeter, but the terms “lines per
square centimeter” or “lines per square inch”
are commonly used instead.

Corregponding to resistance in the electrie
cireuit is the tendeney to obstruet the passage
of magnetic flux, which is called reluctance.
The reluctance of good magnetic materials, such
as iron and steel, 1s quite low.
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The permeability of a material is the ratio of
the flux which would be set up in a closed mag-
netie path or circuit of the material to the flux
that would exist in a path of the same dimen-
siong in air, the same m.m.f. being used in
both cases. The permeability of air is assigned
the value 1. The permeability of steels of vari-
ous types varies from about 50 to several thou-
sand, depending upon the materinls alloyed
with the steel. Very high permeabilities are
attained in special materials such as “perm-
alloy,” which is an alloy of iron and nickel.

The permeability of magnetic materials de-
pends upon the density of magnetic flux in the
material. At very high flux densities the perme-
ability is less than its value at low or moderate
flux densities. This is because the flux in mag-
netic materials is proportional to the applied
m.m.f. only over a limited range. As the m.m.f.
increases more and more of the molecular
magnets within the material become aligned,
until eventually a point s reached where o very
great increase in m.m.f. is required to cause a
relatively small increase in flux. This is called
magnetic saturation. In this region of saturation
the permeability decreases, since the ratio
between the number of lines in the material and
the number in air, for the same m.m.f., 1s
smaller than when the flux density is below the
saturation point.

Energy in the magnetic field — Like the
electrostatic field (§2-3), the magnetic field
represents potential energy. Consequently the
expenditure of energy is necessary to set up a
magnetic field, but once the field has been es-
tablished and remains constant no further en-
ergy is consumed in maintaining it. If by some
means the field is caused to disappear, the
stored-up magnetic energy is converted to
energy in some other form. In other words the
energy undergoes a transformation when the
magnetic field is changing, being stored in the
field when the field strength is increasing and
being released from the field when the field
strength is decreasing.

When a magnetic field is set up by a current
flowing in a wire or coil, a certain amount of
energy is used initially in bringing the field
into existence. Thereafter the current must
continue to flow, if the field is to be maintained
at steady strength, but no expenditure of en-
ergy is required for this purpose. (There will be
a steady energy loss in the circuit, but only
because of the resistance of the wire.) If the
current stops the energy of the field is trans-
formed back into electrical energy, tending to
keep the current flowing. The amount of en-
ergy stored and subsequently released depends
upon the strength of the field, which in turn
depends upon the intensity of the current and
the cireuit conditions, i.e., the relationship be-
tween field strength and current in the circuit.

Induced voltage — Since a magnetic field is
set up by an electric current, it is not surprising
to find that, in tuwrn, a magnetic field can cause
o current to flow in a closed electrical eireuit,
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That is, an e.m.f. can be tnduced in a wire in a
magnetic field. However, since a change in the
field is required for energy transformation, an
e.m.f. will be induced only when there is a
change in the field with respect to the wire.

This change may be an actual change in the
field strength or may be caused by relative
motion of the field and wire; e.g., a moving
field and a stationary wire, or a moving wire
and a stationary field. It is convenient to con-
sider this induced e.m.f. as resulting from the
wire's “ecutting through’ the lines of force of
the field. The strength of the e.m.f. so induced
is proportional to the rate of cutting of the
lines of force.

If the conductor is moving parallel with
the lines of force in a field, no voltage is In-
duced since no lines are cut. Maximum cutting
results when the conductor moves through the
field in such a way that both its longer di-
mension and direction of motion are per-
pendicular to the lines of force, as shown in
IMig. 215. When the conductor is stationary and
the field strength varies, the induced voltage
results from the alternate increase and decrease
in the number of lines of force cutting the wire
as the m.m.f. varies in intensity.

Direction of motion

Direction of
induced e.m.f.

Fig. 215 — Showing how e.m.f. is induced in a conductor
moving through a stationary magnetic field, cutting the
lines of force. Conversely, a current sent through the
conductor in the same direction by means of an external
e.m.f. will cause the conductor to move downward.

Lenz’s Law— When a voltage is induced
and current flows in a conductor moving in a
magnetic field, energy of motion is transformed
into electrical energy. That is, mechanical
work is done in moving the conductor when an
induced current flows in it. If this were not so
the induced voltage would be creating electrical
energy, in violation of the fundamental prin-
ciple of physics that energy can neither be
created nor destroyed but only transformed.
It is found, therefore, that the flow of current
creates an opposing magnetic force tending to
stop the movement of the wire. The statement
of this prineiple is known as Lenz’s Law: “In
all eases of electromagnetic induction, the in-
duced currents have such a direction that their
reaction tends to stop the motion which pro-
duces them.”

Motor principle — The fact that current
flowing in a conductor moving through a mag-
netic field tends to oppose the motion indicates
that current sent through a stationary conduc-
tor in a magnetic field would tend to set the
conductor in motion. Such is the case. If moving
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the conductor through the field in the direction
indicated in Fig. 215 causes a current to flow
as shown, then, if the conductor is stationary
and an e.m.f. is applied to send a current
through the conductor in the same direction,
the conductor will tend to move across the
field in the opposite direction.

This principle is used in the eleetric motor.
The same rotating machine frequently may
be used either as a generator or motor; as a
generator it is turned mechanically to cause
an induced e.m.f., and as a motor electric
current through it causes mechanical motion.

Self-induction — When an e.m.f. is applied
to a wire or coil, current begins to flow and a
magnetic field is created. Just before closing
the circuit there was no field; just after closing
it the field exists. Consequently, at the instant
of closing the circuit the rate of change of the
field is very rapid. Since the wire or coil carry-
ing the current is a conductor in a changing
field, an e.m.f. will be induced in the wire. This
induced voltage is the e.m.f. of self~induction,
so called because 1t results from the current
flowing in the wire itself.

By the principle of conservation of energy
(and Lenz’s Law), the polarity of the induced
voltage must be such as to oppose the applied
voltage; that is, the induced voltage must tend
to send current through the cireuit in the
direction opposite to that of the current caused
by the applied voltage. At the instant of closing
the circuit the field changes at such a rate that
the induced voltage equals the applied voltage
(it cannot exceed the applied voltage, because
then it would be supplying energy to the source
of applied e.m.f.), but after a short interval
the rate of change of the field no longer is so
rapid and the induced voltage decreases. Thus
the current flowing is very small at first when
the applied and induced e.m.f.s are about
equal, but rises as the induced voltage becomes
smaller. The process is cumulative, the current
eventually reaching a final value determined
only by the resistance in the circuit.

In forcing current through the circuit against
the pressure of the induced or “back” voltage,
work is done. The total amount of work done
during the time that the current is rising to its
final value is equal to the amount of energy
stored in the magnetic field, neglecting heat
losses in the wire itseli. As explained before,
no further energy is put into the field once the
current becomes steady. However, if the cir-
cuit is opened and current flow caused by the
applied e.m.f. ceases, the field collapses. The
rate of change of field strength is very great in
this case, and a voltage is again induced in the
coil or wire. This voltage causes a current flow
in the same direction as that of the applied
e.m.f., since energy is now being restored to the
circuit. The energy usually is dissipated in the
spark which occurs when such a circuit is
opened. Since the field collapses very rapidly
when the switch is opened, the induced e.m.f.
at such a time can be extremely high.
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Fig. 216 — When the condueting wire is coiled, the
individual magnetic fields of each turn are in such a
direction as to produce a field similar to that of a bar
magnet. The schematic symbols for inductance are
shown at the right. The symbol at the left in the top
row indicates an iron-core inductance; at the right, air
core. Variable inductances are shown in the bottom row.

Inductance — As  explained above, the
strength of the self-induced voltage 1s propor-
tional to the rate of change of the field. How-
ever, it iz also apparent from the foregoing that
it depends as well upon the properties of the
circuit, since, if a number of similar conductors
are in the same varying field, the same voltage
will be induced in each. By combining the con-
ductors properly, the total induced voltage
in such a case will be the sum of the voltages
induced in each wire. Also, the rate of change of
field strength depends upon the strength of the
field set up by a given amount of current flow-
ing in the wire or coil, and this in turn depends
upon the ampere-turns, permeability, length
and cross-section of the magnetic path, ete.
Tor a given circuit, however, the field strength
will be determined by the current, and the rate
of change of the field consequently will be de-
termined by the rate of change of current.
Hence, it is possible to group all the other fac-
tors into one quantity, a property of the cir-
cuit. This property is called inductance. When
this is done, the equation giving the value of
the induced voltage becomes:

Induced voltage
= L X rate of change of current

where L is the inductance.

Inductance is a property associated with all
circuits, although in many cases it may be so
small in comparison to other circuit properties
(such as resistance) that no error results from
neglecting it. The inductance of a straight wire
increases with the length of the wire and de-
creases with inereasing wire diameter. The in-
ductance of such a wire is small, however. For
a given length of wire, much greaterinductance
can be secured by winding the wire into a coil
so that the total flux from the wire is concen-
trated into a small space and the flux density
correspondingly increased. The unit of induec-
tance is the fienry. A circuit or coil has an in-
ductance of one henry if an e.m.f. of one volt
is induced when the current changes at the
rate of one ampere per second. In radio work
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it is frequently convenient to use smaller units;
those commonly used are the millifienry (one
thousandth of a henry) and the microhenry
(one millionth of a henry).

Tt will be recognized that the relationship
between inductance and the magnetic field
is similar to that between capacity and the
electrostatic field. The greater the inductance,
the greater the amount of energy stored in the
magnetic field for a given amount of eurrent;
the greater the ecapacity, the greater the
amount of energy stored in the electrostatic
field for a given voltage.

The inductance of a coil of wire depends
upon the number of turns, the cross-sectional
dimensions of the coil, and the length of the
winding. It also depends upon the permeability
of the material on which the coil is wound, or
core. Formulas for computing the inductance
of air-core coils of the type commonly used in
radio work, are given in Chapter Twenty-One.

Mutual inductance — If two coils are ar-
ranged with their axes coinciding, as shown
in Fig. 217, a current sent through Coil 1 will
cause a magnetic field which cuts Coil 2. Con-
sequently, an e.m.f. will be induced in Coil 2
whenever the field strength is changing. This
induced e.m.f. iz similar to the e.m.f. of self-
induction; that is,

Induced e.m.f.
= M X rate of change of current

where M is a quantity called the mutual indrct-
ance of the two coils, The mutual inductance
may be large or small, depending upon the
self-inductances of the coils and the propor-
tions of the total flux set up by one coil which
cuts the turns of the other coil. If all the flux
set up by one coil cuts all the turns of the other
coil the mutual inductance has its maximum
possible value, while if only a small part of
the flux set up by one coil cuts the turns of
the other the mutual induetance may be rela-
tively small. Two coils having mutual induct-
ance are said to be coupled.

The degree of coupling expresses the ratio of
actual mutual inductance to the maximum
possible value. Coils which have nearly the
maximum possible mutual inductance are said
to be closely, or tightly, coupled, while if the

Fig. 217 — Mutual inductance. When the switch, S, is
closed eurrent flows through Coil 1, setting up a magnetic
field which induces an e.m.f. in the turns of Coil 2.
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mutual induetance is relatively small the coils
are said to be loosely coupled. The degree of
coupling depends upon the physical spacing
between the coils and how they are placed with
respect to each other. Maximum coupling ex-
ists when they have a common axis, as shown
in Fig. 217, and ave as close together as possible.
If two coils having mutual inductance are
-connected in the same circuit, the directions
of the respective magnetic fields may be such
as to add or oppose. In the former case the
mutual inductance is said to be “positive’;
in the latter case, “negative.” Positive mutual
inductance in such a circuit means that the
total inductance is greater than the sum of the
two individual inductances, while negative
inductance means that the total inductance is
less than the sum of the two individual in-
ductances. The mutual inductance may be
made either positive or negative simply by
reversing the connections to one of the coils.

¢ 2-6 Fundamental Relations

Direct current — A current which always
flows in the same direction through a circuit is
called a direct current, frequently abbreviated
d.c. Current flow caused by batteries, for ex-
ample, is direct current. One terminal of each
cell is always positive and the other always
negative, hence electrons arve attracted only in
the one direction around the circuit. To make
the current change direction, the connections
to the battery terminals must be reversed.

Work, energy and power — When a quan-
tity of electricity is moved from a point of one
potential to a point at a second potential, work
is done. The work done is measured by the
product of the quantity of electricity and the
difference of potential through which it is
moved; that is,

W = QE

In the practical system of units, with @ in
coulombs and E in volts, the unit of work is
called the joule. Energy, which is the capacity
for doing work, is measured in the same units.

Since I = )/t when the current is constant
(§2-1), @ = It. Substituting for € in the
equation above gives

W = EIt

where I is in volts, I in amperes, and ¢ in sec-
onds. One ampere flowing through a difference
of potential of one volt for one second does one
joule of work. Power is the time rate at which
work is done, so that, if the work 1s done at a
uniform rate, dividing the equation by ¢ will
give the eleetrical power:

P =FEI

The unit of power is called the watt.

In practical work, the term “joule” is sel-
dom used for the unit of work or energy. The
more common name is wali-second (one joule is
equal to one watt applied for one second). The
watt-second is a relatively small unit; a larger
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one, the watt-hour (one watt of power applied
for one hour) is more frequently used. Again,
for some purposes the watt is too small a unit,
and the Ekilowait (1000 watts) is used instead.
A still larger energy unit is the kilowatt-hour,
the meaning of which is easily interpreted.

Fractional and multiple units — As illus-
trated by the examples in the preceding para-
graph, it is frequently convenient to change
the value of a unit so that it will not be neces-
sary to use very large or very small numbers.
As applied to electrical units, the practice is to
add a prefix to the name of the fundamental
unit to indicate whether the modified unit is
larger or smaller. The common prefixes are
micro (one millionth), milli (one thousandth),
kilo (one thousand) and mega (one million).
Thus, a microvolt is one millionth of a volt, a
milliampere is one thousandth of an ampere, a
kilovolt is one thousand volts, and so on.

Unless there is some indieation to the con-
trary, it should be assumed that, whenever a
formula is given in terms of unprefixed letters
(E, I, P, R, etc.), the fundamental units are
meant. If the quantities to be substituted in
the equation are given in fractional or multiple
units, conversion to the fundamental units is
necessary before the equation can be used.

Ohm’s Law— In any metallic conductor,
the current which flows is directly proportional
to the applied electromotive force. This rela-
tionship, which is known as Ohm’s Law, can be
written

E = RI

where Fis thee.m.f., [ is the current, and Risa
constant, depending on the conductor, called
the resistance of the conductor. By definition,
a conductor has one unit of resistance when an
applied e.m.f. of one volt causes a current of
one ampere to flow. The unit of resistance is
called the ohm.

Ohm’s Law does not apply to all types of
conduction, particularly to conduction through
gases and in a vacuum. The law is of very great
importance, however, because practically all
electrical circuits use metallic conduction in
whole or in part.

By transposing the equation, the following
equally useful forms are obtained:

E E
T ==
I R

The three equations state that, in a cireuit to
which Ohm’s Law applies, the voltage across
the circuit is equal to the current multiplied by
the resistance; the resistance of the circuit is
equal to the voltage divided by the current;
and the current in the circuit is equal to the
voltage divided by the resistance.

Resistance and resistivity — The resistance
of a conductor is determined by the material of
which it is made and its temperature, and is
directly proportional to the length of the con-
ductor (that is, the length of the path of the
current through the conductor) and inversely
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proportional to the arca through which the cur-
rent flows. If the temperature is constant,
R=k é
A

where R is the resistance, k is a constant de-
pending upon the material of which the con-
ductor is made, L is the length and A the area.
[Por the purpose of giving a specific value to F,
I, is taken as one centimeter and A as ove
square centimeter (a cube of the material
measuring one centimeter on a side); k is then
the resistance in ohms of such a cube at a
specified temperature. It is called the specific
resistance or resistivity of the material. If the
resistivity is known, the resistance of any
conductor of known length and uniform cross-
section readily ecan be determined by the
formula above. The length must be in centi-
meters and the area in square centimeters.

The relationships given above are true only
for unidirectional (direct) currents and low-
frequency alternating currents. Modifications
must be made when the current reverses its
Jirection many times each second (§ 2-8).

Conductance and conductivity — The
reciprocal of resistance is called conductance,
and has the opposite properties to resistance.
The lower the resistance of a circuit, the higher
is the conductance, and vice versa. The sym-
bol of conductance is @, and the relationship
to resistance is

1 B 1

R @

The unit of conductance is called the mho. A
cirenit or conductor which has a resistance of
one ohm has a eonductance of one mho. By
substituting 1/G for £ in Ohm’s Law,

I I

G 7 I =EG E a

The reciprocal of resistivity is called the
specific conductance or conductivity of a ma-
terial, and is measured in mhos per centimeter
cube. It is frequently useful to know the rela-
tive conductivity of different materials. This
is usually expressed in per cent conductivity, the
conduetivity of annealed copper being taken
as 100 per cent. A table of per cent conductivi-
ties is given in Chapter Twenty-One.

Power used in resistance — If two con-
ductors of different resistances have the same
current flowing through them, then by Ohm’s
Law the conductor with the larger resistance
will have a greater difference of potential
across its terminals. Consequently, more en-
ergy is supplied to the larger resistance, since
in a given period of time the same amount of
electricity is moved through a greater potential
difference. The energy appears in the form of
heat in the conductor. With a steady current,
the heat will raise the temperature of the con-
ductor until a balance is reached between the
heat generated and that radiated to the sur-
rounding air or otherwise carried away.
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Since P = ET, substituting for E the ap-
propriate form of Ohm's Law (E = IR) gives

P =DIRE
and making a similar substitution for I gives
E?
P ==
1‘1

That is, the power used in heating a resistance
(or dissipated in the resistance) is proportional
to the square of the valtage applied or to the
square of the current flowing. In these formulas
P is in watts, I in volts and [ in amperes.
Turther transposition of the equations gives
the following forms, useful when the resistance

and power are known:
P
T = afcs
yi

Unless the ecircuit containing the resistance
is being used for the specific purpose of gen-
erating heat, the power used In heating a re-
sistance is generally considered as a loss. How-
ever, there are very many applications in radio
circuits where, despite the loss of power, a
useful purpose is served by introducing re-
sistance deliberately. Resistances made to
specified values and provided with connecting
terminals are called resistors. They are fre-
quently wound on ceramic or other heat-re-
sisting tubing with wire having high resistivity.

Temperature coefficient of resistance —
The resistance of mest pure metals increases
with an increase in temperature. The resist-
ance of a wire at any temperature is given by
the formula

E = VIR

R =R (14 at)

where R is the required resistavce, Ey is the
resistance at 0 degrees C. (temperature of
melting ice), { is the temperature (Centigrade),
and a is the temperature cocfficient of resistance.
For copper, a is about 0.004; that is, starting
from a temperature of 0° C., the resistance in-
creases 0.4 per cent per degree above zero.

Terminals E——

& 1
T T
_ mmmunnmn@w m ? Exposedwire
Ozfggc Wire-woond or adjusiment
SYMBOLS

Fig. 218 — Two commen types of fixed resistors. The
wire-wound type is used for dissipating power of the
order of 5 watts or more. "Pigtail” resistors, usually
made of carbon or other resistance material in the form
of a molded rod or as a thin coating on an insulating tube,
rather than being wound with wire, are small in size but
do not safely dissipate much power. Schematic symbuols
for fixed and variable resistors are shown at lower right.



Temperature coefficient of resistance be-
comes of importance when conductors operate
At high temperatures. In the case of resistors
1eed in electrical and radio circuits, the heat
leveloped by current flow may raise the tem-

peratureof the resistance wire

‘ I to several hundred degrees I,

E é R In such a case the resistance

‘ g! I atoperating temperature can

r be very considerably higher

than the resistance at room

£, SR, temperature. Consequently

| such resistors are wound with

= = wire which has a low tem-

: perature coefficient of resist-

Es ance, so that the resistance

will be as nearly constant as

possible under all working
conditions.

Resistances in series—
When two or more resistances are connected
<0 that the same current flows through each in
furn. as shown in Fig. 219, they are said to be
connected in series. Then, by Ohm’s Law,

[T e

ENE——

1ig, 219 — Resist-
ances in series,

=1k
Es = IRy
E; = IR3

ote., where the subseripts 1, 2, 3 indicate the
first, second and third resistor, and the volt-
ages Ky, Fa and Ej are the voltages appearing
across the terminals of the respective resistors.
Adding the three voltages gives the total
voltage across the three resistors:

= FEy+ By 4+ Ey =IRy + IRy +IR3 =
I(Ry+ Ry + R3) = IR

Phat is, the voltage across the resistors in
ceries is equal to the current multiplied by the
<im of the individual resistances. In the above
cquation, R, which denotes this sum, may be
called the eguivalent resistance or total re-
sistanee. The equivalent resistance of a number
of pesistors connected in serles is, therefore,
cual to the sum of the individual resistances.

Resistances in parallel— When a number
o resistances are connected so that the same
oltage is applied to all, as shown in Fig. 220,
‘hey are said to be connected in parallel. By
Ohm’s Law,

E 7 E
I = o Ty =t =
TR, " T Rs Is R

-0 that the total current, 7, which is the sum
of the currents in the individual resistors, is

. B E | E
I =1 Is I3 = — —_— =
1+t =gt ety

1 1 1 1

(k)74

Ry + Ry + Ry R
where R is the equivalent resistance —i.e.,
the resistance through which the same total

aprent would flow if such a resistance were
suhetituted for the three shown. Therefore,
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1 1 % 1 1 1

R Ry Ry Rj
That is, the reciproeal of the equivalent re-
sistance of a number of resistances in parallel
is equal to the sum of the reciprocals of the
individual resistances. Since the reciprocal of
resistance is conductance,

G =G+ G +Gs

where @ is the total conductance and Gy, G,
(5, ete., are the individual conductances in
parallel.

To obtain R instead of its reciproecal the
equation above may be inverted, so that

1
B e e
1 1 1
R

The number of terms in the denominator of
this equation will, of course, be equal to the
actual number of resistors in parallel.

1
r
E R, R R

T I, 1, 15

Fig. 220 — Resistances in parallel.

For the special case of only two resistances in
parallel, the equation reduces to

- BBy
R+ Re

Series-parallel connection of resistorsis shown
in Fig. 221. When circuits of this type are en-
countered the equivalent or total resistance
can be found by first adding the series re-
sistanceg in each group, then treating each
group as a single resistor so that the formula
for resistors in parallel can be used.

! I

E R E R
t 3% 0 27 EIE,=E
E % *— EstE,=E
I=1+1;

E, 3R, E, 3R,
P U i Ls

Fig. 221 — Series-parallel connection of resistances.
Voltage and current relationships are given at the right.

Voltage dividers and potentiometers —
Since the same current flows through resistors
connected in series, it follows from Ohm’s
Law that the voltage (termed vollage drop)
across each resistor of a series-connected group
is proportional to its resistance. Thus, in Fig.
222-A, the voltage F1 across Ry is equal to the
applied voltage, E, multiplied by the ratio of
R; to the total resistance, or
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Fig. 222 — Voltage divider (A) and potentiometer (B).

Similarly, the voltage, Es, is equal to
Ri + R
Ry + Re + B3~

Such an arrangement is called a voltage divider,
since it provides a means for obtaining smaller
voltages from a source of fixed voltage. When
current is drawn from the divider at the various
tap points the above relations are no longer
strictly true, since under such conditions the
same current does not flow in all parts of the
divider. Design data for such cases are given in
§ 8-10.

A similar arrangement is shown in Fig.
292.B, where the total resistance, R, is equipped
with & sliding tap for fine adjustment. Such a
resistor is frequently called a potentiometer.

Inductances in series and parallel — As
explained in § 2-5, inductance determines the
voltage induced when the current changes at a
given rate. That is, B = L X rate of change of
current. This resembles Ohm’s Law, if L cor-
responds to R and the rate of change of current
to I. Thus, by reasoning similar to that used
in the case of resistors, it can be shown that,
for inductances in series,

L =1L+ Ly + L3

and for inductances in parallel,

L=,M_l—n_
1 ;1 1

R

where the number of terms in either equation
is determined by the actual number of induc-
tances connected in series or parallel.

These equations do not hold if there is mu-
tual inductance (§ 2-5) between the coils.

Condensers in series and parallel — When
a number of condensers are in parallel, as in
Tig. 223-A, the same e.m.f. is applied to all.
Consequently, the quantity of electricity stored
in each is in proportion to its capacity. The
total quantity stored is the sum of the quanti-
ties in the individual condensers:

Q=0Q1+Q+ Q3 =C1E + C2Ff + C3E =
(Cy +Cy +Cy)E = CE

where C is the equivalent capacity. The equiv-
alent capacity of condensers in parallel is equal
to the sum of the individual capacities.

When condensers are connected in series,
as in Fig. 223-B, the application of an e.m.f. to
the circuit causes a certain quantity of elec-

Pr—
P
o nd

tricity to accumulate on the top plate of
By electrostatic induction, an equal charge ol
opposite polarity (negative in the illustration

appears on the bottom plate of (1, and, since
the lower plate of C'; and the upper plate of €
are connected together, this must leave an
equal positive charge on the upper plate of €.
This, in turn, causes the lower plate of {'z to
assume an equal negative charge, and so on
down to the plate connected to the negative
terminal of the source of e.m.f. In other words
the same quantity of electricity is placed ol
each condenser, and this is equal to the tot:l
quantity stored. The voltage across each con-
denser will depend upon its capacity, and the
sum of these voltages must equal the applicd
voltage. Thus,

E=Ei+E+E="++"=

1,1 1\ _Q
Q (01 x Co + (,’3) e
where C is the equivalent capacity. This lead-

to an expression similar to that for resistances
in parallel:

O3 B

C1 Gy
where the number of terms in the denominator

should be the same as the actual number of
condensers in series,

L
e T

E, & ,
LT
- L.

Es ]"—

Fig. 223 — Condensers in parallel (A) and in series (15

1
1

= ®

E

Time constant — When a condenser wid
resistor are connected in series with a source
of e.m.f., such as a battery, the initial flow of
current into the condenser is limited by the
resistance, so that a longer period of time |
required to complete the charging of the con-
denser than would be the case without the
resistor. Likewise, when the condenser is i
charged through a resistance, a measurabl
period of time is taken for the current flow 1o
reach a negligible value. In the case of eithoer
charge or discharge the time required is pr
portional to the capacity and resistanc
product of which is called the time const 0
the circuit. If C is in farads and R in ohm=, o
C in microfarads and K in megohms, this prod




36

uct gives the time in seconds required for the
voltage across a discharging condenser to drop
to i /e, or approximately 37 per cent of its origi-
nal value. (The constant e is the base of the
natural series of logarithms.) :

AMPLITUDE OF
CURRENT =

2 TIME ——3m
Instant of
Closing Switch

]

— Fb

AMPLITUDE OF
CURRENT =3

TIME —

Jrstant of,
Closing Sweto

Fig. 224 — Showing how the current in a circuit com-

bining resistance with inductance or capacity takes a
finite period of time to reach its steady-state value.

A eircuit containing inductance and re-
sistance also has a time constant, for similar
reasons. The time constant of an inductive
cireuit is equal to L/R, where L is in henrys
and R in ohms. It gives the time in seconds re-
quired for the current to reach 1-1 /e, or approx-
imately 63 per cent of its final steady value
when a constant voltage is applied.

Measuring instruments — Instruments for
measuring d.c. current and voltage make use
of the force acting on a coil carrying current in
a magnetic field (§ 2-5), produced by a per-
manent magnet, to move a pointer along a
calibrated secale. All such instruments there-
fore are current operated, the eurrent required
for:-full-scale deflection of the pointer varying
fesm several milliamperes to a few microam-
peres according to the sensitivity required. If
the instrument is to read high eurrents, it is
shunied (paralleled) by a low resistance
through which most of the current flows, leav-
ing only enough flowing through the instru-
ment to give a full-scale deflection correspond-
ing to the total current flowing through both
meter and shunt. An instrument which reads
microamperes is called a’ microammeter or
galvanometer; one calibrated in milliamperes is
called a milliammeter; one calibrated in am-
peres is an ammeter. A voltmeler is simply a mil-
linmmeter with a high resistance in series so
that the current will be limited to a suitable
value when the instrument is connected across
a voltage source; it is calibrated in terms of
the voltage which must appear across the
terminals to eause a given value of current to
flow. The series resistance is called a multi-
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plier. A waitmeler is & combination voltmeter
and ammeter in which the pointer deflection
is proportional to the power in the circuit.

An ammeter or milliammeter is connected
in series with the circuit in which current is
being measured, so that the current flows
through the instrument. A voltmeter is con-
nected in parallel with the circuit.

¢ 2-7 Alternating Current

Description — An alternating current is one
which periodically reverses its direction of
flow. In addition to this alternate change in
direction, usually the amount or amplitude of
the current also varies continually during the
period when the current is flowing in one di-
rection. These variations are accompanied by
corresponding variations in the magnetic field
set up by the current, and it is this feature
which makes the alternating current so useful.
By means of the varying field, energy may be
continually transferred (by induction) from
one cireuit to another without direct connec-
tion, and the voltage may be changed in the
process. Neither of these is possible with direct
current because, except for brief periods when
the circuit is closed or opened, the field ac-
companying 2 steady direct current is un-
changing, and hence there is no way of inducing
an e.m.f. except by moving a conductor
through the field (§ 2-5).

Alternating currents may be generated in
several ways. Rotating electrical machines (a.c.
generators or elternators) are used for develop-
ing large amounts of power when the rate of
reversal is relatively slow. However, such ma-
chines are not suitable for producing currents
which reverse direction thousands or millions
of times each second. The thermionic vacuum
tube is used for this purpose, as described in
Chapter Three.

=g

Calibrated
Scale

Pointer

Rotatable
Corl

Source of em. f Hultiplier

Voltage Heasurements

Fig. 225 — Principle of the d.c. measuring instrument.
Current flowing through the rotatable coil in the field of
the permanent magnet causes a force to act on the coil,
tending to turn it. The turning tendency is counteracted
by springs (not shown) so that the amount of movement
iz proportional to the value of the current in the coil. Con-
nections for measuring current and voltage are indicated
at the right. The shunt resistor is used for inereasing the
value of the current which the instrument can measure,
by providing an alternate path through which some of
the current can flow. The series multiplier limits the
current when the instrument is used to measure voltage.
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Fig. 226 — Sine-wave alternating current or voltage.

The simplest form of alternating current (or
voltage) is shown graphically in Fig. 226. This
chart shows that the current starts at zero
value, builds up to a maximum in one direc-
tion, comes back down to zero, builds up to a
maximum in the opposite direction and comes
back to zero. The curve follows the sine law
and is known as a sine wave, because of the
wavelike nature of the curve which results
when sine values are plotted on rectangular
codrdinates as a function of angle or time.

An alternating current or voltage of sine-
wave form has angular velocity, period, fre-
quency and phase.

Units of frequency — Alternating currents
are identified by their frequency, the basic unit
for which is the number of cycles per second.
In radio work, where frequencies are extremely
large, it is convenient to use two other units,
kilocycles per second (cycles per second < 1000)
and megacycles per second (cycles per second
<+ 1,000,000). These are usually abbreviated
ke. and Me., respectively. Occasionally these
abbreviations are written kes. and Mes. to indi-
eate “kilocycles per second” and “megacycles
per second’” rather than simply “kilocycles”
and “megacycles,” but in both written and
spoken usage it is understood that *‘ per second”’
is an integral part of the term when the shorter
forms are used.

Peak, instantaneous effective and average
values — The highest value of current or volt-
age during the time when the current is flowing
in one direction is called the maximum or peak
valua. For the sine wave, the peak has the same
absolute value on both the positive and nega-
tive halves of the eyele. This 1s not necessarily
true of waves having other than the sine form.

The value of current or voltage at any par-
ticular point of time in the cycle is called the
instantaneous value. The instant for which the
value is to be found can be specified in terms of
time (fraction of the period) or of angle.

Since both the veltage and current are
swinging continuously between their positive
maximum and negative maximum values, it
might be wondered how one can speak of so
many amperes of alternating current when the
value is changing continuously. The problem is
simplified in practical work by considering that
an alternating current has an effective value
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of one ampere when it produces heat, in flowing
through a given resistance, at the same average
rate as one ampere of continuous direct current
flowing through the same resistance. This
effective value is the square root of the mean
of all the instantaneous current values squared.
For the sine-wave form,
Eet = v/ 14E2,,

For this reason, the effective value of an alter-
nating current or voltage is also known as the
root-mean-square, or r.m.s., value. Hence, the
effective value is the square root of 14, or 0.707,
times the maximum value.

In a purely a.c. circuit the average eurrent
over a whole eycle must be zero, because if the
average current on, say, the positive half of the
eycle were greater than the average on the
negative half, there would be a net current flow
in the positive direction. This would correspond
to a direct (although intermittent) current,
and hence must be excluded because a purely
alternating current was assumed. The ““aver-
age’’ value of an alternating current is defined
as the average current during the part of the
cycle when the current is flowing in one direc-
tion only. It is of particular importance when
alternating current is changed to direct current
by the methods considered in later chapters.
For a sine wave, the average value is equal to
0.636 of the peak value.

In the sine wave the three voltage values,
peak, effective and average, are reiated to each
other as follows:

Erax = Fer X 1.414 = Eye X 1.57
Eeit = Emax X 0.707 = Eove X 1.11
E:wc = Enmx ¥ 0.636 = Ecif > 0.9

The relationships for current are equivalent
to those given above for voltage.

Current, voltage and power in an in-
ductance — When alternating current flows
through an inductance, the continually vary-
ing magnetic field causes the continuous gen-
eration of an e.m.f. of self-induction (§ 2-5).
The induced voltage at any instant is propor-
tional to the rate at whien the current is
changing at that instant. If the current is a
sine wave, 1t can be shown that the rate of
change is greatest when the current is passing
through zero and is least when the current
is maximum. I'or this reason, the induced
voltage is maximum when the current is zero
and is zero when the current iz maximum.
The direction or polarity of the induced volt-
age is such as to tend to keep the current
flowing when the current is decreasing and to
prevent it from flowing when the current is
increasing (§2-5). As a result, the induced
voltage in an inductance lags 90 degrees behind
the current.

By Lenz’s Law, the induced voltage must al-
ways oppose the applied voltage; that is, the
induced and applied voltages must be in phase
opposition, or 180 degrees out of phase. Con-
sequently, the applied voltage leads the current




by 90 degrees. These relationships are shown
in Fig. 227. Using the voltage as a reference,

the current in an inductance lags 90 degrees,
or one-quarter cycle, behind the voltage. (Ina

Fig. 227 — Voltage, current and power relations in an
alternating-current circuit consisting of inductance only.

vector diagram, the current and voltage can-
not be added vectorially because they are
different kinds of quantities. In diagrams
showing both current and voltage, one is gen-
erally used simply as a reference, to establish
phase relationships. 1f several currents are
shown on one diagram, they can of course be
added together if they are in the same circuit;
similarly, several voltages in the same circuit
can be added. However, frequent use is made
of vector diagrams to show phase relationships
in different circuits, in which case the vectors
representing current and/or voltage in different
circuits ecannot be added.)

When the current is increasing in either
direction, energy is being stored in the mag-
netic field. At such times the voltage has the
same polarity as the current, so that the prod-
uct of the two, which gives the instantaneous
power fed to the inductance, is positive. When
the current is decreasing energy is being re-
stored to the circuit and the applied voltage
has the opposite polarity, so that the product
of current and voltage is negative. This is also
shown in Fig, 227. Positive power means power
taken from the source (i.e., the source of the
applied e.m.f.), while negative power means
power returned to the source. Power is alter-
nately taken and given back in each quarter
cycle, and, since the amount given back is the
same as that taken, the average power in an
inductance is zero when considering a whole
eycle. In a practical inductance the wire
will have some resistance, so that some of the
power supplied will be consumed in heating
the wire, but if the resistance of the circuit is
small compared to the inductance the power
consumption is very small compared to the
power which is alternately stored and returned.

Current, voltage and power in a con-

denser — When an alternating voltage 1s ap-
plied to a condenser, the condenser acquires a
charge while the voltage is rising and loses its
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charge while the voltage is decreasing. The
quantity of electricity stored in the condenser
at any instant is proportional to the voltage
across its terminals at that instant (@ = CE).
Since current is the rate of transfer of quantity
of electricity, the current flowing into the con-
denser (when it is being charged) or out of it
(when it is discharging) consequently will be
proportional to the rate of change of the ap-
plied voltage. If the voltage is a sine wave, its
rate of change will be greatest when passing
through zero and least when the voltage is
maximum. As a result, the current flowing into
or out of the condenser is greatest when the
voltage is passing through zero and least when
the voltage reaches its peak value.

This relationship is shown in Fig. 228. When-
ever the voltage is rising (in either direction)
the current flow is in the same direction as the
applied voltage. When the voltage is decreas-
ing and the condenser is discharging, the cur-
rent flows in the opposite direction. This is of
course the normal condition for charge and dis-
charge of a condenser. The energy stored in the
condenser on the eharging part of the eyele is
restored to the circuit on the discharge part,
and the total energy consumed in a whole eyele
therefore is zero. A condenser operating on
a.c. takes no average power from the source,
except for such actual energy losses as may
occur as the result of heating of the dielectric
(§ 2-3). The energy loss in air condensers used
in radio circuits is negligibly small except at
extremely high frequencies.

As shown by Fig. 228, the phase relation-
ship between current flow and applied voltage
is such that the eurrent leads the voltage by 90
degrees. This is just the opposite to the in-
ductance case.

Fig. 228 — Voltage, current and power relations in an
alternating-current circuit consisting of capacity only.

Current, voltage and power in resistance
— In a circuit containing resistance only there
are no energy storage effects, and consequently
the current and voltage are in phase. The cur-
rent therefore always flows in the same direc-
tion as the applied voltage, and, since the power
is always positive, there is continual power
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dissipation in the resistance. The relationships
are shown in Fig. 229.

Strictly speaking, no circuit can have resist-
ance only, because the flow of current always

Eac

AMPLITUDE

Fig. 229 — Voltage, current and power relations in an
alternating-current circuit consisting of resistance only.

is accompanied by the creation of a mag-
netic field and every conductor also has a cer-
tain amount of capacity. Whether or not such
residual inductance and capacity are large
enough to require consideration is determined
by the frequency at which the circuit is to
operate.

The a.c. spectrum — Alternating currents
of different frequencies have different proper-
ties and are useful in many varieties of ways.
For the transmission of power to light homes,
run motors and perform familiar everyday
tasks by electrical means, low frequencies are
most suitable. Frequencies of 25, 50 and 60
eycles are in common use, the latter being most
widely used in this country. The range of fre-
quencies between about 15 and 15,000 cyeles is
known as the audio-frequency range, because
when frequencies of this order are converted
from a.c. into air vibrations, as by aloudspeaker
or telephone receiver, they are distinguishable
as sounds having a tone pitch proportional to
the frequency. Frequencies above 15,000 cycles
(15 kilocycles) are used for radio communica-
tion, because with frequencies of this order
it is possible to convert electrical energy into
radio waves which can be radiated over long
distances.

For convenience in reference, the following
classifications for radio frequencies have been
recommended by an international technical
conference and are now increasingly in use:

10 to 30 kiloeyeles

30 to 300 kilocyeles

300 to 3000 kilocycles

3 to 30 megacycles

30 to 300 megacycles

300 to 3000 megacycles
3000 to 30,000 megacycles

Very-low frequencies
Low frequencies
Medium frequencies
High frequencies
Very-high frequencies
Ultrahigh frequencies
Superhigh frequencies

Until recently, older terminology was in com-
mon use; for example, all frequencies above 30
megacycles formerly were considered to be in
the “ultrahigh-frequency’” region.
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4. 2-8 Ohm’s Law for Alternafing
Currents

Resistance — Since current and voltage are
always in phase through a resistance, the in-
stantaneous relations for a.e. are equivalent to
those in d.c. circuits. By definition, the effec-
tive units of current and voltage for a.c. are
made equal to those for d.c. in resistive cir-
cuits (§ 2-7). Therefore the various formulas
expressing Ohm’s Law for d.c. circuits apply
without any change to a.c. circuits containing
resistance only, or for purely resistive parts of
complex a.c. circuits. See § 2-6.

In applying the formulas, it must be remem-
bered that consistent units must be used. For
example, if the instantaneous value of current
is used in finding voltage or power, the voltage
found will be the instantaneous voltage and the
power will be the instantaneous power. Like-
wise, if the effective value is used for one quan-
tity in the formula, the unknown will be ex-
pressed in effective value. Unless otherwise
indicated, the effective value of current or volt-
age is always understood to be meant when
reference is made to “‘current’ or “voltage.”

Reactance — In an a.c. circuit containing
inductance or capacity, but no resistance, there
is no consumption of power — simply a con-
tinuous back-and-forth transfer of energy
between the magnetic or electric field and the
circuit (§ 2-7). Since the average power is zero,
the Ohm’s Law formulas cannot be applied in
terms of peak or effective voltages and currents.
Nevertheless, if the frequency is constant the
current which flows in an inductive or capaci-
tive circuit is directly proportional to the volt-
age applied; that is,

E =XI

where X is a constant depending upon the cir-
cuit, and is called the reactance of the circuit.
By transposition, the formula can be written

E E
X P i
I X

These expressions are quite similar to those
for the resistive circuit, and the quantity X
has the same effect upon current flow as does
resistance in a resistive circuit. Consequently,
the ohm is used as the unit of reactance, just as
it is for resistance. Unlike resistance, however,
reactance does not use up or dissipate power.

Inductive reactance — When alternating
current flows through an inductance, the in-
duced voltage and applied voltage are equal
(§ 2-7). Since the induced voltage is equal to
the inductance of the coil multiplied by the
rate of change of current, it is evident that a
given value of voltage (to oppose a fixed ap-
plied voltage) can be induced either by using
a large inductance and a small rate of change
of current or by using a large rate of current
change and a small inductance, so long as the
product of the two is constant. The rate of
change of current is determined by the ampli-
tude of the current and the angular velocity.
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Therefore, for sine-wave current,

E = 2xfLI, or% = 2xfL
Sinee X = E/I, then
X1, = 2afL

where the subscript L indicates that the re-
actance is inductive. That is, inductive re-
actance is proportional to inductance and to
the applied frequency. At low frequencies a
large inductance must be used to obtain high
reactance, but at very high frequencies the
same value of reactance can be obtained readily
with quite a small inductance.

The fundamental units (ohms, cyeles,
henrys) must be used in the above equation,
or appropriate factors inserted if other units
are employed. If inductance is in milithenrys,
frequency should be in kilocyeles; if induct-
ance is in microhenrys, frequency should be
in megacycles, to bring the answer in ohms.

Capacitive reactance — With a fixed value
of applied voltage, the quantity of electricity
stored in a condenser of given capacity is al-
ways the same (Q = CE), and, if losses are
negligible, the same quantity of electricity is
taken out of the condenser on discharge. When
an a.c. voltage is applied to a condenser the
alternate charge and discharge, as the applied
voltage rises and falls and reverses polarity,
constitutes current flow “through” the con-
denser. The amplitude of the current is pro-
portional to the rate of change of the voltage
(§2-7) and also to the capacity of the con-
denser, since both these quantities increase the
amount of electricity transferred in the cir-
cuit in a given period of time. Since rate of
¢hange of voltage is proportional to the ampli-
tude of the voltage and the angular velocity,
then, for sine-wave voltage,

E 1
= 2xfCE o=
I =fCE, or 1~ 220
Since X = E/I, then
1
Xe = 2fC

where the subsecript € indicates that the reac-
tance is capacitive. Capacitive reactance is
inversely proportional to capacity and to the
applied frequency. For a given value of eapac-
ity, the reactance decreases as the frequency
increases.

Tundamental units (farads, cycles per see-
ond) must be used in the right-hand side of the
equation to obtain the reactance in ohms. Con-
version factors must be used if the frequency
and eapacity are in units other than cycles
and farads. If € is in microfarads and f in
megacycles, the conversion factors cancel and
the reactance will be given in ohms.

Impedance — In any series circuit the same
current flows through all parts of the circuit.
If a resistance and inductance are connected
in series to form an a.c. circuit they both carry
the same current, but the voltage across the
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resistance is in phase with the current while
the voltage across the inductance leads the
current by 90 degrees. In a d.c. circuit with
resistances in series, the applied voltage is
equal to the sum of the voltages across the in-
dividual resistances (§ 2-6). This is also true of
the a.c. circuit with resistance and inductance
in series if the instantaneous voltages are added
algebraically to find the instantaneous value
of applied voltage. But, because of the phase
difference between the two voltages, the maxi-
mum value of the applied voltage will not be
the sum of the maximum values of the two
voltages (§1-9), so that the effective values
ecannot be added directly.

The relationships are shown by means of
vectors in Fig. 230. If the current vector is
used as a reference, the voltage across the re-
sistance is in phase with the current and hence
lies on the game line. The voltage across the
inductance is 90 degrees ahead of the current,
and therefore is drawn at right angles upward.
The resultant voltage is, consequently, the
hypothenuse of a right triangle, and, by
geometry,

E?* = B*p + E’p,or B = v/ E%, + E°

Since g = IR and E; = I X, substitution
gives

E e ———
E=IE+Xy, or 3 =VE + Xy

E/I is called the impedance of the circuit and is
designated by the letter Z. The impedance de-
termines the voltage which must be applied to
the ecircuit to cause a given current to flow.
The unit of impedance is, therefore, the ohm,
just as in the case of resistance and reactance,
which also determine the ratio of voltage to
current. However, the phase angle between
voltage and current must be specified, along
with the impedance, for the true nature of the
impedance to be known.

Similar consideration of resistance and ca-
pacity in series leads to the same expression
for the impedance of such a cireuit. However,
in this case the voltage across the condenser

(s

lags the current, so that the “impedance tri-
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VECTOR IMPEDANCE

CIRCUIT DIAGRAM TRIANGLE

[ Ef_ Xe Ea .1 R

Fig. 230 — Voltage and current relationships in a.c. cir-
cuits having resistance and inductance or resistance and
capacity. Vector diagrams should be drawn to scale for
particular values of voltage or reactarce and resistance.
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angle” is drawn with the condenser voltage or
reactance extending downward. The general
formula is e e

7 =R+ X*
Ohm’s Law for alternating current circuits
then becomes

In summary, impedance is a generalized
quantity applying to a.c. or d.c. circuits, sim-
ple or complex. In a d.c. circuit orin ana.c. cir-
cuit containing resistance only, the phase angle
is zero (current and voltage are in phase) and
the impedance is equal to the resistance.

In an a.c. circuit containing reactance only
the phase angle is 90 degrees, with current lag-
ging the voltage if the reactance is inductive
and current leading the voltage if the reactance
is capacitive. In either case, the impedance is
equal to the reactance. )

In an a.c. circuit containing both resistance
and reactance the phase angle may have any
value between zero and 90 degrees, with the
current lagging the voltage if the reactance is
inductive and leading the voltage if the re-
actance is capacitive. The impedance, in ohms,
may be found from the equation above.

Series circuits with L, C and R— When
inductance, capacity and resistance all are in
ceries in an a.c. circuit, the voltage relations
are a combination of the separate cases just
considered. The veltage across each element
will be proportional to the resistance or react-
ance of that element, since the current is the
same through all. The voltages across the in-
duetance and capacity are 180 degrees out of
phase, since one leads the current by 90 de-
grees and the other lags the current by 90 de-
grees. This means that the two voltages tend
to cancel; in fact, if the voltage across only the
inductance and capacity in series is considered
(leaving out the resistance), the total voltage
is the difference between the two voltages.

This is shown by the vector diagram of Fig.
931. Since the angles of lead and lag are both
90 degrees, the reactance voltage lines are op-
positely directed. The effect is exactly the
same as though the difference between the two
voltages (or reactances, in the impedance di-
agram) had been found first, and this differ-
ence then used as though it were a single volt-
age (or reactance). The net reactance in a
series circuit is, hence, the difference between
the inductive and capacitive reactances; or

X =X, — X¢

Tf more than one inductance is present, the
total inductive reactance is the sum of the in-
dividual reactances; similarly for capacitive re-
actances. Inductive reactance is conventionally
taken as “positive’” and capacitive reactance as
“negative.” With this convention, algebraic ad-
dition of all the reactances in a series circuit
gives the total or net reactance of the circuit.
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Parallel circuits with L, C and R— The
equivalent resistance of a number of resistances
in parallel in an a.c. circuit is found by the same
rules as in the case of d.c. circuits (§ 2-6).

X2 B E+E.

Eac X Ec

l IMPEDANCE TRIANGLES

Fig. 231 — Current and voltage relationships in an
a.c. circuit containing resistance, inductance and ca-
pacity in series. Step-by-step addition of voltage vectors
is shown. The -+ signs are used in the algebraic sense, ca-
pacitive voltage or reactance being considered negative.

Parallel reactances of the same kind have an
equivalent reactance given by a similar rule:

. S
X=1_1 1
E1+XS_I_XJ ...... .

This formula cannot be used, however, if both
inductive and capacitive reactance are in
parallel.

When reactances and resistances are in
parallel, the same voltage is applied to the vari-
ous circuit elements. The current which flows
is the vector sum of the eurrents in the various
branches; that is, the phase of the currents
with respect to the applied voltage must be
taken into account in finding the total current.
Fig. 232-A shows a resistance and inductance
in parallel, with the corresponding vector dia-
gram. The voltage is taken as the reference,
sinece it is common to both hranches. The cur-
rent through the resistance is in phase with
the voltage and coincides in direction with the
voltage line. The current through the induct-
ance lags the applied voltage by 90 degrees,
hence is drawn at right angles downwards. The
amplitudes of both cwrrents are found by di-
viding the voltage by the resistance and react-
ance, respectively. The total current combines
by the right-triangle rule; that is,

I =VIig+ I3

By assuming some convenient value for the ap-
plied voltage and then solving for the currents
in the resistance and reactance, the values so
found may be substituted in this equation to
find the impedance of the circuit.
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Resistance and capacity in parallel are
shown in Fig. 232-B, with the corresponding
vector diagram. Except for the fact that the
current now leads the voltage, the relation-
ships are the same as before and the total cur-
rent and impedance can be found by using the
same formulas.

1
@ B 7

:(I}Ig—[l,)

!
I

) W5 A

Fig. 232 — Parallel reactance and resistance in a.c. cir-
cuits. The various currents add vectorially as indicated.

When resistance, inductance and capacity
are combined in parallel, as in Fig. 232-C, the
vector diagram has the typical form shown.
The currents in the inductance and capacity
are 180 degrees out of phase, so that the total
current through these elements (neglecting the
resistance) 1s the difference between the two
currents. Because of this, the current flowing
in the line is always smaller than the largest
reactive current, indicating that when induct-
ance and capacity are connected in parallel the
resultant impedance is larger than either of the
individual reactances. The net reactive cur-
rent may either lead or lag the applied voltage,
depending upon whether the inductive or
capacitive reactance is larger. The current
taken by the parallel resistance is determined
solely by the applied voltage. The total cur-
rent and impedance of such a circuit can be
found by the formulas used above, if for Ix
the difference between the currents in the in-
ductance and capacity is used.

With series-parallel circuits the solution be-
comes considerably more complicated, since
the phase relationships in any parallel branch
may not be either 90 degrees or zero. However,
the majority of parallel ecircuits used in radio
work can be solved by the rather simple ap-
proximate methods described in § 2-10.

Power factor — The power dissipated in
an a.c. eircuit containing both resistance and
reactance is consumed entirely in the resist-
ance, hence is equal to I?R. However, the
reactance is also effective in determining the
current or voltage in the circuit, even though
it consumes no energy. Hence the product of
volts times amperes (which gives the power
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consumed in d.c. circuits) for the whole circuit
may be several times the actual power used up.
The ratio of power dissipated (watts) to the
volt-ampere product is called the power factor
of the circuit, or

Power factor = ﬂ —
Volt-amperes

Distributed capacity and inductance —
It should not be thought that the reactance
of coils becomes infinitely high as the fre-
quency is increased to a high value and, like-
wise, that the reactance of condensers becomes
infinitely low at high frequencies. All coils have
some capacity between turns, and the react-
ance of this capacity can become low enough
at some high frequencies to tend to eancel the
high reactance of the coil. Likewise, the leads
and plates of condensers will have considerable
inductance at very high frequencies, which will
tend to offset the capacitive reactance of the
condenser itself. For these reasons, coils for
high-frequency work must be designed to have
low “distributed” capacity and condensers
must be made with short, heavy leads to have
low inductance.

Units and instruments — The units used
in a.c. circuits may be divided or multiplied to
give convenient numerical values to different
orders of magnitude, just as in d.c. circuits
(§ 2-6). Because the rapidly reversing current
is accompanied by similar reversals in the mag-
netic field, instruments used for measurement
of d.e. (§ 2-6) will not operate on a.c. At low
frequencies suitable instruments can be con-
structed by making the current produce both
magnetic fields, one by means of a fixed coil
and the other by the moving coil. Such in-
struments are used for measurement of either
current or voltage. At radio frequencies this
type of instrument is inaccurate because of
distributed capacity and other effects, and the
only reliable type of direct-reading instrument
is the thermocouple ammeter or milliammeter.
This is a power-operated device consisting of a
resistance wire heated by the flow of r.f. cur-
rent through it, to which is attached a thermo-
couple or pair of wires of dissimilar metals
joined together and possessing the property of
developing a small d.c. voltage between the
terminals when heated. This wvoltage, which
is proportional to the heat applied to the
couple, is used to operate a d.c. instrument
of ordinary design.

 2-9 The Transformer

Principles —It has been shown in the pre-
ceding sections that, when an alternating volt-
age is applied to an inductance, the flow of
alternating current through the coil causes an
induced e.m.f. which is opposed to the applied
e.m.f. The induced e.m.f. results from the vary-
ing magnetic field accompanying the flow of al-
ternating current. If a second coil is brought
into the same field, a similar e.m.f. likewise
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will be indueced in this coil. This induced e.m.f.
may be used to force a current through a wire,
resistance or other electrical device connected
to the terminals of the second coil.

Two coils operating in this way are said to be
coupled, and the pair of coils constitutes 2
transformer. The coll connected to the source of
energy is called the primary coil, and the other
is called the secondary coil. Energy may be
taken from the secondary, being transferred
from the primary through the medium of the
varying magnetic field.

Voltage and turns ratio— For a given vary-
ing magnetic field, the voltage induced in a
coil in the field will be proportional to the
number of turns on the coil. If the two coils
of a transformer are in the same field, it fol-
lows that the induced voltages will be pro-
portional to the number of turns on each coil.
In the case of the primary, or coil connected to
the source of power, the induced voltage is
practically equal to, and opposes, the applied
voltage. Hence, for all practical purposes,

n
B, =—2E,
np

where E, is the secondary voltage, E, is the
primary voltage, and n; and n, are the number
of turns on the secondary and primary, respec-
tively. The ratio ns/ny is called the turns ratio
of the transformer.

This relationship is true only when all the
flux set up by the primary current cuts all the
turns of the secondary. If some of the mag-
netic flux follows a path which does not make it
cut the secondary turns then the secondary
voltage is less than given by this formula, since
this causes the rate of change of flux to be less
in the secondary than in the primary. In gen-
eral, the equation ecan be used only when both
coils are wound on a closed core of high
permeability, so that practically all of the flux
can be confined to definite paths.

Types of transformers— The usefulness
of the transformer lies in the fact that energy
can be transferred from one cireuit to another
without direct connection, and in the process
can be readily changed from one voltage level
to another. Thus, if a device to be operated re-
quires, for example, 120 volts and only a 440-
volt source is available, a transformer can be
used to change the source voltage to that re-
quired. The transformer, of course, can be used
only on a.c., since no voltage will be induced in
the secondary if the magnetic field is not
changing. If d.c. is applied to the primary of a
transformer, a voltage will be induced in the
secondary only at the instant of closing or
opening the primary circuit, since it is only at
these times that the field is changing.

Transformers for use at radio frequencies
are usually wound on nonmagnetic material
(*“air core’’) because the losses in ordinary iron
cores are excessive at these frequencies. As a
general rule, the equation given in the preced-
ing paragraph does not apply to such trans-
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formers, because only a small part of the flux
set up by the primary cuts the secondary
turns. Even when special iron cores are used
this statement is usually true of r.f. trans-
formers, for reasons considered in § 2-11.

Transformers for use at power frequencies
and audio frequencies are wound on iron cores,
hence nearly all of the primary flux cuts the
secondary turns. The turns-ratio equation ecan
be used at these frequencies. The following
discussion will be confined to such trans-
formers.

Effect of secondary current — The primary
eurrent which has been discussed above is usu-
ally called the magnetizing current of the trans-
former. Like the current in any inductance, it
lags the applied voltage by 90 degrees, neg-
lecting the small energy losses in the resistance
of the primary coil and in the iron core.

When current is drawn from the secondary
winding, the secondary current sets up a mag-
netic field of its own in the core. The phase re-
lationship between this field and that caused
by the magnetizing current will depend upon
the phase relationship between current and
voltage in the secondary circuit. In every case
there will be an effect upon the original field.
To maintain the induced primary voltage equal
to the applied voltage, however, the original
field must be maintained. Consequently, the
primary current must change in such a way
that the effect of the field set up by the sec-
ondary current is completely canceled. This is
accomplished when the primary draws an addi-
tional current that sets up a field exactly
equal to the field set up by the secondary cur-
rent, but which always opposes the secondary
field. The additional primary current is thus
180 degrees out of phase with the secondary
current. (This assumes that all the flux cuts
both coils.) The total primary current is then
the vector sum of the magnetizing current and
this additional load current.

In rough calculations on transformers it is
convenient to neglect the magnetizing current
and to assume that the primary current is
caused entirely by the secondary load. This is
justifiable, because in any well-designed trans-
former the magnetizing current is quite small
in comparison to the load current when the

latter is near the rated value.

SYMBOLS

Fig. 233 — The transformer. Power is transferred from
the primary coil to the secondary by means of the mag-
petic field. The upper symbol at right indicates an iron-
core transformer, the lower one an air-core transformer.
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Tor the fields set up by the primary and
secondary load currents to be equal, the num-
ber of ampere turns in the primary must equal
the number of ampere turns in the secondary.
That is,

n, [, = ny Iy

Hence,
ur
I,=-=-1I,

Mp

The load current in the primary for a given
load current in the secondary is proportional
to the turns ratio, secondary to primary. This
is the opposite of the voltage relationships.

If the magnetizing current is neglected, the
phase relationship between current and voltage
in the primary circuit will be identical with that
existing between the secondary current and
voltage. This is because the applied voltage and
induced voltage are 180 degrees out of phase,
and the primary current and secondary current
likewise are 180 degrees out of phase.

Energy relationships; efficiency — A trans-
former cannot create energy; it can only trans-
fer and transform it. Hence, the power taken
from the secondary cannot exceed that taken
by the primary from the source of applied
e.m.f. Since there is always some power loss in
the resistance of the coils and in the iron core,
the power taken from the source always will
exceed that taken from the secondary. Thus,

P,,-"-nP.;

where P, is the power taken from the sec-
ondary, P;is the power input to the primary,
and 7 is a factor which always is less than 1.
It is called the efficiency of the transformer and
is usually expressed as a percentage. The effi-
ciency of small power transformers such as are
used in radio receivers and transmitters may
vary between about 60 per cent and 90 per
cent, depending upon the size and design.
Leakage reactance — In a practical trans-
former not all of the magnetic flux is common
to both windings, although in well-designed
transformers the amount of flux which cuts one
coil and not the other is only a small percentage
of the total flux. This leakage fluz acts in the
same way as flux about any coil which is not
coupled to another coil; that is, it gives rise to
self-induction. Consequently, there is a small
amount of leakage inductance associated with
both windings of the transformer, but not

Xg Rs
SEC. Es
!

Fig. 234 — The equivalent eircuit of 2 transformer in-
cludes the effects of leakage inductance and resistance of
both primary and secondary windings. The resistance
R.is an equivalent resistance representing the constant
core losses. Since these are comparatively small, their ef-
fect may be neglected in many approximate calculations.
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common to them. Leakage inductance acts in
exactly the same way as an equivalent amount
of ordinary inductance inserted in series with
the circuit. It has, therefore, a certain react-
ance, depending upon the amount of induct-
ance and the frequency. This reactance is called
leakage reactance.

In the primary the practical effect of leak-
age reactance is equivalent to a reduction in
applied voltage, since the primary ecurrent
flowing through the leakage reactance causes
a voltage drop. This voltage drop increases
with increasing primary current, hence it in-
creases as more current is drawn from the sec-
ondary. The induced voltage consequently de-
creases, since the applied voltage (which the
induced voltage must equal in the primary)
has been effectively reduced. The secondary
induced voltage also decreases proportionately.
When current flows in the secondary circuit
the secondary leakage reactance causes an
additional voltage drop, which results in a
further reduction in the voltage available from
the secondary terminals. Thus, the greater the
secondary current, the smaller the secondary
terminal voltage becomes. The resistance of
the primary and secondary windings of the
transformer also causes voltage drops when
current is flowing, and, although these voltage
drops are not in phase with those. caused by
leakage reactance, together they result in a
lower secondary voltage under load than is in-
dicated by the turns ratio of the transformer.
At power frequencies (60 cycles) the voltage at
the secondary, with a reasonably well-designed
transformer, should not drop more than about
10 per cent under load. The drop in voltage
may be considerably more than this in a trans-
former operating at audio frequencies, however,
since the leakage reactance in a transformer
increases directly with the frequency.

Impedance ratio — In an ideal transformer
having no losses or leakage reactance, the
primary and secondary volt-amperes are equal;
that is,

E,I,=EI,

On this assumption, and by making use of the
relationships between voltage, current and
turns ratio previously given, it can be shown
that .

E, E. fny,\*

I, . L (ns)
Since Z = E/I, E;/I;1s the impedance of the
load on the secondary circuit, and E, /I, is the
impedance of the loaded transformer as viewed
from the line. The equation states that the
impedance presented by the primary of the
transformer to the line, or source of power,
is equal to the secondary load impedance multi-
plied by the square of the primary-to-second-
ary turns ratio. This primary impedance is
called the reflected tmpedance or reflected load.

The reflected impedance will have the same
phase angle as the secondary load impedance,
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LAMINATION SHAPE

CORE TYPE

Fig. 235 — Two common types of transformer construe-
tion. Core pieces are interleaved to provide a continu-
ous magnetic path with as low reluctance as possible.

as previously explained. 1f the secondary load
is resistive only, then the input terminals of the
transformer primary will appear to the source
of e.m.f. as a pure resistance.

In practice there is always some leakage re-
actance and power loss in the transformer, 80
that the relationship above does not hold ex-
actly. However, it gives results which are ade-
quate for many practical cases. The impedance
ratio of the transformer consequently is con-
sidered to be equal to the square of the turns
ratio, both ratios being taken from the same
winding to the other.

Impedance matching — Many devices re-
quire a specific value of load resistance (or
impedance) for optimum operation. The re-
sistance of the actual load which is to dissipate
the power may differ widely from this value,
hence the transformer, with its impedance-
transforming properties, 1s frequently called
upon to change the actual load to the desired
value. This is called impedance matching. From
the preceding paragraph,

where m,/n, is the required secondary-to-
primary turns ratio, Z, is the impedance of the
actual load, and Z, is the impedance required
for optimum operation of the device delivering
the power.

Transformer construction — Transformers
are generally built so that flux leakage is mini-
mized insofar as possible. The magnetic path
is laid out so that it is as short as possible, since
this reduces its reluctance and hence the num-
ber of ampere-turns required for a given flux
density, and also tends to minimize flux leak-
age. Two core shapes are in common use, as
shown in Fig. 235. In the shell type both wind-
ings are placed on the inner leg, while in the
core type the primary and secondary windings
may be placed on separate legs, if desired. This
is sometimes done when it is necessary to mini-
mize capacity effects between the primary and
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secondary, or when there is a large difference of
potential between primary and secondary.

Core material for small transformers is
usually silicon steel, called “gransformer iron.”
The core is built up of thin sheets, called
laminations, insulated from each other (by a
thin coating of shellae, for example) to prevent
the flow of eddy currents which are induced in
the iron at right angles to the direction of the
field. If allowed to flow, these eddy currents
would cause considerable loss of energy in
overcoming the resistance of the core material.
The separate laminations are overlapped, to
make the magnetic path as continuous as
possible and thus reduce leakage.

The number of turns required on the pri-
mary for a given applied e.m.f. is determined
by the maximum permissible flux density in the
type of core material used, the frequency, and
the magnetomotive force required to force the
flux through the iron. As a rough indication,
windings of small power transformers fre-
quently have about two turns per volt for a
core of 1 square inch eross-section and a mag-
netic path 10 or 12 inches in length. A longer
path or smaller cross section would requnire
more turns per volt, and vice versa.

In most transformers the coils are wound in
layers, with a thin sheet of paper insulation be-
tween each layer. Thicker insulation is used
between separate coils and between the coils
and the core.

In power transformers distributed capacity
in the windings is of little consequence, but in
audio-frequency transformers it may cause un-
desired resonance effects (see § 2-10 for a dis-
cussion of resonance). High-grade audio trans-
formers often have special types of windings
designed to minimize distributed capacity.

The autotransformer — The transformer
prineiple can be utilized with only one winding
instead of two, as shown in Fig. 236; the princi-
ples just discussed apply equally well. The
autotransformer has the advantage that, since
the line and load currents are out of phase,
the section of the winding common to both
cireuits carries less current than the remainder
of the coil. This advantage is not very marked
unless the primary and secondary voltages do
not differ very greatly, while it is frequently
disadvantageous to have a direct connection
between primary and secondary cireuits. For
these reasons, application of the autotrans-
former is usually imited to boosting or reduc-
ing the line voltage by a relatively small
amount for purposes of voltage correction.

\-/ron Core Fig. 236 — The auto-trans-

former is based on the trans-
former principle, but uses
i only one winding. The line
1 Line  and load currents in the
A common winding (A) flow in

opposite directions, so that
the resultant current is the
difference between them. The
voltage across A is propor-
tioenal to the turns ratio.

aEazal

Load



4 2-10 Resonant Circuits

Principle of resonance — It has been shown
(§2-8) that the inductive reactance of a coil
and the capacitive reactance of a condenser
are oppositely affected by frequency. In any
series combination of inductance and capaci-
tunce, therefore, there is one particular fre-
quency for which the induetive and capacitive
reactances are equal. Since these two react-
ances cancel each other, the net reactance in
the circuit becomes zero, leaving only the re-
sistance to impede the flow of current. The
frequency at which this occurs is known as the
resonant frequency of the eircuit and the ecireuit
iz #=aid to be in resonance at that frequency, or
luned to that frequency.

Series circuits — The frequency at which a
series ecireuit is resonant is that for which
X; = X¢o Substituting the formulas for in-
dnetive and eapacitive reactance (§ 2-8) gives

Solving this equation for frequency gives
_ 1
2r+/LC

This equation is in the fundamental units —
cyeles per second, henrys and farads — and so,
il fractional or multiple units are used, the ap-
propriate factors must be inserted to change
them to the fundamental units. A formula in
units commonly used in radio circuits is
f = LAAJﬁ::,>< 106
2m/LC

where f is the frequency in kilocycles per sec-
ond, 2r is 6.28, L is the inductance in micro-
henrys (uh.), and C is the capacitance in micro-
microfarads (uufd.).

The resistance that may be present does not
enter into the formula for resonant frequency.

When a constant a.c. voltage of variable fre-
queney is applied, as shown in Fig. 237-A,
the current flowing through such a circuit will
be maximum at the resonant frequency. The
magnitude of the current at resonance will be
determined by the resistance in the circuit. The

C
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A~ SERIES RESONANCE

Constant
C Vottage
Varidble
R Freguency

B—PARALLEL RESONANCE

FREQUENCY

237 — Characteristics of series-resonant and par-
ailel-resonant eircuits with variations in resistance, g.
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curves of IMig. 237 illustrate this, curve a being
for low resistance and curves b and ¢ being
for increasingly greater resistances.

In the circuits used at radio frequencies the
reactance of either the coil or condenser at
resonance is usually several times as large as
the resistance of the eircuit, although the net
reactance is zero. As the applied frequency de-
parts from resonance, say on the low-frequency
side, the reactance of the condenser increases
and that of the inductance decreases, so that
the net reactance (which is the difference be-
tween the two) increases rather rapidly. When
it becomes several times as high as the resist-
ance, it becomes the chief factor in determining
the amount of current flowing. Hence, for cir-
cuits having the same values of inductance and
capacity but varying amounts of resistance,
the resonance curves tend to coincide at fre-
quencies somewhat removed from resonance.
The three curves in the figure show this ten-
dency.

Parallel circuits — The parallel-resonant
circuit is illustrated in Fig. 237-B. This cir-
cuit also contains inductance, eapacitance and
resistance in series, but the voltage is applied in
parallel with the combination instead of in
series with it as in A. As explained in connec-
tion with parallel inductance and capacity
(§ 2-8), the total current through such a com-
bination is less than the current flowing in the
branch having the smaller reactance. If the
currents through the inductive and capacitive
branches are equal in amplitude and exactly
180 degrees out of phase, the total current,
called the line current, will be zero no matter
how large the individual branch eurrents may
be. The impedance (Z = E/I) of such a cir-
cuit, viewed from its parallel terminals, would
be infinite. In practice the two currents will not
be exactly 180 degrees out of phase, because
there is always some resistance in one or both
branches. This resistance makes the phase re-
lationship between current and voltage less
than 90 degrees in the branch containing it,
hence the phase difference between the cur-
rents in the two branches is less than 180 de-
grees and the two currents will not eancel com=
pletely. However, the line current may be very
small if the resistance is small compared to the
reactance, and thus the parallel impedance at
resonance may be very high.

As the applied frequency is increased or de-
creased from the resonant frequency, the re-
actance of one branch decreases and that of
the other branch increases. The branch with
the smaller reactance takes a larger current, if
the applied voltage is constant, and that with
the larger reactance takes a smaller current.
As a result, the difference between the two
currents becomes larger as the frequency is
moved farther from resonance. Since the line
current is the difference between the two cur-
rents, the current inereases when the frequeney
moves away from resonance; in other words,
the parallel impedance of the circuit decreases.
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The variation of parallel impedance of a
parallel-resonant circuit with frequency is il-
Justrated by the same curves of Fig. 237 that
chow the wvariation in current with frequency
for the series-resonant circuit. The parallel
impedance at resonance increases as the series
resistance is made smaller.

In the case of parallel circuits, resonance
may be defined in three ways: the condition
which gives maximum impedance, that which
gives a power factor of 1 (impedance purely
resistive), or (as in series circuits) when the in-
ductive and capacitive reactances are equal. If
the resistance is low, the resonant frequencies
obtained on the three bases are practically
identical. This condition usually is satisfied in
radio work, so that the resonant frequency of
a parallel circuit is generally computed by the
series-resonance formula given above.

Resistance at high frequencies — At radio
frequencies the resistance of a conductor may
be considerably higher than its resistance to
direct current or low-frequency a.c. This is
because the magnetic field set up inside the
wire tends to force the current to flow in the
cuter part of the wire, an effect which in-
creases with frequency. At high radio frequen-
cies this skin effect i3 so pronounced that
practically all the current flows very near the
surface of the conductor, thereby in effect
reducing the cross-sectional area and hence
increasing the resistance. For this reason low
resistance can be achieved only by using con-
ductors with large surface area, but, since the
inner part of the conductor does not carry
current, thin-walled tubing will serve just as
well as solid wire of the same diameter.

A further effect oceurs in coils at radio fre-
quencies. The magnetic fields cause a concen-
tration of current in certain parts of the con-
ductors, again causing an effective decrease
in the conductor size and raising the resistance.
These effects, plus the effects of stray currents
caused by distributed capacity (§ 2-8), raise
the effective resistance of a coil at radio fre-
quencies to many times the d.c. resistance of
the wire.

Magnetic materials at high frequencies —
At frequencies above the audio range (upper
limit in the vicinity of 15,000 cycles) ordinary
iron and steel cores are not useful for increasing
the inductance of coils, although they are
highly effective for this purpose at low fre-
quencies, This is principally because losses
from currents induced in the iron (eddy cur-
rents) increase to a prohibitive extent at high
frequencies, since the induced current is pro-
portional to frequency. Coils for radio-fre-
guency purposes either are constructed with-
out magnetic material (air-core) or have spe-
cial types of iron cores particularly designed to
reduce losses. Cores for radio-frequency use are
made from finely divided iron of selected
grades, held together with an insulating bind-
ing material in such a way that each ivon parti-
ele is effectively insulated from the others, This
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prevents, or greatly reduces, the loss [rom
eddy currents. The permeability of such
“powdered-iron” core is high enough, and the
core losses are low enough, so that it is possibi
to construct an iron-core coil having low
effective resistance than an air-core coil of the
same inductance. Although coils of this typ
now are used chiefly at the lower radio [
quencies (below about 2 Mec.), practieable iron
core coils have been constructed for frequencics
approaching the very-high-frequency range.

Sharpness of resonance — As the internal
series resistance is increased the resonance
curves become “flatter’” for frequencies near
the resonance frequeney, as shown in g, 237
The relative sharpness of the resonance cuive
near resonance frequency is a measure of the
sharpness of tuning or selectivity (ability to di-
criminate between voltages of different fre
quencies) in such circuits. This is an tmportan
consideration in tuned cireunits for radio work

Flywheel effect; ¢ — A resonant circuil
may be compared to a flywheel in its behavior.
Just as such a wheel will continue to revolve
after it is no longer driven, so also will oscilian-
tions of electrical energy continue in a resonant
circuit after the source of power is removed.
The flywheel continues to revolve because ol
its stored mechanical energy; current flow
continues in a resonant cireuit by virtue of thi
energy stored in the magnetic field of the coil
and the electric field of the condenser. When
the applied power is shut off the energy surges
back and forth between the coil and condenser,
being first stored in the field of one, then ve-
leased in the form of current flow, and then re
stored in the field of the other. Since there |
always resistance present some of the energ
is lost as heat in the resistance during cach o
these oscillations of energy, and eventually a!
the energy is so dissipated. The length of tin:
the oscillations will continue is proportional to
the ratio of the energy stored to that dissi-
pated in each cycle of the oscillation. This ratio
is called the @ (quality factor) of the circuit.

Since energy is stored by either the induct
ance or capacity and may be dissipated in
either the inductive or capacitive branch of the
circuit, a @ can be established for either the in
ductance or capacity alone as well as for th
entire circuit. It can be shown that the energy
stored is proportional to the reactance nnd
that the energy dissipated is proportional to
the resistance, so that, for either inductance o
capacity associated with resistance,

s X
R
This relationship is useful in circuit problem
In resonant circuits at frequencies belo
about 28 Me. the internal resistance is prac
tically wholly in the coil; condenser resistan o
may be neglected. Consequently, the @ of the
circuit as a whole is determined by the ¢ of the
coil, or its ratio of reactance to resistance. Coils
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for frequencies below the very-high-frequency
region may have @s ranging from 100 to sev-
eral hundred, depending upon their size and
construction.

The sharpness of resonance of a tuned cir-
cuit is directly proportional to the @ of the
circuit, As an indication of the effect of @, the
current in a series circuit drops to a little less
than half its resonance value when the applied
frequency is changed by an amount equal to
1/¢ times the resonant frequency. The paral-
lel impedance of a parallel circuit similarly de-
creases with change in frequency. For example,
in a circuit having a @ of 100, changing the ap-
plied frequency by 1/100th of the resonant
frequency will decrease the parallel impedance
to less than half i1ts value at resonance.

Damping, decrement — The rate at which
current dies down in amplitude in a resonant
circuit after the source of power has been re-
moved is called the decrement or damping of
the circuit. A circuit with high decrement
(low ) is said to be highly damped; one with
low decrement (high @) is lightly damped.

Voltage rise — When a voltage of the reso-
nant frequency is inserted in series in a reso-
nant cireuit, the voltage which appears across
either the coil or condenser is considerably
higher than the applied voltage. This is be-
cause the current in the cireuit is limited only
by the resistance, and hence may have a rela-
tively high value; however, the same current
flows through the high reactances of the coil
and condenser, and consequently causes large
voltage drops (§ 2-8). As explained above, the
reactances are of opposite types and hence the
voltages are opposite in phase, so that the net
voltage around the circuit is only that which is
applied. The ratio of the reactive voltage to the
applied voltage is proportional to the ratio of
reactance to resistance, which is the @ of the
eircuit. Henee, the voltage across either the coil
or condenser is equal to @ times the voltage in-
serted in series with the circuit.

Parallel-resonant circuit impedance —
The parallel-resonant cireuit offers pure re-
sistance (its resonant impedance) between its
terminals because the line current is practically
in phase with the applied voltage. At frequen-
cies off resonance the current increases through
the branch having the lower reactance (and
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Fig. 238 — The impedance of a parallel-resonant resist-
ance circuit is shown here separated into its reactance
and resistance components. The parallel resistance of the
cireuit is equal to the parallel impedance at resonance.
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vice versa) so that the eircuit becomes reac-
tive, and the resistive component of the im-
pedance decreases as shown in Fig. 238.

If the circuit @ is 10 or more, the parallel
impedance af resonance is given by the formula

Z, = X*/R = XQ

where X is the reactance of either the coil or
the condenser and R is the internal resistance.

Q of loaded circuits — In many applica-
tions, particularly in receiving, the only power
dissipated is that lost in the resistance of the
resonant eireuit itself. Hence the coil should be
designed to have as high @) as possible. Since,
within limits, increasing the number of turns
raises the reactance faster than it raises the
resistance, coils for such purposes are made
with relatively large inductance for the fre-
quency under consideration.

On the other hand, when the circuit delivers
energy to a load, as in the case of the resonant
circuits used in transmitters, the energy con-
sumed in the circult itself is usually negligible
compared with that consumed by the load. The
equivalent of such a cireuit can be represented
as shown in Fig. 239-A, where the parallel
resistor represents the load to which power is
delivered. If the power dissipated in the load
is greater by 10 times or more than the power
lost in the coil and condenser, the parallel im-
pedance of the resonant cireuit alone will be so
high compared to the resistance of the load
that the latter may be considered to determine
the impedance of the combined circuit. (The
parallel impedance of the tuned circuit alone
is resistive at resonance, so that the impedance
of the combined circuit ma‘& be calculated from
the formula for resistances in parallel. If one
of two resistances in parallel has 10 times the
resistance of the other, the resultant resist-
ance is practically equal to the smaller resist-
ance.) The error will be small, therefore, if the
losses in the tuned cireuit alone are neglected.
Then, since Z = X@Q, the @ of a circuit loaded
with a resistive impedance, Z, is

g% Z
X
where Z is the load resistance connected across
the cireuit and X is the reactance of either the
coil or condenser. Hence, for a given parallel
impedance, the effective @ of the circuit in-
cluding the load is inversely proportional to
the reactance of either the coil or the con-
denser. A circuit loaded with a relatively low
resistance (a few thousand ohms) must there-
fore have a large capacity and relatively small
inductance to have reagsonably high Q.

From the above it is evident that connecting
a resistance in parallel with a resonant circuit
decreases the impedance of the cirenit. How-
ever, the reactances in the circuit are un-
changed, hence the reduction in impedance is
equivalent to a reduction in the @ of the cir-
cuit. The same reduction in impedance also
could be brought about by Increasing the series
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resistance of the circuit. The equivalent series
resistance introduced in a resonant eircuit by
an actual resistance connected in parallel is
that value of resistance which, if added in

n =

(B)'TCL

Fig. 239 — The equivalent circuit of a resonant eir-
cuit delivering power to a load. The resistor R represents
the load resistance. At (B) the load is tapped across
part of L, which by transformer action is equivalent to
using a higher load resistance across the whole eircuit.

serics with the coil and condenser, would de-
crease the circuit @ to the same value it has
when the parallel resistance is connected.
When the resistance of the resonant circuit
alone ecan be neglected, the equivalent re-
sistance 18

B
Z

the symbols having the same meaning as in the
formula above.

The effect of a load of given resistance on
the @ of the circuit can be changed by con-
necting the load across only part of the circuit.
“The most common method of accomplishing
this iz by tapping the load across part of the
coil, as shown in Fig. 239-B. The smaller the
portion of the coil across which the load is
tapped, the less the loading on the circuit; in
other words, tapping the load ‘“‘down” is
equivalent to connecting a higher value of load
resistance across the whole cireuit. This is
similar in principle to impedance transforma-
tion with an ircn-core transformer (§2-9).
However, in the high-frequency resonant cir-
cuit the impedance ratio does not vary exactly
as the square of the turn ratio, because all the
magnetic flux lines do not cut every turn of
the coil. A desired reflected impedance usually
must be obtained by experimental adjustment.

I./C ratio— The formula for resonant fre-
quency of a circuit shows that the same fre-
quency always will be obtained so long as the
product of L and C 1s constant. Within this
limitation, it is evident that L can be large and
¢ small, L small and C large, etc. The relation
between the two for a fixed frequency is called
the L/C ratio. A high-C circuit is one which
has more capacity than ‘“‘normal’ for the fre-
gueney; a low-C circuit one which has less than
normal capacity. These terms depend to a
considerable extent upon the particular appli-
cation considered, and have no exact numeri-
cal meaning.

Piezoelectricity — Properly ground plates
or bars of quartz and certain other crystalline
materials show a mechanical strain when sub-
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jected to an electric charge and, conversely,
will show a difference in potential between two
faces when subjected to mechanical stress. This
characteristic is called the piezoelectric effect.
A piezoelectric crystalis a mechanical vibrator
electrically equivalent to a series-resonant
circuit of very high @, and can be used for
many of the purposes for which ordinary reso-
nant circuits are used.

€ 2-11 Coupled Circuits

Energy transfer; loading — Two circuits
are said to be coupled when energy can be
transferred from one to the other. The circuit
delivering energy is called the primary eircuit;
that receiving energy is called the secondary
circuit. The energy may be practically all
dissipated in the secondary circuit itself, as in
receiver circuits, or the secondary may simply
act as a medium through which the energy is
transferred to a load resistance where it does
work. In the latter case, the coupled circuits
may act as a radio-frequency impedance-
matching device (§2-9) where the matching
can be accomplished by adjusting the loading
on the secondary (§ 2-10) and by varying the
coupling between the primary and secondary.

Coupling by a commaon circuit element —
One method of coupling between two resonant
circuits is to have some type of circuit element
common to both circuits. The three variations
of this type of coupling (often called direct
coupling) shown at A, B and C of Iig. 240,
utilize n common inductance, eapacity and
resistance, respectively. Current circulating
in one LC branch flows through the common
element (L., C., or B.) and the voltage devel-
oped across this element causes current to flow
in the other LC branch. The degree of coupling
between the two cireuits becomes greater as the
reactance (or resistance) of the common ele-
ment is increased in comparison to the remain-
ing reactances in the two branches.

If both circuits are resonant to the same
frequency, as is usually the case, the common
impedance — reactance or resistance — re-
quired for maximum energy transfer is gener-
ally quite small compared to the other react-
ances in the circuits.

Capacity coupling— The circuit at D
shows electrostatic coupling between two reso-
nant circuits. The coupling increases as the
capacity of €. is made greater (reactance of C.
is decreased). When two resonant circuits are
coupled by this means, the capacity required
for maximum energy transfer is quite small if
the Q of the secondary circuit is at all high.
For example, if the parallel impedance of the
secondary circuit is 100,000 ohms, the react-
ance of the coupling condenser need not be
lower than 10,000 ohms or so for ample cou-
pling. The corresponding capacity required 1s
only a few micromicrofarads at high frequencies.

Inductive coupling — Fig. 240-E illustrates -
inductive coupling, or coupling by means of
the magnetic field. A circuit of this type re-
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sembles the iron-core transformer (§ 2-9) but,
because only a small percentage of the flux
lines set up by one coil cut the turns of the
other coil, the simple relationships between
turns ratio, voltage ratio and impedance ratio
in the iron-core transformer do not hold. To
determine the operation of such circuits, it is
necessary to take account of the mutual induct-
ance (§ 2-5) between the coils.

Link coupling — A variation of inductive
coupling, called link coupling, is shown in Fig.
241. This gives the effect of inductive coupling
between two coils which may be so separated
that they have no mutual inductance; the link
may be considered simply as a means of pro-
viding the mutual inductance. Because mutual
inductance between coil and link is involved at
each end of the link, the total mutual induet-
ance between two link-coupled eircuits cannot
be made as great as when normal inductive
coupling is used. In practice, however, this
ordinarily is not disadvantageous. Link cou-
pling frequently is convenient in the design of
equipment where inductive coupling would be
impracticable because of constructional con-
siderations.

The link coils generally have few turns com-
pared to the resonant-circuit coils, since the
coeflicient of coupling is relatively independent
of the number of turns on either coil.
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Coefficient of coupling— The degree of
coupling between two coils is a function of
their mutual inductance and self-inductances:

M

V LsLy
where k is called the coeflicient of coupling. 1t is
often expressed as a percentage. The coefficient
of coupling cannot be greater than 1, and gen-
erally is much smaller in resonant circuits,

Inductively coupled circuits — Three types
of circuits with inductive coupling are in
general use, As shown in Fig. 242, one type has
a tuned-secondary curcuit with an untuned-
primary coil, the second a tuned-primary cir-
cuit and untuned-secondary coil, and the third
uses tuned circuits in both the primary and
secondary. The circuit at A is frequently used
in receivers for coupling between amplifier
tubes when the tuning of the circuit must be
varied to respond to signals of different fre-
quencies. Circuit B is used prineipally in trans-
mitters, for coupling a radio-frequency ampli-
fier to a resistive load. Circuit C is used for
fixed-frequency amplification in receivers. The
same circult also is used in transmitters for
transferring power to a load which has both
reactance and resistance.

If the coupling between the primary and sec-
ondary is ‘‘tight’ (coeflicient of coupling
large), the effect of inductive coupling in eir-
cuits A and B, Fig. 242, is much the same as
though the ecircuit having the untuned ecoil
were tapped on the tuned circuit (§ 2-10), Thus
any resistance in the circuit to which the un-
tuned coil is connected 1s coupled into the
tuned circuit in proportion to the mutual in-
ductance. This is equivalent to an increase in
the series resistance of the tuned circuit, and its
) and selectivity are reduced (§ 2-10). The
higher the coeflicient of coupling, the lower the
@ for a given value of resistance in the coupled
circuit. These circuits may be used for imped-
ance matching by adjustment of the coupling
and of the number of turns in the untuned coil.

If the circuit to which the untuned coil is
connected has reactance, a certain amount of
reactance will be “coupled in” to the tuned
circuit depending upon the amount of re-
actance present and the degree of coupling.
The chief effect of this coupled reactance is to
require readjustment of the tuning when the
coupling is increased, if the tuned circuit has
first been adjusted to resonance under condi-
tions of very loose coupling.

—
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Fig. 241 — Link coupling. The mutual inductances at
both ends of the link are equivalent to mutual inductance

between the tuned circuits, and serve the same purpose.
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Fig. 242 — Types of inductively coupled circuits. In A
and B, one circuit is tuned, the other untuned. C shows
the method of coupling between two tuned circuits.

Coupled resonant circuits — The effect of
a tuned-secondary circuit on a tuned primary
is somewhat more complicated than in the
simpler cireuits just described. When the sec-
ondary is tuned to resonance with the applied
frequency, its impedance is resistive only. If the
primary also is tuned to resonance, the current
flowing in the secondary circuit (caused by the
induced voltage) will, in turn,.induce a volt-
age in the primary which is opposite in phase
to the voltage acting in series in the primary
circuit. This opposing voltage reduces the
effective primary voltage, and thus causes a re-
duction in primary current. Since the actual
voltage applied in the primary circuit has not
changed, the reduction in current can be looked
upon as being caused by an increase in the re-
gistance of the primary circuit. That is, the
effect of coupling a resonant secondary to the
primary is to increase the primary resistance.
The resistance under consideration is the series
resistance of the primary circuit, not the paral-
lel impedance or resistance. The parallel re-
sistance decreases, since the increase in series
resistance reduces the @ of the primary cir-
cuit.

If the secondary circuit is not tuned to res-
onance, the voltage induced back in the pri-
mary by the secondary current will not be ex-
actly out of phase with the voltage acting in
the primary; in effect, reactance is coupled
into the primary circuit. If the applied fre-
quency is fixed and the secondary circuit tun-
ing is being varied, this means that the primary
circuit will have to be retuned to resonance
each time the secondary tuning is changed.

If the two circuits are initially tuned to res-
onance at a given frequency and then the ap-
plied frequency is varied, both circuits become
reactive at all frequencies off resonance. Under
these conditions, the reactance coupled into the
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primary by the secondary retunes the primary
circuit to a new resonant frequency. Thus, at
some frequency off resonance, the primary cur-
rent will be maximum, while at the actual res-
onant frequency the current will be smaller
because of the resistance coupled in from the
gecondary at resonance. There is a point of
maximum primary current both above and
below the true resonant frequency.

These effects are almost negligible with very
“loose’’ coupling (coefficient of coupling very
small), but increase rapidly as the coupling
increases. Because of them, the selectivity of a
pair of coupled resonant circuits can be varied
over a considerable range simply by changing
the coupling between them. Typieal curves
showing the variation of selectivity are shown
in Fig. 243, lettered in order of increasing co-
efficient of coupling. At loose coupling, A, the
voltage across the secondary circuit (induced
voltage multiplied by the @ of the secondary
circuit) is less than the maximum possible
because the induced voltage is small with loose
coupling. As the coupling increases the sec-
ondary voltage also increases, until critical
coupling, B, is reached. At still closer coupling
the effect of the primary current “humps”
causes the secondary voltage to show some-
what similar humps, while when the coupling
is further increased the frequency separation of
the humps becomes greater. Resonance curves
such as those at C and D are called “flat-
topped,” because the output voltage is sub-
stantially constant over an appreciable fre-
quency range. Such a characteristic is desirable
in many receiver applications.

Critical coupling — It will be observed that
maximum secondary voltage is obtained in the
curve at B in Fig. 243. With tighter coupling
the resonance curve tends to be double-peaked,
but in no case is such a peak higher than
that shown for curve B. The coupling at which
the secondary voltage is maximum is known as
critical coupling. With this coupling the re-
sistance coupled into the primary circuit is
equal to the resistance of the primary itself,
corresponding to the condition of matched
impedances. Hence, the energy transfer is max-
imum at critical cdupling. The over-all selec-
tivity of the coupled circuits at eritical coupling
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Fig. 243 — Showing the effect on the output voltage
from the secondary circuit of changing the coefficient of
coupling between two resonant circuits independently
tuned to the same frequency. The input voltage is held
constant in amplitude while the frequency is varied.
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is intermediate between that obtainable with
loose coupling and tight coupling. At very loose
coupling, the selectivity of the system is very
nearly equal to the product of the selectivities
of the two circuits taken separately; that is, the
effective Q of the circuit is equal to the product
of the Qs of the primary and secondary.

Effect of circuit Q — Critical coupling is a
function of the Qs of the two circuits taken in-
dependently. A higher coefficient of coupling
is required to reach critical coupling when the
Qs are low; if the @s are high, as in receiving
applications, a coupling coefficient of a few
per cent may give critical coupling.

With loaded circuits it is not impossible for
the @ to reach such low values that critical
coupling cannot be obtained even with the
highest practicable coeflicient of coupling (coils
as close physically as possible). In such case
the only way to secure sufficient coupling is to
increase the @ of one or both of the coupled
circuits. This can be done either by decreasing
the L/C ratio or by tapping the load down on
the secondary coil (§ 2-10). One or the other of
these methods often must be used with link
coupling, because the maximum coefficient of
coupling between two coils seldom runs higher
than 50 or 60 per cent and the net coefficient
is approximately equal to the products of the
coeflicients at each end of the link. If the load
resistance is known beforehand, the circuits
may be designed for a @ in the vicinity of 10
or so with assurance that sufficient coupling
will be available;if unknown, the proper ¢s can
be determined by experiment.

Shielding — Frequently it is necessary to
prevent coupling between two circuits which,
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for constructional reasons, must be physically
near each other. Capacitive coupling may
readily be prevented by enclosing one or both
of the circuits in grounded low-resistance
metallic containers, called shields. The electro-
static field from the ecireuit components does
not penetrate the shield, because the lines of
force are short-circuited (§ 2-3). A metallic
plate called a bafiie shield, inserted between
two components, may suffice to prevent elec-
trostatic coupling between them, since very lit-
tle of the field tends to bend around such a
shield if it is large enough to make the compo-
nents electrostatically invisible to each other.

Similar metallic shielding is used at radio
frequencies to prevent magnetic coupling. In
this case the magnetic field induces a current
(eddy current) in the shield, which in turn sets
up its own magnetic field opposing the original
field (§ 2-5). The induced current is propor-
tional to the frequency and also to the conduc-
tivity of the shield, hence the shielding effect
increases with frequency and with the condue-
tivity and thickness of the shielding material. A
closed shield is required for good magnetic
shielding; in some cases separate shields, one
about each coil, may be required. The baffle
shield is rather ineffective for magnetic shield-
ing, although it will give partial shielding if
placed at right angles to the axes of, as well as
between, the two coils to be shielded from
each other.

Cancellation of part of the field of the coil
reduces its inductance, and, since some energy
is dissipated in the shield, the effective resist-
ance of the coil is raised as well. Hence the @ of
the coil is reduced. The effect of shielding on

- coil @ and inductance becomes less as
the distance between the coilandshield
is increased. The losses also decrease
with an increase in the conductivity
of the shield material. Copper and
aluminum are satisfactory materials.
The @ and inductance will not be
greatly reduced if the spacing be-
tween the sides of the coil and the
shield is at least half the coil diam-
eter, and is not less than the coil
diameter at the ends of the coil.

At audio frequencies the shielding
container is made of magnetic mate-
rial, preferably of high permeability
(§ 2-5), to short-circuit the external
flux about the coil to be shielded. A
nonmagnetic shield is quite ineffec-
tive at these low frequencies because
the induced current is small.

Filters — By suitable choice of
circuit elements a coupling system
may be designed to pass, without un-
due attenuation, all frequencies below
and reject all frequencies above a
certain value, called the cut-off fre-
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Fig. 244 — Examples of the various types of simple filter circuits.

quency. Such a coupling system is
called a filter, and in the above case
is known as a low-pass filter.
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If frequencies above the cut-off frequency are
passed and those below attenuated, the filter is
a high-pass filter. Simple filter circuits of both
types are shown in Fig. 244, The fundamental
circuit, from which more complex filters are
constructed, is the L-section. Fig. 244 also shows
r-section filters, constructed from the basic L-
section, which are frequently encountered both
in low-frequency and r.f. circuits. The propor-
tions of L and € for proper operation of the fil-
ters depend upon the load resistance connected
across the output terminals, L being larger and
¢ smaller as the load resistance is increased.

A band-pass filter is one designed to pass
without attenuation all frequencies between
two selected cut-off frequencies, and to atten-
uate all frequencies outside these limits. The
group of frequencies passed through the filter
is called the pass-band. Two resonant circuits
with greater than critical coupling represent a
common form of band-pass filter.

The resistance-capucity filter, shown in Fig.
244, is used where both d.c. and a.c. are flowing
through the circuit and it is desired to provide
greater attenuation for the alternating current
than the direct current. It is usually employed
where the direct eurrent has a low value so
that the d.c. voltage drop is not excessive, or
when a d.e. voltage drop actually is required.
The time constant (§ 2-6) must be large com-
pared to the time of one cycle of the lowest
frequency to be attenuated. In determining the
time constant, the resistance of the load must
be included as well as that in the filter itself.

Bridge circuits — A bridge circuitis a device
primarily used in making measurements of re-
sistance, reactance or impedance (§2-8), al-
though it has other applications in radio cir-
cuits. The fundamental form is shown in Iig.
245-A. It consists of four resistances (called
arms) connected in series-parallel to a source
of voltage, E, with a sensitive galvanometer,
M, connected between the junctions of the
series-connected pairs. When the equation

By _ Rs

R Ry

is satisfied there is no potential difference be-
tween points 4 and B, since the drop across R
equals that across Iy and the drop across R
equals that across R3. Under these conditions
the bridge is said to be balanced, and no current
flows through M. If R3is an unknown resist-
ance and R4 is a variable known resictance,
Rj3 can be found from the following equation
after R4 has been adjusted to balance the
bridge (null indication on M):

: R3 = -& R4
b
Ry and Rs are known as the ratio arms of the
bridge; the ratio of their resistances is usually
adjustable (frequently in steps of 1, 10, 100,
ete.), so that a single variable resistor, Ry, can
serve as a standard for measuring widely dif-
ferent values of unknown resistance.
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Fig. 245 — Bridge circuits utilizing resistance, induet-
ance and capacity arms, both alone and in combination.

Bridges similarly can be formed with con-
densers, inductances and combinations of
resistance with either. Typical simple arrange-
ments are shown in Fig. 245. For measure-
ments with alternating currents the bridge
must not introduce phase shifts which would
destroy the balance, hence similar impedances
should be used in each branch, as shown in
Fig. 245, and the Qs of the coils and con-
densers should be the same. When bridges are
used at audio frequencies, a telephone headset
is a good null indicator. The bridges at I and
F are commonly used in r.f. neutralizing circuits
(§ 4-7); the voltage from the source, Ea, is
balanced out at X.

€ 2-12 Linear Circuits

Standing waves — If an electrical impulse
is started along a wire, it will travel at approxi-
mately the speed of light until it reaches the
end. If the end of the wire is open circuited,
the impulse will be reflected at this point and
will travel back again. When a high-frequency
alternating voltage is applied to the wire a cur-
rent will flow toward the open end, and reflec-
tion will oecur continuously. If the wire is long
enough so that time comparable to a half cycle
or more is required for current to travel to the
open end, the phase relations between the re-
flected current and outgoing current will vary
along the wire, and at one point the two cur-
rents will be 180 degrees out of phase and at
another in phase, with intermediate values
between. Assuming negligible losses, this means
that the resultant current will vary in ampli-
tude from zero to a maximum value along
the wire. Such a variation is called a standing
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wave. The voltage along the wire also goes
through standing waves, but reaches its maxi-
mum values where the current is minimum
and vice versa.
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Fig. 246 — Standing-wave current distribution on a
wire operating as an oscillatory circuit, at _the: fundamen-
tal, second harmonic and third harmonic frequencies.

Frequency and wavelength — It is possible
to deseribe the constants of such line circuits in
terms of inductance and capacitance, or in-
ductance and capacitance per unit length, but
it is more convenient to give them simply in
terms of fundamental resonant frequency or of
length. Since the velocity at which the current
travels is 300,000 kilometers (186,000 miles)
per second, the wavelength, or distance through
which the current will travel in the time of one
eycle, is
__ 300,000

flcc-

where X is the wavelength in meters and f.. is
the frequency in kilocycles. The lowest fre-
quency at which the wire or line will be reso-
nant is known as its fundamental frequency
or wavelength. It is common to describe lines
(or antennas, which have similar current and
voltage distribution) as half-wave, quarter-wave,
ete., for a certain frequency (‘“‘half-wave
7000-ke. antenna,’” for instance).

Wavelength is also used interchangeably
with frequency in describing not only antennas
but also tuned ecircuits, complete transmitters,
receivers, ete. Thus, the terms ““ high-frequency
receiver’’ and ““short-wave receiver,” or “75-
meter fundamental antenna’ and ‘“4000-
kilocycle fundamental antenna,” are synony-
mous.

Harmonic resonance— Although a coil-
condenser combination having lumped con-
stants (eapacitance and inductance) resonates
only at one frequency, circuits such as an-
tennas which contain distributed constants
resonate readily at frequencies which are very
nearly integral multiples of the fundamental
frequency. These frequencies are, therefore, in
harmonic relationship to the fundamental fre-
quency, and hence are referred to as harmon-
zcs (§ 2-7). In radio practice the fundamental
itself is called the first harmonic, the frequency
twice the fundamental is called the second har-
monie, and so on.

Fig. 246 illustrates the distribution of cur-
rent on a wire for fundamental, second and

A
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third harmonic excitation. There is one point
of maximum current with fundamental opera-
tion, two when operation is at the second har-
monie, and three at the third harmonic; the
number of current maxima corresponds to the
order of the harmonic and the number of stand-
ing waves on the wire. As noted in the figure,
the points of maximum ecurrent are called
anti-nodes (also known as ‘“loops’) and the
points of zero current are called nodes.

Radiation resistance — Since a line circuit
has distributed inductance and capaecity, cur-
rent flow causes storage of energy in mag-
netic and electrostatic fields (§ 2-3, 2-5). At
low frequencies practically all the energy so
stored is returned to the wire during another
part of the eycle (§ 2-8), but above 15,000
eycles or so (radio frequency) some escapes —
is radiated — in the form of electromagnetic
waves. Since energy radiated by a line or an-
tenna is energy dissipated, insofar as the line
is concerned, the energy loss can be considered
to take place in an equivalent resistance. This
equivalent resistance is known as radiation
resistance,

Resonant-line circuits — The effective re-
sistance of a resonant straight wire, such as an
antenna, is considerable, because of the power
radiated. The resonance curve of such a
straight-line circuit is quite broad; in other
words, its () is relatively low. However, by
folding the line, as suggested by Fig, 247, the
fields about the adjacent sections largely can-
cel each other and very little radiaticn takes
place. The radiation resistance is greatly re-
duced, and the line-type cirecuit can be made to
have a very sharp resonance curve, or high Q.
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Fig. 247 — Standing wave and instantaneous current
(arrows) conditions of a folded resonant-line circuit.

A circuit of this type will have a standing
wave on it, as shown by the dashed-line of Fig.
247, with the instantaneous current flow in
each wire opposite in direction to the flow in
the other, as indicated by the arrows on the
diagram. This opposite current flow accounts
for the cancellation of radiation, since the
fields about the two wires oppose each other.
Furthermore, the impedance across the open
ends cf the line will be very high (thousands of
ohms) while the impedance across the line near
the closed end will be very low. This is because
the current is low and the voltage is high at
the open end of the line, but the current is high
and the voltage low at the closed end.
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A folded line may be made in the form of two
concentric conductors, as shown in Fig. 248.
The concentric line has even lower radiation
resistance than the folded-wire line, since the
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Fig. 248 — A concentric-line resonant circuit.

outer conductor acts as a shield. Standing
waves exist but are confined to the outside of
the inner conductor and the inside of the outer
conductor, since skin effect prevents the cur-
rents from penetrating to the other sides.
Thus sueh a line will have no radio-frequency
potentials on its exposed surfaces. Because of
the low radiation resistance and the relatively
large conducting surfaces, such lines can be
made to have much higher @s than are attain-
able with coils and condensers. They are most
applicable at very high frequencies (very short
wavelengths) (§ 2-7), where the dimensions are
small.

¢ 2-13 Circuits with Superimposed
Currents

Combined a.c. and d.c. — There are many
practical instances of simultaneous flow of
alternating and direct currents in a circuit.
When this occurs there is a pulsating current,
and it is said that an alternating current is
superimposed on a direct current. As shown in
Fig. 249, the maximum value is equal to the
d.c. value plus the a.c. maximum, while the
minimum value (on the negative a.c. peak) is
the difference between the d.c. and the maxi-
mum a.c. values. The average value (§ 2-7) of
the current is simply equal to the direct-cur-
rent component alone. The effective value
(§2-7) of the combination is equal to the
square root of the sum of the effective a.c.
squared and the d.c. squared:

I = \/Ia62 'l_-l'nk;2

where T.. is the effective value of the a.c.
component, I is the effective value of the com-
bination, and I is the average (d.c.) value of
the combination.

Beats — If two or more alternating ¢urrents
of different frequencies are present in a normal
circuit they have mo particular effect upon
one another, and for this reason can be sepa-
rated again at any time by the proper selective
cirenits. However, if two (or more) alternating
currents of different frequencies are present
in an element having unilateral or one-way
current flow properties, not only will the two
original frequencies be present in the output
but also currents having frequencies equal to
the sum, and difference, of the original fre-
quencies. These sum and difference frequencies
are called the beat frequencies. For example, if
frequencies of 2000 and 3000 ke. are present in
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a normal circuit only those two frequencies
exist, but if they are passed through a uni-
lateral-element (such as a properly adjusted
vacuum tube) there will be present in the out-
put not only the two original frequencies of
2000 and 3000 ke. but also currents of 1000
(3000 — 2000) and 5000 (3000 - 2000) ke.
Suitable circuits ean be used to select the
desired beat frequency.

By-passing — In combined circuits, it is fre-
quently necessary to provide a low-impedance
path for a.c.’around, for instance, a source of
d.c. voltage. This can be done by using a by-
pass condenser, which will not pass direct cur-
rent but will readily permit the flow of alter-
nating current. The capacity of the condenser
should be of such value that its reactance is
low (of the order of 1/10th or less) compared
to the a.c. impedance of the device being by-
passed. The lower the reactance, the more effec-
tively will the a.c. be confined to the desired
path. )

Similarly, alternating current can be pre-
vented from flowing through a direct-current
cireuit to which it may be connected by in-
serting an inductance of high reactance (called
a choke coil) between the two circuits. This will
permit the d.c. to flow without hindrance, since
the resistance of the choke coil may be made
quite low, but will effectively prevent the a.c.
from flowing where it is not wanted.

If both r.f. and low-frequency (audio or
power) currents are present in a cireuit, they
may be confined to desired paths by similar
means, since an inductance of high reactance
for radio frequencies will have negligible re-
actance at low frequencies, while a condenser
of low reactance at radio frequencies will have
high reactance at low frequencies.

CURRENT OR VOLTAGE
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Fig. 249 =~ Pulsating current, composed of an al-
ternating current superimposed on a direct current.

Grounds — The term ‘‘ground” 1is fre-
quently met with in discussions of cireuits.
Normally it means the voltage reference point
in the cireuit. There may or may not be an ac-
tual connection to earth, but it is understood
that a point in the circuit said to be at ground
potential could be connected to earth without
disturbing the operation of the circuit in any
way. In direct-current circuits, the negative
side generally is grounded. The ground symbol
in circuit diagrams is used for convenience in
indicating common connections between vari-
ous parts of the cireuit, as through a metal
chassis, and, with respect to actual ground,
usually has the meaning indicated above.



