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CAPACITY

INTRODUCTION . ~Capacity is the
principal property of the electrical
capacitor. A capacitor may be de-
fined as any apparatus in which en-
ergy or power can be stored in the
form of an EIECTRO-STATIC field. In
turn an electro-static field may he
defined as the stationary EIECTRIC
FIEID existing between two unlike
electric charges, positive and nega-
tive.

It is much easier to arrive at
a thorough understanding of the op-
erationof a capacitor than to under-
stand the effects of inductance in
a circuit. This is due to the fact
that exact mechanical analogies may
be used to explain most of the ef-
fects of capacity. That 1s not true
of inductance.

MECHANICAL ANALOGY .~The term
"capacity" immediately brings to
mind the idea of volume or amount.
For example, the capacity of a water
tank is the amount of water the tank
will hold, measured in gallons,
cubic feet, or whatever unit it is
desired to use. The capacity of an
air tank is the number of cubic feet
of air that can be forced into the
tank with any given applied pres-
sure. This example of the air tank
compares almost exactly with the
effects of a capacitor and for that
reason will be used to explain the
elementary capacitor operation. Air
is compressible and so is an elec-
tric charge; their effects under
pressure are almost identical. If
too much air is forced into a tank,
the pressure inside the tank will
become so great as to burst the
walls of the tank and release the
pressure; if too large an electric
charge is forced into a capacitor,

the voltage or pressure between the
plates of the capacitor will build
up to such an extent as to break
down the insulation between the
plates and discharge the capacitor.

In Fig. 1 two containers are
connected together by a pipe with a
valve between. With thevalve closed
container B is exhausted of all air,
assuming that this is possible.

METER
PUMP A
B
1r 5
g_l\
VALVE

Fig. 1.—Mechanical analogy of capa-
citance.

Container A is pumped up to an air
pressure of 100 pounds per square
inch. A certain definite number of
cubic feet of air, the amount depend-
ing directly upon the dimensions
(capacity) of the container, must be
punped into the container to raise
the pressure to 100 pounds per square
inch. If the pump is capable of
Supplying a pressure exactly equal
to 100 pounds per square inch, as
soon as sufficient air has been
forced into the tank to cause the
internal pressure to exactly equal
the max imum pressure of the pump,
even though the pump is left running,
no more air will be forced into the
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tank. There is now sufficient air
stored in tank A to cause a pressure
of 100 1bs/sq.in. on all walls of
the tank. The air in B is zero, the
pressure therefore being zero also.

If the valve is opened suddenly
there will exist the condition of a
container holding air at high pres-
sure connected directly to a con-
tainer at zero pressure. The air
will flow through the valve into
tank BUNTIL THE PRESSURE OF B EQUALS
THE PRESSURE OF A. If the pump is
still running it will supply the de-
ficiency in A caused by the air
leaving to go to B, and the pressure
of A will be maintained at 100
1bs/sq.in.

Since container B is much
smaller than A, a smaller actual
volume of air will be required to
raise its pressure to 100 1lbs/sq.in.
than must be contained in A to pro-
duce that pressure. The "capacity"
of the small tank is less than that
of the large tank.

When the valve is first opened
the difference in pressure between
A and B is 100 1bs/sq.in. The
pressure in B being zero, there is
at that instant no opposition tc air
flow into B, (assuming that the con-
necting pipe is sufficiently large
that the friction of the air on the
walls of the pipe may be neglected).
Since there is no opposition, the
instantaneous rush of air into B
will be large and the meter, which
indicates cubic feet per second,
will register a large air-flow.
However, as the air flows into B a
pressure is built up, the pressure
increasing as the number of cubic
feet of air in B increases. As this
back pressure builds up it offers
more and more opposition to the flow
of air from A to B, until when the
pressures of A and B are equal no

air will flow through the connect-

ing pipe. Thus the air-flow meter
will deflect to maximum the instant
the valve is opened, and will then
gradually drop to zero as the pres-
sures become equal.

OPERATION OF A CAPACITOR .—Re-
ferring to Fig. 2, it will be seen
that an exactly similar condition
exists if an electrical capacitor is
connected across a steady source of
voltage.

In this case the battery acts
as container A and the chemical act-
ion ot' the battery, which moves a

:/;:SWITCH
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Fig. 2.—Electrical circuit showing
operation of a capacitor.

sufficient number of electrons from
the positive terminal to the nega-
tive terminal of the battery to
cause a difference of potential,
(pressure), of 100 volts, is anal-
ogous to the pump. When the de-
ficiency of electrons on the posi-
tive terminal and the excess on the
negative terminal are such as to
cause a difference of potential of
100 volts, the chemical action
causes no further movement of elec-
trons. If, however, some of this
pressure is neutralized the chemical
action will again commence.

The capacitor takes the place
of container B, and in its normal
state no difference of potential

-
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OPERATION OF 4

exists between the plates.

The switch replaces the valve,
and the ammeter, which measures
EIECTRONS PER SECOND moving past a
given point, is analogous to the
air-flow meter which measures cubic
feet of air per second flowing
through it. The moving element has
been changed from cubic feet of air
to electrons. The air PRESSURE has
been changed to the electrical pres-
sure or difference of potential
caused by the excess of electrons
on the negative terminal trying to
neutralize the deficiency of elec-
trons on the positive terminal.

As the switch is closed the
positive terminal of the battery will
attract electrons to it from the ca-
pacitor plate and the negative ter-
minal will repel electrons toward
the other plate of the capacitor.
As electrons move away from plate
nurber 1, that plate assumes a posi-
tive charge. As an excess of elec-
trons is forced to plate number 2
that plate assumes a negative charge.
The movement of electrons will con-
tinue until the difference of poten-
tial between the plates equals the
applied voltage of the battery, 100
volts.

Assuming that the connecting
leads, etc., are such that the cir-
cuit resistance is negligible, then
the only opposition to the electron
flow is the pressure built up across
the capacitor. When the switch is
first closed there is no difference
of potential across the capacitor,
therefore no opposition, and the
electron movement will be large. As
the electrons leave one plate and
become in excess on the other, a
pressure is built up across the ca-
pacitor which opposes the electron
movement, and the greater this pres-
sure, the greater the opposition.

CAPACITOR 3

At the instant the capacitor volt-
age is equal to the applied voltage
the electron movement ceases.

This effect will be indicated
by the ammeter in the following man-
ner: the ammeter which measures the
electrons per second moving through
the circuit will indicate the great-
est movement at the instant of least
opposition. That instant is at the
closing of the switch, therefore
when the switch is closed the indi-
cator of the ammeter will instantly
jump to a maximum reading and gradu-
ally fall off, reaching zero as the
capacitor voltage equals the applied
voltage.

From then on, so long as the
voltage of the battery remains con-
stant, no more current will flow
through the circuit. If, however,
the battery voltage is INCREASED,
current will again flow IN THE SAME
DIRECTION AS BFFORE, in order that
the capacitor voltage may be main-
tained equal to the battery voltage.

If the battery voltage is DE-
CREASED current will flow in the
circuit but in THE OPPOSITE DIREC-
TION discharging the capacitor, that
is, neutralizing the difference of
potential across the capacitor in
order that the capacitor voltage
may still equal the applied voltage.

Assuming that the resistance of
the circuit is negligible, and re-
membering that the electron flow is
always of such amplitude and in such
a direction as to tend to keep the
capacitor voltage at every instant
equal to the applied voltage, it
will be seen that if the applied
voltage is increased very rapidly
the electron flow, tending to build
up the capacitor voltage just as
rapidly, must be large. If the ap-
plied voltage is increased slowly
the electrons will not be required
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to move through the circuit so rap-
idly to keep the counter EMF, (capa-
citor voltage), equal to the applied
RMF, therefore the ammeter will not
indicate as large a current flow
on the slow voltage increase as on
the rapid voltage increase.

If in both cases voltage is in-
creased the same amount, the same
actual number of electrons must be
transferred from one plate of the
capacitor to the other. On the slow
increase, however, the same number
of electrons requires a longer time
to pass a given point, the RATE OF
FIOW is therefore less and the am-
meter will indicate a smaller flow
of current for a longer period of
time.

The same principles apply tc the
capacitor discharging on a decrease
of the applied voltage. The more
rapidly the applied voltage drops
off, the more rapidly the electrons
must flow through the circuit in
such a direction as to decrease the
capacitor charge. The rate of flow
is always such as to keep the CEMF
exactly equal to the applied voltage.
(This statement is true only in the
case where the capacitor has a cir-
cuit through which it can discharge
rapidly as in the type of circuit
being discussed. Later it will be
seen that there are circuits in
which this free discharge action can-

‘not take place and different condi-
tions will be extablished. For ease
of explanation in this assignment,
all charging and discharging circuits
will be considered such that the
charge and discharge is governed
only by the actual applied EMF and
counter EMF as shown.)

The important fact to remember
in the study of capacitor action is
that for a given capacitor the cur-
rent flow, either on charge or dis-

charge, WILL BE GREATEST AT THE IN-
STANT THE VOLTAGE IS VARYING THE
MOST RAPIDLY.

THE ANGLE OF LEAD.—Applying
this fact to an alternating-current
circuit: The voltage supplied by
the alternator is continuously vary-
ing except at the instants of maxi-
mun voltage which occur twice each
cycle, at 80 degrees and 270 degrees.
At those instants there will be no
current flow in a pure capacity cir-
cuit. As with inductance it is not
possible to totally eliminate resis-
tance, but the condition may be as-
sumed for the study of the effects
of capacity alone.

The voltage variations, when
in the form of a sine curve, are the
most repid when the voltage is pass-
ing through zero. From the pre-
ceding statements on capacitor ac-
tion it is evident that the current
flow must be greatest at that in-
stant. In a pure capacity circuit
when the voltage variation is in the
form of a sine curve, the current
flow will be maximum when the volt-

age is passing through zero and will

be zero when the voltage is at a
maximum value.

The curves of Fig. 3(C) clearly
demonstrate the current-voltage
relation. Since the effects of ca-
pacity are manifest when voltage
variations are taking place, the
study of the curves will be based on
the curve of the applied voltage K.
Curve E is divided into 4 changes
and the voltages and currents in the
circuit will be studied for each of
the four changes of applied voltage.
Assume that the switch is closed
exactly at the instant the voltage
is leaving zero at its zero phase
angle as shown in Fig. 3(C).

At that instant, as the voltage
is just leaving zero, it is changing

l
'
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the most rapidly. At that instant
the capacitor is totally discharged
and the capacitor voltage, shown on

equal both in amplitude and in the
shape of the curve; also, as the
applied voltage rises the current
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curve CEMF, is 7zero. The current
will then rise instantly to its
maximm value. As the applied volt-
age continues to rise the current
continues to flow in such a direct-
ion as to charge the capacitor, that
is, to build up a counter EMF equal
and opposite to the applied voltage.
The direction of current flow is
shownby the arrows, 1, on Fig. 3(a).

Again referring to 3(C), as the
applied voltages rises, the CEMF
rises inexact opposition and exactly

£
Fig. 3.—Charge and discharge of a capacitor.

gradually drops off, until at 90
degrees the current becomes zero.
This agrees with the theory as pre-
viously explained because as the
voltage increases its RATE OF IN-
CREASE DECREASES. (Due to the shape
of the sine curve.) In a capacity
circuit the current flow depends,
not upon the amplitude of the volt-
age, but upon the amount of the
VOITAGE VARIATION. At the 90 degree
instant the capacitor is fully
charged, the applied voltage and
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CRMF are at maximum values AND THE
CURRENT FIOW IS ZERO.

Consider change number two.
The applied voltage is still of the
same polarity but is now DECREASING
IN AMPLITUDE. As the applied volt-
age falls off the current will flow
in such a direction as to keep the
CEMF equal to the applied voltage.
Therefore the capacitor must now be
discharging, that is, the electron
must be moving in such a direction
as to tend to neutralize the capaci-
tor voltage. This is shown by ar-
rows 2 in Fig. 3(A); also by the
current curve from 90° to 180° on
3(C). When the voltage first be-
gins to decrease, the decrease is
very slow, therefore the current
flow in the direction of discharge
is small. However as the voltage
approaches zero its decrease be-
comes more and more rapid, the cur-
rent flow consequently increasing
and the CEMF thereby falling off
faster and faster, until at the in-
stant the voltage reaches exactly
zero, 180°, the CEMF will also be
zero and the current flow will be at
its maximum value. The capacitor
at this instant is TOTALLY DIS-
CHARGED. If the applied voltage re-
mained at zero the current would
instantly fall to zero. That how-
ever is not the case. As the volt-
age reaches zero it instantly re-
verses and begins to rise in the
opposite direction.

Change three. The voltage is
now rising in the direction oppo-
site to its rise in change one. As
the applied voltage has reversed the
CEMF must also reverse. In order
for the CEMF to reverse the capa-
citor must charge in a direction
opposite to its first charge. This
means that the electrons must move
from one plate to the other in the

opposite direction to their movement
in change one. This causes a con-
tinuation of the electron movement
in the same direction as the flow in
change two, (discharge). Reference
to Figs. 3(A) and 3(B) and the cur-
rent curve of 3(C) will demonstrate
this fact. Arrows 2 and 3 are in the
same direction. The current flow as
shown in change three is in the same
direction as in charge two, the
difference being that in change two
the current is rising in amplitude
as the capacitor discharges while
in change three it is decreasing in
amplitude as the capacitor charges.

At the 270° instant the capa-
citor is again fully charged, the
applied E and the CEMF are at maxi-
mun values, and the current is zero.

In change four the capacitor
again discharges, the current re-
versing when the applied voltage
falls off causing the CHMF to fall
off also. At 360° the condition of
the circuit is the same as at 0°,
one complete cycle having been camn-
pleted.

It will be seen that the cur-
rent in this purely capacitive cir-
cuit reaches its maximum value at
the instant the voltage begins to
rise above zero. The current is
therefore 90° AHEAD OF THE VOLTAGE
and is said to LEAD THE VOLTAGE by
Y0°. The effect of capacity in the
circuit is exactly opposite to the
effect of inductance.

CAPACITY OF A CAPACITOR.—Re-
ferring again to the air container:
the number of cubic feet of air re-
quired to raise the pressure in the
tznk any given amount depends di-
rectly upon the dimensions of the
tank, a large tank requiring more
air input for a given pressure in-
crease than a small tank. If the
pressures of both are increased by
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the same amount in the same time,
the air flow into the large tank
must be at a greater rate than into
the small tank.

The same principle applies in
the case of a capacitor. A certain
number of electrons must be moved
from one plate of a capacitor to the
other in order to raise the voltage
across the capacitor any given
amount, the number of electrons de-
pending directly upon the CAPACITY
of the capacitor. In a capacitor of
large capacity more electrons must
be moved to secure any given voltage
difference between plates than in a
capacitor of smaller capacity.
Therefore if the voltage across two
capacitors is raised the same amount
in the same time, a greater number
of electrons must be moved from
plate to plate in the larger capa-
citor than in the smaller capacitor.
The time element being the same in
both cases, it is evident that the
rate of flow must be greater into
the larger capacitor. Since an am-
me ter measures RATE QF FIOW of elec-
trons, the current in the circuit of
the larger capacitor will be greater
than in the circuit of the smaller
capacitor.

As the only opposition to cur-
rent flow is offered by the capacity
of the circuit, (the resistance is
assumed to be negligible), it will
be seen that the smaller the capa-
citor, at a given frequency and
voltage, the smaller the current
flow and therefore the greater the
opposition. The opposition that
capacity offers to current flow is
called the CAPACITIVE REACTANCE, (X},
and is measured in ohms. The capa-
citive reactance is equal to E/I.

The capacity of a capacitor is
not a function of the break-down
voltage of the capacitor. A capa-

citor, mechanically large, does not
necessarily have a large capacity.
The capacity is determined by the
number of electrons which must be
moved from one plate to the other
plate, (or between sets of plates),
to raise the voltage a given amount.

A capacitor has a capacity of
one FARAD when one ampere flowing
for one second raises the capacitor
voltage one volt. This is much too
large a unit for practical work so
the microfarad, uF, (millionth of a
farad), is commonly used. Even this
unit is excessively large at high
radio frequencies so at those fre-
quencies the capacity of a capacitor
is commonly expressed in micro-
microfarads, uuf, (millionth of a
microfarad) .

The capacity of a capacitor is
determined by three factors, the
area of the plates, (a large area
may be obtained either by two large
plates or by two groups of plates in
parallel, their areas adding), the
distance between the plates, and the
material, (Dielectric), between the
plates.

The charge in a capacitor is in
the form of an electrostatic field;
that is, a stationary electric field,
built up in the dielectric between
the plates of the capacitor. An
electric field is a strain in the
medium between a positive charge,
(deficiency of electrons), and a
negative charge, (excess of elec-
trons). As a difference of poten-
tial is applied across the capacitor
the electrons are drawn away from
one plate making that plate positive,
and deposited in excess on the other
plate making the second plate nega-
tive. With the plates relatively
close together there will be an at-
traction between the two opposite
charges creating a strain in the
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medium between the plates in which
there is a TENDENCY for current flow
to neutralize the difference of po-
tential. If the plates, separated a
given distance, are of small area,
the medium in which the field will
be built up, being confined prac-
tically within the limits of the
plates, will be small, and a few
electrons in excess on one plate and
the same number deficient on the
other will create a difference of
potential equal to the applied volt~
age. Only those few electrons can
be moved from one plate to the other
with the given applied voltage, the
capacity of the capacitor will there-
fore be small.

If the area of the two plates
is increased, the same transposition
of electrons will NOT create the
sare difference of potential between
the plates and the same strain per
cubic unit in the medium. The sur-
face of the plates being larger the
same small number of atoms which
were deficient or in excess of elec-
trons will be more widely separated
and the electric field, which be-
fore was concentrated and therefore
strong, will now be weak; the dif-
ference of potential between the
plates will NOT equal the same ap-
plied voltage. Since the movement
of electrons will continue until the
CHMF equals the applied voltage,
with the larger plates the electron
transposition will continue until
the strain in the medium, per cubic
unit, is equal to the intensity of
the electrostatic field in the ca-
pacitor of smaller plates and until
the CEMF equals the applied voltage.
This means that a larger charging
current will be necessary to charge
the capacitor having large plates in
the same time that was required to
charge the capacitor of smaller

plate surface area to the same volt-
age. The capacity of a capacitor
is therefore increased by an in-
crease in the area of the plates.

The distance between the plates
also has much to do with the capa-
city of a capacitor. If two plates
of given area are placed a certain
distance apart and a difference of
potential applied across them, a
charge will build up between the
plates. The electrons on both plates
are acted on by two forces. Con-
sider the plate connected to the
positive terminal of the source of
EMF; the electrons are attracted
away from this plate by the action
of the generator; AT THE SAME TIME
THEY ARE UNDER THE REPELLING FORCE
OF THE NEGATIVE CHARGE THAT IS
BUILDING UP ON THE OPPOSITE PLATE.
The electrons on the opposite plate,
{the negative plate), are also sub-
jected to two forces, the repelling
force of the negative terminal of
the generator and the ATTRACTIVE
FORCE OF THE OPPOSITE PLATE WHICH
IS ASSIMING A POSITIVE CHARGE.

With the effects of both the
alternator and the mutual attract-
ion of the charges of the two plates,
more electrons are caused to move
from one plate to the other through
the circuit than would be the case
if the effect of the attraction be-
tween plates were no present.

The closer together the two
plates are brought the greater the
charging current flowing in the cir-
cuit and therefore the greater the
capacity. In a capacitor composed
of two plates of equal area the ca-
pacity varies inversely as the dis-
tance between the plates. If the
distance between the plates is de-

creased to one~half, the capacity
will be doubled, etc. In a multi-

plate capacitor the effect is that

1
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of a number of two plate capacitors
in parallel. The capacity of a
multi-plate capacitor can be calcu-
lated by the use of the following
equation:

(@]
1

electric permeability than air.
For a given applied voltage a great-
er displacement of electrons will
take place in those dielectrics than
in air, a greater attraction will

= .oss BO-1)S
R

where X = dielectric permeability
(explained below)

S = area of one plate in
square centimeters
(all plates similar)

N = number of plates

R = separation between plates
in centimeters

|t}

C = yuF

DIELECTRIC PERMEABILITY .—~The
factor K which enters into the de-
termination of the capacity of a
capacitor is the permeability of the
dielectric, the medium between the
plates in which the electric field
is built up. In the ordinary vari-
able capacitor the dielectric is
mostly air, and the permeability of
dry air is taken as the unit value
of electric permeability. The
electric permeability of a dielec-
tric is defined as the ease with
which an electric field may be set
up in that dielectric. It has
NOTHING TO DO WITH THE DIELECTRIC
STRENGTH of the medium, that is,
its breakdown voltage. An insulating
material that will stand a higher
applied voltage before breaking down
than some other substance does not
always have a higher electric per-
meability. Many insulating ma-
terials, glass, mica, bakelite,
rubber, wax, etc., have a greater

therefore exist between the opposite
charges on the capacitor plates, and
it will be easier to set up an elec-
tric field than when the dielectric
is air. The opposition to the charge
will be less under these conditions
and a given applied voltage will
cause a greater transposition of
electrons than is possible with the
same plates separated by air only.
This means that the capacity of the
capacitor will be increased when the
permeability of the dielectric is
increased, all other conditions re-
maining unchanged.

The dielectric permeability of
a substance, often called the di-
electric "constant", is not a con-
stant. It varies with frequency,
moisture, temperature, voltage, etc.
Therefore except in the case of an
air capacitor employing very little
insulating material the capacity
may be considerably different at a
high radio frequency from that



10 CAPACITY

measured at low frequency. The di- ,
electric permeabilities of a few
substances used as insulators in ca-
pacitors are shown below:

slightly higher dielectric permea~-
bility and much better insulating
qualities.

In variable capacitors, it is

FREQUENCY IN DIELECTRIC
SUBSTANCE KILOCYCLE§__ PERMEABILITY

Fused Quartz 18,000 3.4
100 $.2

Glass 30 5.1-7.9
Hard Rubber 210 3.0
18,000 2.9

Mica, India 100-1,000 7.07-7.9
Mycalex 100 8.0
Beeswax 18,000 3.9
Maple Wood 500 4.4

CAPACITOR CONSTRUCTION.—A11 of
the above methods of obtaining large
capacity are made use of in the com—
mercial design of fixed capacitors.
In low voltage capacitors a large
capacity is obtained by building up
the capacitor with long strips of
waxed paper alternated with strips
of thin metal foil. Since the paper
is thin the separation between the
plates is small and the comparatively
high dielectric permeability of the
waxed paper combines to provide a
large value of capacity. For com-
pactness the combination of alter-
nate strips of paper and metal foil
is rolled up tightly, placed in a
metal container, and melted wax then
poured in to insure against change
and to increase the insulating qual-
-ities.

In higher voltage capacitors
the paper strips are replaced with
strips of mica thus obtaining a

hardly practical to use insulation
other than air between the plates.
In variable receiving capacitors,
for compactness and to obtain rea-
sonably large values of capacity,
the separation between plates is
wsually small. The use of variable
capacitors having plates extremely
close together however should be
avoided; first, because of the prob-
ability of mechanical troubles due
to the plates bending, getting out
of line slightly and short-circuit-
ing; and second, because, when the
spacing is very small a small change
in the separation between plates
makes a large change in capacity,
and when the plates are normally so
close together any slight irregular-
ity will cause a large percentage
change in the capacity of the capa-
citor. It is usually better to
sacrifice a certain amount of com-
pactness in order to obtain sturdy

L
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construction and better constancy
of calibration.

In variable transmitting capa-
citors, for high power work particu-
larly, compactness is a secondary
consideration. The primary con-
sideration is a high breakdown volt-
age. The breakdown voltage of dry
air is about twenty-eight thousand
vVolts per inch depending on the
character of the opposing surfaces.
If very high voltages are to be
handled it sometimes becomes nec-
essary to separate the capacitor
Plates by several inches. This wide
separation of the plates has the ef-
fect of decreasing the capacity, so
tfat in order to obtain the desired
capacity the wide spacing must bhe
compensated for by increasing the
area of the plates. Thus variable
capacitors of very large physical
dimensions as used in modern high
power tube transmitters often have
capacities less than those of the
capacitors used in small receivers.

When the capacitor voltage ap-
proaches the point where ionization
of the surrounding air begins, pre-
cautions must be taken against that
condition because power is required
for ionization, and the power ex-
pended is manifest in the form of
losses in the capacitor. Ionization
occurs most readily at points of
high field concentration and in par-
ticular at conductor sharp points
and edges. Therefore the edges of
the plates of a high voltage vari-
able capacitor should be rounded to
minimize ionization losses. 1In a
radio-frequency circuit quite high
peak voltages may occur, even with
comparatively low power, so this
factor of design must not be neg-
lected.

SELECTING A CAPACITOR .—1n
selecting a capacitor, particularly

for a high-frequency circuit, great
care should be taken to avoid un-
necessary losses. The losses in a
capacitor are mostly in the dielec-
tric. As the capacitor is rapidly
charged and discharged and the po-
larity of the plates reversed, the
electrons in the dielectric are
rapidly displaced from one side of
their respective atoms to the other
side. Most of the electrons do not
actually leave the atoms but their
orbits are changed or distorted with
every change in the applied voltage.
The rapid displacement of electrons,
even though the actual current leak-
age through the dielectric is negli-
gible, produces heat. The heat does
no useful work and the power expend-
ed in causing the heat is therefore
lost. This means a loss of power in
the circuit in which the capacitor is
used. The more rapid the displace-
ment of electrons from one side to
the other in the atoms, the greater
the heat produced. Often when using
fixed capacitors, the cases of which
are filled with wax, if the capacitor
is overloaded the capacitor will be-
come so hot that the wax will melt
out. A considerable amount of power
or energy is required to raise the
temperature of the wax to the melt-
ing point and that amount of power
is taken from the circuitand wasted.

In receiving capacitors it is
particularly important that the
losses be kept to a minimum. If a
receiver is expected to have suffi-
cient gain to reproduce weak distant
signals, every possible amount of
the available energy must do useful
work. If any appreciable amount of
the received energy, which is small
to begin with, is wasted, a marked
decrease in signal strength will be
noted. Also the gain per stage of
the r-f and i-f amplifiers goes down
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rapidly with increased losses.

Most insulators which are good
from the voltage breakdown viewpoint
introduce comparatively large di-
electric losses in the capacitor
when placed directly in the elec-
tro-static field. A good variable
capacitor, for that reason, should
employ the minimum of insulating
material consistent with good me-
chanical construction, and the in-
sulating material should NEVER ex-
tend between the capacitor plates.

It has been shown that in
charging a capacitor electrons must
be moved from one plate of the ca-
pacitor to the other plate. Power
is required to move those electrons
and to overcome the CEMF that is
built up in the capacitor. If, how-
ever, there were no resistance or
dielectric losses during the charge,
ALL of the energy used up in the
charging process would be stored in
the form of an electro-static field
between the plates of the capacitor.
Then, if the circuit were opened at
the instant of full charge, the
charge would remain in the capacitor;
forever, if there were no leaks, or
losses. The latter condition is of
course impossible to attain; how-
ever in a good high voltage capa-
citor a large charge may be built
up that may take several hours to
leak off.

In the theoretically perfect
capacitor ALL of the power required
for building up the charge will be
stored in the capacitor, a differ-
ence of potential will exist be-
tween the two plates, and the capa-
citor may then be considered a
SOURCE of EMF. If the charged capa-
citor is short-circuited by a con-
ductor it will discharge through the
conductor expending its power in
heat in the conductor. If this per-
fect capacitor is placed in an a—c

circuit, the power taken from the

alternator during the charge will be
RETURNED TO THE ALTERNATOR CIRCUIT
during the discharge, and no power
will be expended IN THE CAPACITOR
itself. Since no piece of electrical
apparatus can be made perfectly NO-
I0SS such a condition cannot be com-
pletely obtained. However, in a
well designed radio-frequency cir-
cuit using a GOOD capacitor, the
lasses in the capacitor may be con-
sidered as a very small proportion
of the total losses except at fre-
quencies on the order of 15 mega-
cycles and higher.

CAPACITIVE REACTANCE.—It has
been shown that for a capacitor of a
given capacity only enough electrons
can flow through the circuit to keep
the CEMF equal to the applied volt-
age; also that the smaller the capa-
city the smaller that number of elec-
trons will be. A capacitor therefore
introduces opposition, capacitive
reactance, X , into the circuit.
The reactance is equal to E/I and
increases directly as the capacity
decreases and vice versa; i.e., X
varies inversely as the capacity.

The capacitive reactance also
varies with the applied frequency.
With a given capacity and a given
applied voltage, a certain definite
number of electrons must be moved
through the circuit. These electrons
must move through the circuit at
such a rate as to keep CEMF equal to
E. This means that when a given ap-
plied voltage varies rapidly, (as
at high frequencies), the electrons
that move through the circuit to
complete a given charge must, as the
frequency is increased, move at a
higher velocity than when the capa-
citor is charged and discharged
slowly. Providing the peak voltage
is the same for both conditions, the
actual number of electrons moved per
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charge is the same, but at the high-
er frequency there are more charges
per second. The rate of flow of the
electrons is therefore greater, and
since an ammeter registers RATE OF
FLOW of electrons, it is apparent
that the current flow has been in-
creasedby the increase of frequency.
If the current flow is increased the
opposition, capacitive reactance,
has decreased. It may be stated
that the capacitive reactance varies
inversely as the frequency, increas-
ing directly as the frequency de-
creases, and vice versa.

From the preceding paragraphs
it isevident that the capacitive re-
aétance varies inversely as both the
capacity and the frequency, an in-
crease of either capacity or fre-
quency decreasing the capacitive re-
actance of the circuit. Since the
reactance is a function of both ca-
pacity and frequency there will be
an equationstating the capacitive re-
actance in terms of frequency and
capacity. That equation is:

When calculating the capacitive
reactance at radio frequencies where
the frequency is stated in kilo-
cycles, it is important to remember
that the frequency in kilocycles
must be converted to cycles. This
is done by multiplying by one thou-
sand or 10°. Thus 200 kc/s will
become 200,000 cycles, or 2 X 10°
cycles.

In radio-frequency work the ca-
pacity values are usually given in
either microfarads or micromicro-
farads. These values must be con-
verted to farads. In a previous as-

signment there is a table for such
terms. To change from microfarads
to farads the value should be multi-
plied by 10-%. To change from
micromicrofarads to farads multiply
by 10"'2. For example,

.006 uf becomes .005 X 107° =

5 x 10-% X 10~ = 5 X 10°° farads

400 puf becomes 400 X 10712 =

4 x 10° X 10"'2% = 4 x 107'° farads

A capacitor of 400 puf capa-
city isplaced in a circuit operating
at a frequency of 600 k¢/s. Calcu-
late the opposition to current flow
offered by this capacitor, that is,
the capacitive reactance. This is
done as follows:

Where C = capacity in FARADS

frequency in CYCIES
6.28, a constant
the capacitive reactance in

OHMS

F
2
XE

F = 600 kc/s = 600,000 cycles =
6 X 10° cycles
C = 400 puf = 400 x 1072 F =
4 x 10"'° farads
27 = 6.28 = 628 X 107°

Substituting given values for
the symbols in the equation, it be-
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comes ,

1

X = - 1
628 x 102 x 6 x 108 x 4 x 10°1° 628 x 6 x 4 x 1077
107 107
Xc = = , = 663 ohms
628 X 6 X 4 15072

By the use of whole numbers
times ten to the required positive
or negative power instead of large
numbers and decimals, this type of
problem is greatly simplified.

The derivation of the equation
for Xc will be of interest. The two
basic equations for the charge in a
capacitor are:

Average I = .636 - I, therefore,

Ec =661 [ .636 1
4F 4 6.28
I I
Cancelling, EC = -
6.28F 2nF

Q = EC, where Q = amount of charge in coulombs

E = voltage of capacitor when charged

C = capacity in farads

And Q = Average I x Time of Charge

That is, the amount of the
charge in coulombs is equal to the
average current flow in amperes
during the charge times the duration
of the charge in seconds.

Since the right hand expression
in each equation is equal to @ the
equation may be written,

EC=AVEI T

During each complete cycle
there are four complete changes, two
ctharges and two discharges. The
time of each cycle is 1/F second.
The time of one change is then 1/4F
second. Substituting the value of
T, (1/4F), for T,

EC=AVEI'1/4F=AVQI
4Fr

Dividing through by C,

I
E =
2ntC
But E = Ixc
1
Therefore X =
¢ 2nFC

Dividing through by I,

X = —1_
¢c  2rFC

It has been shown that in a
pure capacity circuit the current
leads the voltage by exactly 90°.
This will make the effects of capa-
city on the current 90° out of phase
with the effects of resistance, and

e e e e e e mmm—————
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in a series circuit composed of both
capacity and resistance the current
will lead the voltage by some angle
between zero and ninety degrees, the
exact angle depending upon the ratio
of X to R. The tangent of 6 = X /R.
This condition is identical to that
of the inductive circuit except that
in the capacitive circuit § repre-
sents an angle of lead while in the
inductive circuit 6 represents an
angle of lag.

CAPACITORS IN SERIES AND IN
PARALLEL .~—1f two or more capacitors
are connected in parallel the effect
is just as if the plate area of a
capacitor had been increased. Thus
thé TOTAL CAPACITY OF CAPACITORS IN
PARALIEL is equal to the SUM OF THE
INDIVIDUAL CAPACITIES.

For example, if three capacitors
are connected in parallel, one hav-
ing a capacity of 300 puf, one of
600 puf, and one of 2000 puf, the
total capacity is equal to 300 + 600
+ 2000 or 2900 puf. (See Fig. 4.)

300 == ==
ppF 2000

g0 | M
m3

Fig. 4.—Capacitors in parallel.

If the capacitors are connect-
ed in series the effect is to in-
crease the distance between the out-
side plates. If the distance be-

tween the plates is increased the
capacity decreases in proportion.
Therefore, if two capacitors of
equal capacity are placed in series
the effect is that of doubling the
distance between the plates and the
total capacity is equal to one-half
of the capacity of one capacitor.
If three equal capacities are con-~
nected in series the resulting ca-
pacity is one-third of the capacity
of one, etc.

For example, if two 600 puf ca-
pacitors are connected in series,
C = 600/2 = 300 puf. If three 600
puf capacitors are connected in
series, C = 600/3 = 200 puf. If
six .0006 uf capacitors are connect~
ed in series, C = .0006/6 = .0001 pf.

If the series capacities are
not of equal value the equation be-
comes :

C =

[

Etc.

C)lH o
+

1
—_— +
C

(@}

1

L)
[

This may be stated as follows:
“HE TOTAL CAPACITY OF CAPACITORS IN
SERIES IS BQUAL TO THE RECIPROCAL OF
THE SUM OF THE RECIPROCALS OF THE
INDIVIDUAL CAPACITIES.

JL 1 n
L] T L

C, Ca Ca

Fig. 5.—Series combination of capa-
citors.

The total capacity of several
capacities in series is AIWAYS IESS
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than the capacity of the smallest.
For example, if three capacitors,
one of 200 uuf, one of 800 puf, and
one of 1000 puf, are connected in
series the total capacity of the
combination will be something less
than 200 ppuf. This is clearly shown
as follows:

€= 1 i+1
Cl C2 Ca
C =
T 1L+t 1
500+ 80 * 1000
1
C = - 138 uuf

LO0US + 00125 + .001

Consider the case of a small
capacitor connected in series with
a much larger capacitor, For ex-
ample, Cl = 20 puf, C2 = 002 puf =

2000 puf.

C - 1 - 1
1 ri 1.1
C C. 20 7 2000
1 2
) 1 N
C- = 19.8 puf

L0585 + .0005

This could also be handled by
the product/sum method:

c.C 20 X 2000
C - 172 -
cC + C 20 + 2000
1 2
+C e 19.8 puf
T 2020 S

The smallest capacitor of a
group inseries always has the great-
est effect on the capacity of the
combination. If a large capacity is
placed in series with a compara-
tively small one, the effect of the

larger capacitor on the total capa-
city usually may be considered neg-
ligible, as is clearly shown in the
previous problem. This fact is often
made use of in high power vacuum
tube circuits where it is dersired to
use a variable capacitor of small
capacity, as in a balance or neu-
tralizing circuit, and where the
accidental short-circuiting of the
variable capacitor might cause dam-
age due to shorting to ground of the
high voltage d-c power supply. To
effectively prevent such an occur-
ence, a fixed capacitor of fairly
large capacity and high voltage
breakdown factor is placed in series
with the small variable capacitor.
If the fixed capacitor has a capa-
city ten or more times greater than
that of the variable capacitor, its
effect on the total capacity may be
practically neglected. Its high
voltage breakdown point however pro-
tects the d-c supply in case the
variable capacitor is accidently
short-circuited during adjustment.

In high power radio trans-
mitters it is often desired to use a
certain standard type of capacitor
in a circuit in which the current
flow is very much greater than the
maximum current rating of that type
of capacitor.

For example: Assume a radio-
frequency circuit in which, at maxi-
mm output, the current as indicated
by the radio-frequency ammeter will
be 40 amperes; it is desired to use
a certain type of capacitor which,
at the frequency at which the trans-
mitter is to operate, is rated at 15
amperes. The circuit specifications
call for a .002 uf capacity; the ca-
pacitors it is desired to use are
rated at .002 uf.

In order to safely carry 40
amperes three capacitors rated at

1
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15 amperes must be connected in
parallel. (See Fig. 6.) Since the
maximum permissible current is 40
amperes, the three capacitors should

J

.002__ .OOZJ_ .002_
15 i 15 15
AmpPS Amps AMPS

Fig. 6.—Current rating of capaci-
tors.

not overheat. BUT-—with three .002
puf capacitors in parallel the capa-
city is .002 X 3 or .006 uf, three
times the specified capacity of the
circuit.

In order to bring the circuit
capacity backto the specified value,
.002 pf, it will be necessary to
place three of these combinations in
series. (See Fig. 7.) By placing
the three equal values of capacity

Fig. 7.—Voltage distribution in a

bank of capacitors.

in parallel the capacity is in-
creased to three times the original
value. Then by placing three com-
binations of capacity in series the
resulting combined capacity will be
decreased to one-third that of a
single parallel combination. The
total capacity of the nine capa-
citors is thus equal to the capa-
city of a single capacitor but the
current carrying capacity is three
times as great.

Another advantage of such a
combination is the fact that with
three equal capacities in series the
voltage drop across each capacitor
is only one-third of the total volt-
age across the combination. Thus,
if the capacitor combination as
shown in Fig. 7 has a total effective
voltage across it of 6,300 volts,
the effective voltage across each
capacitor is only 6300/3 or 2,100
volts. By building up such a com-
bination of capacities a type of
capacitor having a much lower break-
down voltage can be used than would
be possible if a single capacitor
of the same capacity as the combin-
ation had been used.

Assume the circuit conditions
as those for which the combination
shown in Fig.7 was designed. It is
desired to use the capacity in a
circuit through which 40 amperes
will flow ata frequency of 200 kc/s.
To compute the effective voltage
across the combination it is first
necessary to determine X .

=1

¢ 2nFC -
1

6.28 x 2 x 10% x .0 x 10°¢

6
10_ - 398 omms
2512
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The effective voltage across
the capacity combination will be,

E=1X, = 40 % 398 ~ 15,920 volts.

The peak voltage across this
combination will be

Eeff/'707 = 15,920 - 22,517 volts.
707

If a single capacitor having a capa-
city of .002 uf were placed in tkis
circuit it would be required to not
heat excessively at an effective
current of 40 amperes and not to
break down at peak voltages of
22,500 volts. This would be an ex-
tremely expensive capacitor.

By using three capacities in
series, capacitors having a break-
down factor of 10,000 volts would
provide an excellent margin of
safety. By placing three capacities
in parallel, capacitors having a
current rating of 15 amperes should
not heat excessively in this cir-
cuit.

Such smaller sizes of capacitors
are much less expensive and if a
single capacitor proves defective
and breaks down it is only necessary
to replace the one defective unit.
Capacity combinations of this sort
are used in practically all high
power transmitters, particularly in
the intermediate-frequency range.

When operating large capacity
capacitors in series at high volt-
age for d-c filtering, it becomes
necessary to use a resistance volt-

age divider to equalize the voltage
across the capacitors. The circuit
arrangement is shown in Fig. 8.
This is done to minimize the effect
of leakage if one capacitor unit

Fig. 8.—Use of capacitors in series
at high voltages.

becomes defective. If the resist-
ance network were not used, a leaky
capacitor which would not take a
full charge would act as a partial
short-circuit and throw practically
the full voltage across the two good
capacitors, the voltage across each
thus being increased by fifty per-
cent. The equalizing network of
three equal values of R minimized the
effect of leakage and divided the
total voltage equally across the
three capacitors. Total R whould be
sufficiently great to make the power
loss negligible. A leakage current
of 10 mils through R is ordinarily
sufficient for quite high power fil-
ter circuits.

.




CAPACITY
Examination

(A) A capacitor requires two amperes flowing for two seconds
to increase its voltage by 2 volts. Its rated capacity is (1
farad, 2 farads, 4 farads, 8 farads, 16 farads).

(B) If two capacitors are connected in series across a 100 V
battery, the rate of current flow will be (less than, the same
as, greater than) if they are connected in parallel.

(A) Four 1 Uf capacitors connected in series have a capacity
(.25 Kf, .50 uf, 1 uf, 4 pf).

(B) Four 1 pf capacitors connected in series have (1/4, 1/2,
2, 4, 8) times the reactance of four 2 HUf capacitors connected
in same manner at the same frequency.

(A) Variable capacitor A is rated at 100 Kf. Capacitor B has
twice the plate area and double the distance between the
plates. Capacity of B equals (25 HKf, 50 Hf, 100 Hf, 200 Uf,
400 Hf).

(BY Two capacitors use the same material as a dielectric,
Capacitor A is rated at .1 pf 300 volts, capacitor B at .05 Uf
300 volts. A would require (twice the, orne-half of the, the
same) area of dielectric as B.

(A) Four capacitors are connected in series across a 1500
volt source. A = .5 Uf at 100 volts; B = .25 Hf at 200 volts;
C = .05 Uf at 1000 volts; D = .005 KUf at 1000 volts. Capac-
jtor (A, B, C, D) would be most likely to break down first.

(B) Five capacitors are connected as shown below. Capacitor
(A, B, €, D, Ey has the lowest current flowing through it.

| ]
I 1
A=.1pf D=.5pf
———¢C = 2 uf
B =|ﬁ V5 E= 5 uf
|
I |
1% o)

(A) Four capacitors, each having a capacitive reactance of 10
ohms at 1000 cycles, are connected in series acrossa 4000
cycle source. The capacitive reactance of the combination is
(2.5 ohms, 5 ohms, 10 ohms, 20 ohms, 40 ohms).
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EXAMINATION, Page 2

(B) The current through a capacitor is directly proportional
to the (applied voltage, frequency, capacity, area of plates,
dielectric constant). (Check all correct answers to this
problem),

(A) The losses in a capacitor are mostly in (the plates, the
dielectric, the leads within the capacitor case),

(A) In the process of tuning a trausmitter "tank" circuit it
is found that there is arcing across the tank capacitor. This
is an indication that (the plates are too far apart, the
plates are too close together, the capacitor losses are
excessive).

(B) Capacitor A nas a value of .004 Uf and capacitor B has a
value of .1 uf; if these two capacitors are placed in series,
capacitor (A, B) will have the greatest effect on the total
effective series capacity value of the combination.

(A) What will be the capacitive reactance of a ,00015 Kf by-
pass capacitor used in a television receiving set at a fre-
quency of 400 kc/s? At 1,500 kc/s? At 100 mc? At 1,000
cycles? Show all work.



CAPACITY

EXAMINATION, Page 3

Given a 25-plate capacitor, the plates being separated by
mica dielectric; the mica having a thickness of 20 mils.
Each plate has a length of 3 inches and a width of 2 inches.,
Assume the dielectric constant of mica to be 5.8. Calculate
the capacity of the capacitor in uf. Show all work.
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CAPACITY
EXAMINATION, Page 4

A capacitance of 640 puf is required for a television i-f
amplifier. Four capacitors are available, the capacities
of which are respectively, C1 = 600 puf, 02 = ,0004 uf,
02 = .001 uf, C4 = 800 puf.
(A) What is the capacity of the four capacitors connected
in parallel? Show your work.

(B) What is the capacity of the four capacitors connected
in series? Show your work.






