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FOREWORD

This manual provides basic electrical fundamentals for
Army waterciaft engineers. It provides watercraft personnel
at all levels a basic overview of electrical fundamentals
needed to accomplish maintenance on electrical components
aboard US Army vessels. The words "he", "his", "crewman",
and "men" are intended to include both the masculine and
the feminine genders. Any exceptions to these intentions will
be so noted.

NOTE TO ARMY PERSONNEL

The advancement requirements outlined within this manual
do not apply to Army personnel,

i *This publication, together with FM 55-506-2, supersedes
TM 55-506, 4 September 1963.
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CHAPTER 1

SAFETY

In the performance of his normal duties,
the technician is exposed to many potentially
dangerous conditions and situations. Notraining
manual, no set of rules or regulations, no list-
ing of hazards can make working conditions
completely safe. However, it is possible for the
technician to complete a full career without
serious accident or injury. Attainment of this
goal requires that he be aware of the main
sources of danger, and that he remain con-
stantly alert to those dangers. He must take the
proper precautions and practice the basic rules
of safety. He must be safety conscious at all
times, and this safety consciousness must be-
come second nature to him.

Much pertinent safety information is con-
tained in Rate Training Manuals. Of particular
worth is the Standard First Aid Training Course,
NavPers 10081-B, In addition, directives con-
cerning safety are published by all major com-
mands on those specific hazardsandprocedures
falling under the cognizance of those commands.
The Chief of Naval Operations has issueda list-
ing of specific safety precautions compiled by
the Navy Department. This publication cross
references safety directives by subject matter
and by the identifying designation.

The purpose of this chapter is to indicate
some of the major hazards encountered in the
normal working conditions of the technician,
and to indicate some of the basic precautions
that must be observed. Although many of these
hazards and precautions are general and apply
to all personnel, some of them are peculiar or
especially applicable to personnel concerned
with electrical and electronic maintenance.

Most accidents which occur in noncombat
operations can be prevented if the full coopera-
tion of personnel is gained, and if care is exer-
cised to eliminate unsafe acts and conditions.
In the following paragraphs, some general safety
rules are listed. These rules applytopersonnel

in all types of activities, and each individual
should strictly observe the following precau-
tions as applicable to his work or duty:

1, Report any unsafe condition or any equip-
ment or material which he considers to be un-
safe,

2. Warn others whom he believes to be en-
dangered by known hazards or by failure to
observe safety precautions.

3. Wear or use available protective cloth-
ing or equipment of the type approved for safe
performance of his work or duty.

4, Report any injury or evidence of impaired
health occurring in the course of work or duty.

5. Exercise, in the event of any unforseen
hazardous occurrence, such reasonable caution
as is appropriate to the situation,

ELECTRICAL SAFETY PRECAUTIONS

Safety precautions in this chapter are not
intended to replace informationgivenininstruc-
tions or maintenance manuals. If at any time
there is doubt as to what steps and procedures
to follow, consult the leading petty officer.

EFFECTS OF ELECTRIC SHOCK

The amount of current that may passthrough
the body without danger depends onthe individual
and the current quantity, type, path, and length
of contact time.

Body resistance varies from 1,000to 500,000
ohms for unbroken, dry skin, (Resistance and its
unit of measurement are discussed later in this
manual.) Resistance is lowered by moisture and
high voltage, and is highest with dry skinand low
vcltage. Breaks, cuts, or burns may lower body
resistance. A current of 1 milliampere canbe felt
and will cause a person to avoid it, (The term
milliampere is discussed later in this manual;
however, for this discussion it is sufficient to
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define milliampere as a very small amount of
current or 1/1,000 of an ampere, Current as low
as 5 milliamperes can be dangerous, If the palm
of the hand makes contact with the conductor, a
current of about 12 milliamperes will tend to
cause the hand muscles to contract, freezing
the body to the conductor. Such a shock may or
may not cause serious damage, depending on
the contact time and your physical condition,
particularly the condition of your heart. A
current of only 25 milliamperes has beenknown
to be fatal; 100 milliamperesis likelyto be fatal,

Due to the physiological and chemicalnature
of the human body, five times more direct
current than alternating current is needed to
freeze the same body to a conductor. Also, 60-
hertz (cycles per second) alternating current is
about the most dangerous frequency. This is
normally used in residential, commercial, and
industrial power.

The damage from shock is also proportional
to the number of vital organs transversed,
especially the percentage of current that reaches
the heart.

Currents between 100 and 200 milliamperes
are lethal, Ventricular fibrillation of the heart
occurs when the current through the body ap-
proaches 100 milliamperes. Ventricular fibril-
lation is the uncoordinated actions of the walls
of the heart’s ventricles. This in turn causes
the loss of the pumping action of the heart.
This fibrillation will usually continue until some
force is used to restore the coordinations of
the heart’s actions.

Severe burns and unconsciousness are also
produced by currents of 200 milliamperes or
higher. These currents usually do not cause
death if the victim is given immediate atten-
tion, The victim will usually respond if rendered
resuscitation in the form of artificial respira-
tion, This is due to the 200 milliamperes of
current clamping the heart muscles which pre-
vents the heart from going into ventricular
fibrillation.

When a person is rendered unconscious by a
current passing through the body, it isimpossi-
ble to tell how much current caused the uncon-
sciousness. Artifical respiration must be applied
immediately if breathing has stopped.

GENERAL SAFETY PRECAUTIONS

Because of the possibility of injury to per-
sonnel, the danger of fire, and possible damage
to material, all repair and maintenance workon

electrical equipment should be performed only
by duly authorized personnel.

When any electrical equipment is to be over-
hauled or repaired, the main supply switchesor
cutout switches in each circuit from which power .
could possibly be fed should be secured in the
open position and tagged. The tag should read,
‘“This circuit was ordered open for repairs and
shall not be closed except bydirect order of....”’
(usually the person directly in charge of there-
pairs). After the work hasbeen completed, the tag
(or tags) should be removed by the same person.

The covers of fuse boxes and junction boxes
should be kept securely closed except when work
is being done, Safety devices such as inter-
locks, overload relays, and fuses should never
be altered or disconnected except for replace-
ments, Safety or protective devices should never
be changed or modified in any way without
specific authorization,

The interlock switch is ordinarily wired in
series with the power-line leads to the elec-
tronic power supply unit, and is installed on the
lid or door of the enclosure so as to break the
circuit when the lid or door is opened. A true
interlock switch is entirely automatic in action;
it does not have to be manipulated bythe opera-
tor. Multiple interlock switches, connected in
series, may be used for increased safety. One
switch may be installed on the access door of a
device, and another on the cover or the power-
supply section. Complex interlock systems are
provided when several separate circuits must
be opened for safety.

Because electrical and electronic equipment
may have to be serviced without deenergizing
the circuits, interlock switches are constructed
so that they can be disabled by the technician,
However, to minimize the danger of disabling
them accidentally, they are generally located in
such a manner that a certain amount of manipu-
lation is necessary in order to disable them.

Fuses should be removed and replaced only
after the circuit has been deenergized. When a
fuse blows, it should be replaced only witha fuse
of the same current and voltage ratings. When
possible, the circuit should be carefully checked
before making the replacement, since the
burned-out fuse isoften the result of circuit fault,

HIGH VOLTAGE
SAFETY PRECAUTIONS

It is human nature to become careless with
routine procedures. To illustrate the results of
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unsafe practices and to reemphasize the need
for good safety habits, particularly around high
voltage or high current circuits, consider the
following incident.

A technician was electrocuted while attempt-
ing to bypass an interlock circuit in the vicinity
of high voltages on a piece of electrical equip-
ment, This was the direct result of violating a
basic safety practice and indirectlyanindividual
lack of equipment knowledge.

Many pieces of electrical equipment employ
voltages which are dangerous and may be fatal
if contacted, Practical safety precautions have
been incorporated into electrical systems; when
the most basic rules of safety are ignored, the
built-in protection becomes useless.

The following rules are basic and should be
followed at all timesbyall personnel when work-
ing with or near high voltage circuits:

1, CONSIDER THE RESULT OFEACHACT -
there is absolutely no reason for an individual
to take chances that will endanger his life or
the lives of others.

2. KEEP AWAY FROM LIVE CIRCUITS-do
not change parts or make adjustments inside the
equipment with high voltages on.

3. DO NOT SERVICE ALONE —always serv-
ice equipment in the presence of another person
capable of rendering assistance of first aid in
an emergency.

4, DO NOT TAMPER WITH INTERLOCKS—
do not depend on interlocks for protection;
always shut down equipment. Never remove,
short circuit, or tamper with interlocks except
to repair the switch.

5. DO NOT GROUND YOURSE LF—make sure
you are not grounded when adjusting equipment
or using measuring equipment. Use only one
hand when servicing energized equipment. Keep
the other hand behind you.

6. Do not energize equipment if there is any
evidence of water leakage; repair the leak and
wipe up the water before energizing.

These rules, teamed with the idea that voltage
shows no favoritism and that personal caution
is your greatest safeguard, may prevent serious
injury or even death,

WORKING ON ENERGIZED CIRCUITS

Insofar as is practicable, repair work on
energized circuits should not be undertaken.,
When repairs on operating equipment must be
made because of emergency conditions, or when
such repairs are considered to be essential,

the work should be done only by experienced
personnel, and if possible, under the super-
vision of a senior petty officer of the assigned
shop. Every known safety precaution should be
carefully observed. Ample light for good illu-
mination should be provided; the worker should
be insulated from ground with some suitable
nonconducting material such as several layers
of dry canvas, dry wood, or a rubber mat of
approved construction, The worker should, if
possible, use only one hand in accomplishing
the necessary repairs. Helpers should be sta-
tioned near the main switch or the circuit
breaker so that the equipment can be deener-
gized immediately in case of emergency. A
man qualified in first aid for electric shock
should stand by duripng the entire period of the
repair,

GROUNDING OF EQUIPMENT

A poor safety ground, or one that is wired
incorrectly, is more dangerous than no ground
at all. The poor ground is dangerous because
it does not offer full protection, while the user
is lulled into a false sense of security. The
incorrectly wired ground is a hazard because
one of the line wires and the safety ground are
transposed, making the shell of the tool ‘‘hot’’
the instant the plug is connected. Thus the un-
wary user is trapped, unless by pure chance
the safety ground is connected to the grounded
side of the line on a single-phase grounded
system, or no grounds are present on an un-
grounded system. In this instance the user again
goes blithely along using the tool until he en-
counters a receptacle which has its wires
transposed or a ground appears on the system.

Because there is no absolutely foolproof
method of insuring that all tools are safely
grounded (and because of the tendency of the
average technician to ignore the use of the
grounding wire), the old method of using a
separate external grounding wire has been dis-
continued. Instead, a 3-wire, standard, color-
coded cord with a polarized plug and a ground
pin is required. In this manner, the safety
ground is made a part of the connecting cord
and plug. Since the polarized plug can be con-
nected only to a mating receptacle, the user has
no choice but to use the safety ground.

All new tools, properly connected, use the
green wire as the safety ground. This wire is
attached to the metal case of the tool at one end
and to the polarized grounding pin in the
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connector at the other end. It normally carries
no current, but is used only when the tool insu-
lation fails, in which case it short circuits the
electricity around the user to ground and pro-
tects him from shock. The green lead must
never be mixed with the black or white leads
which are the true current-carrying conductors.

Check the resistance of the grounding system
with a low reading ohmmeter to be certain that
the grounding is adequate (less than 1 ohm is
acceptable), Ohmmeter and its use is discussed
in chapter 15, Ifthe resistance indicatesgreater
than 1 ohm, use a separate ground strap.

Some old installations are not equipped with
receptacles that will accept the grounding plug.
In this event, use one of the following methods:

1, Use an adapter fitting,

2. Use the old type plug and bring the green
ground wire out separately.

3. Connect an independent safety ground line.
When using the adapter, be sure to connect the
ground lead extension to a good ground. (Do not
use the center screw which holds the cover
plate on the receptable,) Where the separate
safety ground leads are externally connected to
a ground, be certain to first connect the ground
and then plug in the tool. Likewise, when dis-
connecting the tool, first remove the line plug
and then disconnect the safety ground. The safety
ground is always connected first and removed
last.

BATTERY SAFETY PRECAUTIONS

The principal hazard in connection with bat-
teries is the danger of acid burns when refilling
or when handling them. These burns canbe pre-
vented by the proper use of eyeshields, rubber
gloves, rubber aprons, and rubber boots with
nonslip soles. Rubber boots and apron need be
worn only when batteries are being refilled, It
is a good practice, however, to wear the eye-
shield whenever working around batteries to
prevent the possibility of acid burns of the eyes.
Wood slat floorboards, if kept in good condition,
are helpful in preventing slips and falls as well
as electric shock from the high-voltage side of
charging equipment,

Another hazard is the danger of explosion
due to. the ignition of hydrogen gas given off
during battery charging operation., This is es-
pecially true where the accelerated charging
method is used. Open flames or smoking is
prohibited in the battery charging room, and
the charging rate should be held at a point

that will prevent the rapid liberation of hydrogen
gas. Manufacturers’ recommendations as to the
charging rates for various size batteries should
be closely followed and a shop exhaust system
should be used.

Particular care should be taken by techni-
cians to prevent short circuits while batteries
are being charged, tested, or handled. Hydrogen
gas, which is accumulated while charging, is
highly explosive and a spark froma shorted cir-
cuit could easily ignite the gas, causing serious
damage to personnel and equipment.

Extreme caution should be exercised when
installing and removing batteries. The nature
of battery construction is such that the batteries
are heavy for their size and are somewhat awk-
ward to handle. These characteristics dictate
the importance of using proper safety precau-
tions. There is the possibility of acid causing
damage to equipment or injury to personnel and
the danger of an explosion that may be caused
from the gas that is produced as the battery
is charged. Follow the prescribed safety pre-
cautions in working with batteries.

PRECAUTIONS WITH CHEMICALS

Volatile fluids are liquids which evaporate
rapidly at relatively low temperatures. In this
discussion, the term will be used to include
pressurized gases escaping from their con-
tainers. In safety considerations, two maintypes
of fluids must be considered: First,those which
result in explosive vapors; and second, those
which are toxic.

Explosive Vapors

Fuels, alcohol, painting materials and sup-
plies, insulating varnish, certain cleaning sup-
plies, and many industrial gases produce poten-
tially explosive vapors when allowedtoaccumu-
late in closed spaces. The hazards relating to
these materials are associated withthe FLASH-
POINT of the liquid. This is the lowest tem-
perature at which the liquid gives off vapor
which accumulates near the surface in sufficient
quantity to form a combustible mixture withair,
Although liquid oxygen does not have a flash-
point, the explosive effect is the same. Almost
any material that will oxidize becomes highly
explosive when in the presence of liquid oxygen.

The flashpoint varies with specific mate-
rials, Personnel working with volatile mate-
rials should become faimilar with the charac-
teristics of the particular materials with which
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they are associated, They shouldknow the flash-
point and also the concentration which constitutes
a combustible mixture.

A general safety rule regarding explosive
vapors is to always provide adequate ventila-
tion so as to prevent accumulation of vapors,
or to dispel accumulated vaporsprior tooperat-
ing electrical equipment in that space. The
presence or absence of an odor of gasoline or
other flammable or explosive vapors is not a
reliable indicator of flammability, since the
ability to detect odorsvariesbetweenobservers,

Toxic Vapors

Some liquids, upon evaporating, produce
vapors which are harmful to personnel, Carbon
tetrachloride is an effective solvent, an excel-
lent cleaning material, and an excellent fire
extinguisher—but it produces vapors so toxic
that its use for any purpose is specifically
prohibited by Navy directives. Many other ma-
terials are either prohibited or very rigidly
limited for use. In most instances, the pre-
cautions are listed on the container. These
precautions must at all times be rigidly adhered
to and enforced. Safe substitutable materials
should be used whenever permissible.

Safety considerations require that all person-
nel make themselves familiar with the hazards
involved in the use of all materials. Toxic
materials and vapors may be easily detectable,
or they may be almost completely undetectable;
they may act very slowly, or they may act
almost instantly; they may cause discomfort,
temporary damage, permanent injury, or even
death; they may or may not be explosive in
addition to being toxic. Toxic vapors may pro-
duce headache, dizziness, nausea, and a general
feeling of illness, They may cause a gradual
loss of interest, energy, or awareness. They
may result in unconsciousness. They may
cause temporary or permanent damage to the
respiratory system, eyes, or skin, They may
cause paralysis or death. Avoid prolonged ex-
posure to vapors not known to be safe.

CONFINED SPACES

When personnel are working in confined
spaces, adequate ventilation must be provided.
This includes oxygen for normal breathing,
cooling to prevent heat exhaustion, air move-
ment and exchange to prevent hazardous accu-
mulations of vapors, and an additional or

alternate source of ventilation for use in the
event of emergency. When a worker is sent
into a confined space for any reason, provisions
should be made in advance for his rescue in
the event of accident or emergency. These pro-
visions include the use of safety lines for locat-
ing the worker and for retrieving him from the
space. Some means of communication must be
established so that the conditions existing inside
and outside the space may be made known to
personnel concerned. A safety man must be
provided to keep a constant check on the condi-
tion of the space and the worker, and he must
be prepared to sound the alarm for additional
help or to render assistance to the worker in
the confined space, as required.

Fumes tend to collect in confined spaces,
so the condition of the space should be checked
prior to entry. The worker should also check
conditions as he enters and monitor them during
his stay. He should maintain constant communi-
cation with his safety man and inform him of
any abnormal conditions that may exist.

Equipment used by personnel working in
confined spaces is a matter of considerable
importance. Enough light should be provided
so that he can see clearly what he is doing.
The light provided should be insulated so that
it does not present a shock hazard (confined
spaces are usually quite warm, and a safety
light produces additional heat, so perspiration
may become a serious problem). When possi-
ble, explosion-proof equipment should be used
in confined spaces, and protective clothing should
be used if toxic fumes are known or suspected
to exist within the space.

PREVENTING ELECTRICAL FIRES

General cleanliness of the work area and of
electrical apparatus is essential for the preven-
tion of electrical fires. Oil, grease, and carbon
dust can be ignited by electrical arcing. There-
fore, electrical and electronic equipment should
be kept absolutely clean and free of all such
deposits.

Wiping rags and other flammable waste ma-
terial must always be placed in tightly closed
metal containers, which must be emptied at the
end of the day’s work.

Containers holding paints, varnishes, clean-
ers, or any volatile solvents should be kept
tightly closed when not in actual use. They must
be stored in a separate building or in a fire-
resisting room which is well-ventilated and
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where they will not be exposed to excessive
heat or to the direct rays of the sun.

FIREFIGHTING

In case of electrical fires, the following
steps should be taken:

1, Deenergize the circuit,

2. Call the Fire Department.

3. Control or extinguish the fire, using the
correct type of fire extinguisher.

4, Report the fire to the appropriate au-
thority.

For combating electrical fires, use a CO2
(carbon dioxide) fire extinguisher and direct it
toward the base of the flame. Carbon tetra-
chloride should never be used for firefighting
sin¢e it changes to phosgene (a poisonous gas)
upon contact with hot metal, and even in open
air this creates a hazardous condition. The
applicdation of water to electrical fires is
dangerous; the foam-type fire extinguishers
should not be used since the foam is elec-
trically conductive.

In cases of cable fires in which the inner
layers of insulation or insulation covered by
armor are burning, the only positive method
of preventing the fire from running the length
of the cabie is to cut the cable and separate
the two ends. All power to the cable should
be secured and the cable should be cut with
a wooden handled ax or insulated cable cutter.
Keep clear of the ends after they have been cut.

When selenium rectifiers (discussed later
in- this manual) burn out, fumes of selenium
dioxide dare liberated which cause anoverpower-
ing stench., The fumes are poisonous and should
not be breathed. If a rectifier burns out, de-
energize the equipment immediately and
ventilate the area. Allow the damaged rectifier
to cool before attempting any repairs. If pos-
sible, move the equipment containing it out
of doors. Do not touch or handle the defective
rectifier while it is hot since a skin burn might
result, through which some of the selenium
compound could be absorbed.

Fires involving wood, paper, cloth, or ex-
plosives should be fought with water. Water
works well on them. Therefore, advantage is
taken of its inexpensiveness, availability, and
safety in handling.

A steady stream of water does not work
in extinguishing fires involving substances like

oil, gasoline, kerosene, or paint, because these
substances will float on top of the water and
keep right on burning. Also, a stream of water
will scatter the burning liquid and spread the
fire. For this reason, foam or fog must be
used in fighting such fires. '

SAFETY PRECAUTIONS WHEN
USING ELECTRICAL TOOLS

As a general precaution, be sure that all
tools used conform to Navy standards as to
quality and type, and use them only for the
purposes for which they were intended. All
tools in active use should be maintained in
good repair, and all damaged or nonworking
tools should be turned in for repair or replace-
ment,

When using a portable power drill, grasp
it firmly during the operation to prevent it
from bucking or breaking loose, thereby caus-
ing injury to yourself or damage to the tool.

Use only straight, undamaged, and properly
sharpened drills, Tighten the drill securely in
the chuck, using the key provided; never with
wrenches or pliers. It is important that the
drill be set straight and true in the chuck,
The work should be firmly clamped and, if of
metal a center punch should be used to score
the material before the drilling operation is
started.

In selecting a screwdriver for electrical
work, be sure that it hasa nonconducting handle.
The screwdriver should not be used as a sub-
stitute for a punch or a chisel, and care should
be taken that one is selected of the proper
size to fit the screw.

When using a fuse puller, make certain that
it is the proper type and size for the particular
fuse being pulled.

The soldering iron is a fire hazard and a
potential source of burns. Always assume thata
soldering iron is hot; never rest the iron any-
where but on a metal surface or rack provided
for that purpose. Keep the iron holder in the
open to minimize the danger of fire from ac-
cumulated heat. Do not shake the ironto dispose
of excess solder—a drop of hot solder may strike
someone, or strike the equipment and cause a
short circuit. Hold small soldering jobs with
pliers or clamps.

When cleaning the iron, place the cleaning
rag on a suitable surface and wipe the iron
across it—do not hold the rag in the hand.
Disconnect the iron when leaving the work,
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even for a short time—the delay may be longer
than planned,

PORTABLE POWER TOOLS

All portable power tools should be carefully
inspected before being used to see that they are
clean, well-oiled, and ina proper state of repair.,
The switches should operate normally, and the
cords should be clean and free of defects. The
case of all electrically driven tools should be
grounded, Sparking portable electric tools should
not be used in any place where flammable vapors,
gases, liquids, or exposed explosives are
present,

Be sure that power cordsdonot come in con-
tact with sharp objects. The cords should not be
allowed to kink, nor be left where they might be
run over. They should not be allowed to come
in contact with oil, grease, hot surfaces, or
chemicals; and when damaged, should be re-
placed instead of being patched with tape. When
unplugging power tools from receptacles, grasp
the plug, not the cord.

SHOP MACHINERY

Daily electrical work requires the use of
certain pieces of shop machinery, such as a
power grinder or drill press. In addition to the
general precautions on the use of tools, there
are a few other precautions which should be
observed when working with machinery. The
most important ones are:

1, Never operate a machine with a guard
or cover removed,

2. Never operate mechanical or powered
equipment unless throroughly familiar with the
controls. When in doubt, consult the appropriate
instruction or ask someone who knows,

3. Always make sure that everyone is clear
before starting or operating mechanical equip-
ment,

4, Never try to clear jammed machinery
without first cutting off the source of power.

5. When hoisting heavy machinery (or equip-
ment) by a chain fall, always keep everyone
clear, and guide the hoist with lines attached to
the equipment,

6. Never plug in electric machinery without
insuring that the source voltage is the same as
that called for on the nameplate of the machine.

ELECTRICAL HAZARDS

Every person who works with electrical
equipment should be constantly alert to the

hazards of the equipment to which he may be
exposed, and also be capable of rendering first
aid to injured personnel. The installation, oper-
ation, and maintenance of electrical equipment
requires enforcement of a stern safety code.
Carelessness on the part of the operator or the
maintenance technician can result in seriousin-
jury or death due to electric shock, falls, burns,
flying objects, etc. After an accident has hap-
pened, investigationalmost invariably shows that
it could have been prevented by the exercising of
simple safety precautions and procedures with
which the personnel should have been familiar.

Each man concerned with electrical equip-
ment should make it his personal responsibility
to read and become thoroughly familiar with
the safety practices and procedures contained
in applicable safety directives, manuals, and
other publications, and in equipment technical
manuals prior to performing work on elec-
trical equipment, It is the individual’s re-
sponsibility to identify and eliminate unsafe
conditions and unsafe acts which cause ac-
cidents,

SHOCK

Electric shock is a jarring, shaking sensa-
tion resulting from contact with electric cir-
cuits or from the effects of lightning, The
victim usually feels that he has received a
sudden blow; if the voltage and resulting cur-
rent is sufficiently high, the victim may be-
come unconscious. Severe burns may appear
on the skin at the place of contact; muscular
spasm may occur, causing the victim to clasp
the apparatus or wire which caused the shock
and be unable to turn it loose.

The following procedures is recommended
for rescue and care of shock victims:

1. Remove the victim from electrical con-
tact at once, but do not endanger yourself.
This can be accomplished by: (1) Throwing
the switch if it is nearby; (2) cutting the cable
or wires to the apparatus, using an ax with a
wooden handle while taking care to protect your
eyes from the flash when the wires are sev-
ered; (3) using a dry stick, rope, belt, coat,
blanket, or any other nonconductor of elec-
tricity, to drag or push the victim to safety.

2. Determine whether the victim is breath-
ing., Keep him lying down in a comfortable
position and loosen the clothing about his neck,
chest, and abdomen so that he can breath
freely, Protect him from exposure to cold,
and watch him carefully.
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3. Keep him from moving about, In this
condition, the heart is very weak, and any sud-
den muscular effort or activity on the part of
the patient may result in heart failure,

4. Do not give stimulants or opiates. Send
for a medical officer at once and do not leave
the patient until he has adequate medical care.

5. If the victim is not breathing, it will be
necessary to apply artificial respiration without
delay, even though he may appear to be lifeless.

DO NOT STOP ARTIFICIAL RESPIRATION
UNTIL MEDICAL AUTHORITY PRONOUNCES
THE VICTIM BEYOND HELP.

For complete coverage on administering
artificial respiration and treating burns, refer
to Standard First Aid Training Course, NavPers
10081-B.

BURNS AND WOUNDS

In administering first aid for burns, the
objectives are to relieve the pain, to make the
patient as comfortable as possible, to prevent
infection, and to guard against shock which often
accompanies burns of a seriousnature, Detailed
information on the proper method for treating
various types of burns is contained in the
Standard First Aid Training Course.

Any break in the skin is dangerous because
it allows germs to enter the wound. Although
infection may occur in any wound, it is of par-
ticular danger in wounds which do not bleed
freely, wounds in which torn tissue or skinfalls
back into place and so prevents the entrance of
air, and wounds which involve crushing of
tissues.

Minor wounds should be washed immediately
with soap and clean water, dried, and painted
with a mild, nonirritating antiseptic. Benzal-
konium chloride tincture, which is now found in
most Navy first aid kits, is a good antiseptic;
it does not irritate the skin but it effectively
destroys many of the microorganisms which
cause infection. (Benzalkonium chloride is com-
monly sold under the name of Zephiran or
Zepherin chloride.) Apply a dressing if neces-
sary.

Larger wounds should be treated only by
medical personnel. Merely cover the wound with
a dry sterile compress and fasten the compress
in place with a bandage.

Since the saving of a person’s life often de-
pends on prompt and correct first aidtreatment,

all personnel should become thoroughly familiar
with the material in the Standard First Aid
Training Course.

SAFETY PRECAUTIONS

Take time to be safe when working on elec-‘,’
trical circuits and equipment, Carefully study
the schematics and wiring diagrams of the entire
system, noting what circuits must be deenergized
in addition to the main power supply. Remember
that electrical equipments frequently have more
than one source of power, Be certain that ALL
power sources are deenergizedbefore servicing
the equipment, Do not service any equipment
with the power on unless it is necessary.

It must be borne in mind that deenergizing
main supply circuits by opening supply switches
will not necessarily ‘‘kill’’ all circuitsinagiven
piece of equipment, A source of danger that has
often been neglected or ignored—sometimes
with tragic results—is the inputs to electrical
equipment from other sources, such as syn-
chros, remote control circuits, etc. For ex-
ample, turning off the antenna safety switches
will disable the antenna, but it may not turn
off the antenna synchro voltages from other
sources, Moreover, the rescue of a victim -
shocked by the power input from a remote
source is often hampered because of the time
required to determine the source of power and
turn it off. Therefore, turn off ALL power in-
puts before working on equipment, '

Remember that the 120-volt power supply
voltage is not low, relatively harmless voltage,
but is the voltage that has caused more deaths
in the Navy than any other.

Do NOT work with high voltage circuits
alone; have another person (safety observer),
who is qualified in first aid for electrical shock,
present at all times. The man stationed nearby
should also know the circuits and switches con-
trolling the equipment, and should be given in-
structions to pull the switch immediately if any-
thing unforeseen happens.

Always be aware of the nearness of high volt-
age lines or circuits. Use rubber gloves where
applicable, and stand on approved rubber mat-
ting. Remember, not all so-called rubber mats
are good insulators.

Equipment containing metal parts, such as
brushes and brooms, should not be used in an
area within 4 feet of high voltage circuitsor any
electric wiring having exposed surfaces.

Inform remote stations as to the circuit on
which work is being performed.
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Keep clothing, hands, and feet dry if at all
possible. When it is necessary to workinwet or
damp locations, use a dry platform or wooden
stool to sit or stand on, and place a rubber mat
or other nonconductive material on top of the
wood. Use insulated tools and insulated flash-
lights of the molded type when required to
work on exposed parts.

Do not wear loose or flapping clothing, The
use of thin-soled shoes with metal plates or hob-
nails is prohibited. Safety shoes with nonconduct-
ing soles should be worn ifavailable. Flammable
articles, such as celluloid cap visors, should not
be worn,

When working on an electrical apparatus,
technicians should first remove all rings, wrist-
watches, bracelets, ID chains and tags, and
similar metal items, Care should be taken that
the clothing does not contain exposed zippers,
metal buttons, or any type of metal fastener,

Do NOT work on energized circuits unless
absolutely necessary. Be sure to take time to
lock out (or block out) the switch and tag it,
Locks for this purpose should be readily avail-
able; if a lock cannot be obtained, remove the
fuse and tag it.

Use one hand when turning switches on or
off, Keep the doors to switch and fuse boxes
closed except when working inside or replacing
fuses, Use a fuse puller to remove cartridge
fuses after first making certain that the circuit
is dead,

All supply switches or cutout switches from
which power could possible be fed should be
secured in the OPEN (safety) position and
tagged. The tag should read ‘‘THIS CIRCUIT
WAS ORDERED OPEN FOR REPAIRS AND
SHALL NOT BE CLOSED EXCEPT BY DI-
RECT ORDER ------ 7 (the person making,
or directly in charge of, repairs).

Never short out, tamper with, or block open
an interlock switch.

Keep clear of exposed equipment; when it is
necessary to work on it, use one hand only as
much as possible.

Warning signs and suitable guards should be
provided to prevent personnel from coming into
accidental contact with high voltages.

Avoid reaching into enclosures except when
absolutely necessary; when reaching into anen-
closure, use rubber blankets to prevent ac-
cidental contact with the enclosure.

Do not use bare hands to remove hot parts
from their holders. Use asbestos gloves if
necessary.

Use a shorting stick, similar to the one
shown in figure 1-1 to discharge all high volt-
age charges. Before a worker touches a ca-
pacitor or any part of a circuit which is known
or likely to be connected to a capacitor (whether
the circuit is deneegized or disconnected en-
tirely), he should short circuit the terminals to
make sure that the capacitor is completely dis-
charged. Grounded shorting sticks should be
permanently attached to workbenches where
electrical equipment using high voltages are
regularly serviced.

Make certain that the equipment is properly
grounded. Ground all test equipment to the
equipment under test.

Turn off the power before connecting al-
ligator clips to any circuit,

When measuring circuits over 300 volts, do
not hold the test prods.

HEAVY BRASS PROBE INSULATED HANDLE
AND HOOK /
/

NO.6 HEAVY WIRE BRAID

YRR

AT.14
Figure 1-1.—Shorting stick.

SAFETY EDUCATION

Safety is an all-hand responsibility. It is the
job of every person in the Navyto exercise pre-
caution to insure that people will not be injured
or killed, or equipment damaged or ruined.
Safety information is presented in many different
ways — for example: (1) Written material, as
given in this chapter; (2) safety bulletins; (3)
lectures; (4) movies; (5) courses in first aid;
and (6) posters.

Every shop in which you work should em-
phasize safety. One of the ways in which this
can be done is through the use of posters. The
Navy makes available numerous safety posters,
Some of these are general in nature and some
relate to specific types of work. These posters
should be placed in a conspicuous area and as
new ones are printed they should replace the
older ones.

Four of the current postersthat relate to shop
and electrical safety are depicted in figure 1-2.
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" NATIONAL SAFETY COUNCIL

BE.1
Figure 1-2,—Safety posters.
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CHAPTER 2
FUNDAMENTAL CONCEPTS OF ELECTRICITY

The word ‘‘electric’’ is actually a Greek-
derived word meaning AMBER. Amber is a
translucent (semitransparent) yellowish min-
eral, which, in the natural form, is composed of
fossilized resin. The ancient Greeks used the
words ‘‘electric force’’ in referring tothe mys-
terious forces of attraction and repulsion exhib-
ited by amber when it was rubbed with a cloth.
They did not understand the fundamental nature
of this force. They could not answer the seem-
ingly simple question, ‘‘What is electricity?’’,
This question is still unanswered. Though elec-
tricity might be defined as ‘‘that force which
moves electrons,’’ this would be the same asde-
fining an engine as ‘‘that force which moves an
automobile.’”’ The effect has been described, not
the force.

Presently little more is known than the an-
cient Greeks knew about the fundamental nature
of electricity, but tremendous strides have been
made in harnessing and using it, Elaborate the-
ories concerning the nature andbehavior of elec-
tricity have been advanced, andhave gained wide
acceptance because of their apparent truth and
demonstrated workability,

From time to time various scientists have
found that electricity seems to behave in a con-
stant and predictable manner in given situations,
or when subjected to given conditions, These
scientists, such as Faraday, Ohm, Lenz, and
Kirchhoff, to name only a few; observed and de-
scribed the predictable characteristics of elec-
tricity and electric current inthe form of certain
rules. These rules are often referred to as
‘‘laws.’’ Thus, though electricity itself hasnever
been clearly defined, its predictable nature and
easily used form of energy has made it one of
the most widely used power sources in modern
time. By learning the rules, or laws, applying
to the behavior of electricity, and by understand-
ing the methods of producing, controlling, and
using it, electricity may be ‘‘learned’’ without
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ever having determined its fundamental iden-
tity,

THE MOLECULE

One of the oldest, and probably the most
generally accepted, theories concerning elec-
tric current flow is that it is comprised of mov-
ing electrons. This is the ELECTRON THEORY.
Electrons are extremelytinyparts, or particles,
of matter. To study the electron, therefore, the
structural nature of matter itself must first be
studied. (Anything having mass and inertia, and
which occupies any amount of space, is composed
of matter.) To study the fundamental structure
or composition of any type of matter, it must be
reduced to its fundamental fractions, Assume
the drop of water in figure 2-1 (A) was halved
again and again. By continuing the process long
enough, the smallest particle of water possible—
the molecule—would be obtained. All molecules
are composed of atoms.

006

06 00 0O
00 0000 00

S000 0000 0000 000

DIVIDING A DROP OF WATER
(0

MOLECULE OF WATER H0
(]

BE.2
Figure 2-1.—Matter is made up of molecules.

A molecule of water (H,O) is composed of
one atom of oxygen and two atoms of hydrogen,
as represented in figure 2-1 (B). If the molecule
of water were further subdivided, there would
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remain only unrelated atoms of oxygen and hy-
drogen, and the water would no longer exist as
such, This example illustrates the following
fact—the molecule is the smallest particle to
which a substance can be reduced and still be
called by the same name. This applies to all
substances—liquids, solids, and gases,

When whole molecules are combined or
separated from one another, the change is gen-
erally referred to as a PHYSICAL change., In
a CHEMICAL change the molecules of the sub-
stance are altered such that new molecules re-
sult. Most chemical changes involve positive
and negative ions and thus are electrical in
nature. All matter is said to be essentially
electrical in nature.

THE ATOM

In the study of chemistry it soon becomes
apparent that the molecule is far from being the
ultimate particle into which matter may be sub-
divided. The salt molecule may be decomposed
into radically different substances—sodium and
chlorine. These particlesthat make up molecules
can be isolated and studied separately. Theyare
called ATOMS.

The atom is the smallest particle that makes
up that type of material called an ELEMENT.
The element retains its characteristics when
subdivided into atoms. More than 100 elements
have been identified. They can be arranged into
a table of increasing weight, and can be grouped
into families of material having similar prop-
erties. This arrangement is calledthe PERIOD-
IC TABLE OF THE ELEMENTS.

The idea that all matter is composed of atoms
dates back more than 2,000 years to the Greeks.
Many centuries passedbefore the study of matter
proved that the basic idea of atomic structure was
correct. Physicists have exploredthe interior of
the atom and discovered many subdivisionsinit.
The core of the atom is called the NUCLEUS.
Most of the mass of the atom is concentrated in
the nucleus. It is comparable to the sun in the
solar system, around which the planets revolve.
The nucleus contains PROTONS (positively
charged particles) and NEUTRONS which are
electrically neutral.

Most of the weight of the atom is in the pro-
tons and neutrons of the nucleus. Whirling around
the nucleus are one or more smaller particles
of negative electric charge. THESE ARE THE
ELECTRONS. Normally there is one proton for
each electron in the entire atom so that the net
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positive charge of the nucleus is balancedby the
net negative charge of the electrons whirling
around the nucleus. THUS THE ATOM ISELEC-
TRICALLY NEUTRAL.

The electons do not fall into the nucleus even
though they are attracted strongly to it. Their
motion prevents it, as the planets are prevented
from falling into the sun because of their cen-
trifugal force of revolution,

The number of protons, which is usually the
same as the number of electrons, determines the
kind of element in question. Figure 2-2 shows a
simplified picture of several atoms of different
materials based on the conception of planetary
electrons describing orbits about the nucleus.
For example, hydrogen has a nucleus consisting
of 1 proton, around which rotates 1 electron.
The helium atom has a nucleus containing 2 pro-
tons and 2 neutrons with 2 electrons encircling
the nucleus. Near the other extreme of the list
of elements is curium (not shown in the figure),
an element discovered in the 1940’s, which has
96 protons and 96 electrons in each atom.

The Periodic Table of the Elements is an
orderly arrangement of the elements in as-
cending atomic number (number of planetary
electrons) and also in atomic weight (number of
protons and neutrons inthe nucleus). The various
kinds of atoms have distinct masses or weights
with respect to each other. The element most
closely approaching unity (meaning 1) is hydro-
gen whose atomic weight is 1,008 as compared
with oxygen whose atomic weight is 16. Helium
has an atomic weight of approximately 4, lithium
7, fluorine 19, and neon 20, as shown in figure
2-2,

Figure 2-3 is a pictorial summation of the
discussion that has just been presented. Visible
matter, at the left of the figure, is broken down
first to one of its basic molecules, thento one of
the molecule’s atoms., The atom is then further -
reduced to its subatomic particles—the protons,
neutrons, and electrons, Subatomic particles are
electric in nature. That is, theyare the particles .
of matter most affected by an electric force.
Whereas the whole molecule or a whole atom is
electrically neutral, most subatomic particles
are not neutral (with the exception of the neutron),
Protons are inherently positive, and electrons
are inherently negative, It isthese inherent char-
acteristics which make subatomic particles sen-
sitive to electric force.

When an electric force is applied to a con-
ducting medium, such as copper wire, electrons .
in the outer orbits of the copper atomsare forced
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Figure 2-2.—Atomic structure of elements.

out of orbit and impelled along the wire, The
direction of electron movement is determined
by the direction of the impelling force. The
protons do not move, mainly because they are
extremely heavy, The proton of the lightest ele-
ment, hydrogen, is approximately 1,850 times
heavier than its electron., Thus, it is the rela-
tively light electron that is movedby electricity.

When an orbital electron is removedfroman
atom it is called a FREE ELECTRON. Some of
the electrons of certain metallic atoms are so
loosely bound to the nucleus that they are com-
paratively free to move from atom to atom.
Thus, a very small force or amount of energy
will cause such electrons to be removed from
the atom and become free electrons, It is these
free electrons that constitute the flow of an
electric current in electrical conductors.

If the internal energy of an atom is raised
above its normal state, the atom is said to be
EXCITED. Excitation may be produced by caus-
ing the atoms to collide with particles that are
impelled by an electric force, Inthis way, energy
is transferred from the electric source to the
atom. The excess energy absorbed by an atom
may become sufficient to cause loosely bound
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outer electrons to leave the atom against the
force that acts to hold them within, An atom
that hasthus lost or gained one or more electrons
is said to be IONIZED, If the atom loses elec-
trons it becomes positively charged and is re-
ferred to as a POSITIVE ION, Conversely, if
the atom gains electrons, it becomes negatively
charged and is referred to as a NEGATIVE ION.
An ion may then be defined as a small particle
of matter having a positive or negative charge.

CONDUCTORS, SEMICONDUCTORS,
AND INSULATORS

Substances that permit the free motion of a
large number of electrons are called CON-

DUCTORS. Copper wire is considere
_conductor because it has many free electrons.

Electrical energy is transferred through con-
ductors by means of the movement of free elec-
trons that migrate from atom to atom inside the
conductor. Each electron moves a very short
distance to the neighboring atom where it re-
places one or more electrons by forcing them
out of their orbits. The replaced electrons re-
peat the process in other nearby atoms until the
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Figure 2-3.—Breakdown of visible matter to electric particles.

movement is transmitted throughout the entire
length of the conductor. The greater the number
of electrons that can be made to move in a ma-
terial under the application of a given force the
better are the conductive qualities of that ma-

terial, A good conductor is said to have a low
0

0 low resis t rent
electron) flow. Among the most commonly known
me

8 used as conductors are silver, copper,
and aluminum, The best conductor Is silver, cop-
per, and aluminum, in that order. However,
“copper_is_uBed more extensively because it is
leB8 expensive, A material’s ability to conduct
electricity also depends on its dimensions.

In contrast to good conductors, some gub-
stances such as rubber, glass, and dry wood
have very few free electrons. Inthese materials
large amounts of energy must be expended in
order to break the electrons loose from the in-
fluence of the nucleus. Substances containing
very few free electrons ‘af_e___cil_lgg__lm_og
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CONDUCTORS, NONCONDUCTORS, or INSU-
_LATORS. Actually, there is no sharp dividing
line between conductors and insulators, since
electron motion is known to exist to some ex-
tent in all matter. Electricians simply use the
best conductors as wires to carry current and
the poorest conductors as insulators to prevent
the current from being diverted from the wires.

Listed below are some of the best conductors
and best insulators arranged in accordance with
their respective abilities to conduct or to resist
the flow of electrons.

Conductors Insulators
Silver Dry air
Copper Glass
Aluminum Mica

Zinc Rubber
Brass Asbestos
Iron Bakelite
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A semiconductor is a materialthat is neither
a _good -conductor nor a good insulator, Germa
nium and silicon are substances that'Tle‘l’ﬁ?t%
this category. These materials, due to their pe-
culiar_crysta ructure, may under certain
conditions act as conductors; under other con-
ditio insulators. As the temperature is
raised, however, a limited number of electrons
become available for conduction.

STATIC ELECTRICITY

In a natural, or neutral state, each atom in
a body of matter will have the proper number of
electrons in orbit around it, Consequently, the
whole body of matter comprised of the neutral
atoms will also be electrically neutral, In this
state, it is said to have a ‘‘zero charge,’”” and
will neither attract nor repel other matter in
its vicinity, Electrons will neither leave nor
enter the neutrally charged body should it come
in contact with other neutralbodies, If, however,
any number of electrons are removed from the
atoms of a body of matter, there will remain
more protons than electrons, and the whole
body of matter will become electrically positive,
Should the positively charged body come in con-
tact with another body having a normal charge,
or having a negative (too many electrons) charge,
an electric current wi tweenthem. Elec-
trons will leave the more negative body and enter
the positive body. This electron flow will con-
tinue until both bodies have equal charges.

When two bodies of matter have unequal
charges, and are near one another, an electric
force is exerted between them because of their
unequal charges. However, since they are not
in contact, their charges cannot equalize. The
existence of such an electric force, where cur-
rent cannot flow, is referred to as static elec-
tricity., ‘‘Static’’ means ‘‘not moving.’”’ This is
\also referred to as an ELECTROSTATIC
FORCE.

One of the easiest ways to create a static
charge is by the friction method. With the fric-
tion method, two pieces of matter are rubbed
together and electrons are ‘‘wiped off’’ one onto
the other. If materials that are good conductors
are used, it is quite difficult to obtain a detect-
able charge on either. The reason for this is
that equalizing currents will flow easily in and
between the conducting materials. These cur-
rents equalize the charges almost as fast as
they are created. A static charge is easier to
obtain by rubbing a hard nonconducting material
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against a soft, or fluffy, nonconductor, Electrons
are rubbed off one material and onto the other
material. This is illustratedin figure 2-4.
When the hard rubber rod is rubbed in the
fur, the rod accumulates electrons. Since both
fur and rubber are poor conductors, little equal-
izing current can flow, and an electrostatic
charge is built up. When the charge is great
enough, equalizing currents will flow regardless
of the material’s poor conductivity. These cur-
rents will cause visible sparks, if viewed in
darkness, and produce a cracking sound.

CHARGED BODIES

One of the fundamental laws of electricity is
that LIKE CHARGES REPEL EACH OTHER and
UNLIKE CHARGES ATTRACT EACH OTHER.
A positive charge and negative charge, being
unlike, tend to move toward each other, In the
atom the negative electrons are drawn toward
the positive protons in the nucleus. This at-
tractive force is balanced by the electroh’s
centrifugal force caused by its rotation about the
nucleus. As a result, the electrons remaininor-
bit and are not drawn into the nucleus. Electrons
repel each other because of their like negative
charges, and protons repel each other because
of their like positive charges.

The law of charged bodies may be demon-
strated by a simple experiment. Two pith (paper
pulp) balls are suspended near one another by
threads, as shown in figure 2-5.

If the hard rubber rod is rubbed to give it a
negative charge, and then held agajnst the right-
hand ball in part (A), the rod willimpart a nega-
tive charge to the ball. The right-hand ball will
be charged negative with respect to the left-
hand ball. When released, the two balls will be
drawn together, as shown in figure 2-5(A). They
will touch and remain in contact until the left-
hand ball acquires a portion of the negative
charge of the right-hand ball, at whichtime they
will swing apart as shown in figure 2-5 (C). If,
positive charges are placed on both balls (fig.
2-5 (B)), the balls will also be repelled from
each other.

COULOMB'’S LAW OF CHARGES

The amount of attracting or repelling force
which acts between two electrically charged
bodies in free space depends on two things—(1)
their charges, and (2) the distance between them.
The relationship of charge and distance to



BASIC ELECTRICITY

-~

ELECTRONS ARE TRANS-
FERRED FROM THE
FUR TO THE ROD

\

©
\& I

A\

<= CHARGES AND ELECTRONS

ARE PRESENT IN EQUAL

QUANTITIES IN THE ROD AND FUR
Wy 7

-
/—
—

=

HARD
_~~ RUBBER ROD

BE.5

Figure 2-4.—Producing static electricity by friction.

electrostatic force was first discovered and
written by a French scientist named Charles A.
Coulomb, Coulomb’s Law states that CHARGED
BODIES ATTRACT OR REPEL EACH OTHER
WITH A FORCE THAT IS DIRECTLY PRO-
PORTIONAL TO THE PRODUCT OF THEIR
CHARGES, AND IS INVERSELY PROPOR-
TIONAL TO THE SQUARE OF THE DISTANCE
BETWEEN THEM.

ELECTRIC FIELDS

The space betweenandaround chargedbodies
in which their influence is felt is called an
ELECTRIC FIELD OF FORCE. The electric
field is always terminated on material objects
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and extends between positive and negative
charges. It can exist in air, glass, paper, or a
vacuum., ELECTROSTATIC FIELDS and DI-
ELECTRIC FIELDS are other names used to
refer to this region of force.

Fields of force spread out in the space sur-
rounding their point of origin and, in general,
DIMINISH IN PROPORTION TO THE SQUARE
OF THE DISTANCE FROM THEIR SOURCE.

The field about a charged body is generally
represented by lines which are referred to as
ELECTROSTATIC LINES OF FORCE., These
lines are imaginary and are used merelyto rep-
resent the direction and strength of the field.
To avoid confusion, the lines of force exerted by
a positive charge are always shown leaving the
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Figure 2-5,—Reaction between charged bodies.

charge, and for a negative charge theyare shown
as entering, Figure 2-6 illustrates the use of
lines to represent the field about chargedbodies.

Figure 2-6 (A) represents the repulsion of
like-charged bodies and their associated fields.
Part (B) represents the attraction between
unlike-charged bodies and their associated
fields,

MAGNETISM

A substance is said to be a magnet if it has
the property of magnetism—that is, if it has the
power to attract such substances as iron, steel,
nickel, or cobalt, whichare knownas MAGNETIC
MATERIALS. A steel knitting needle, magnetized
by a method to be described later, exhibits two
points of maximum attraction (one at each end)
and no attraction at its center. The points of
maximum attraction are called MAGNETIC
POLES. All magnets have at least two poles, If
the needle is suspended by its middle so that it
rotates freely in a horizontal plane about its
center, the needle comes to rest in a approxi-
mately north-south line of direction. The same
pole will always point to the north, andthe other
will always point toward the south. The magnetic
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pole that points northward is called the NORTH
POLE, and the other the SOUTH POLE.

A MAGNETIC FIELD exists around a simple
bar magnet, The field consists of imaginary lines
along which a MAGNETIC FORCE acts. These
lines emanate from the north pole of the magnet,
and enter the south pole, returning to the north
pole through the magnet itself, thus forming
closed loops.

A MAGNETIC CIRCUIT is a complete path
through which magnetic lines of force may be
established under the influence of a magnetizing
force. Most magnetic circuits are composed
largely of magnetic materials in order to con-
tain the magnetic flux, These circuits are simi-
lar to the ELECTRIC CIRCUIT, which isa com-
plete path through which current is caused to
flow under the influence of an electromotive
force.

Magnets may be conveniently divided into
three groups.

1. NATURAL MAGNETS, found inthe natural
state in the form of a mineral called magnetite.
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Figure 2-6.—Electrostatic lines of force.
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2. PERMANENT MAGNETS, bars of hard-
ened steel (or some form of alloy such as alni-
co) that have been permanently magnetized.

3. ELECTROMAGNETS, composed of soft-
iron cores around which are wound coils of in-
sylated wire. When an electric current flows
through the coil, the core becomes magnetized.
When the current ceases to flow, the core loses
most of its magnetism.

Permanent magnets and electromagnets are
sometimes called ARTIFICIAL MAGNETS to
further distinguish them from natural magnets,
and are discussed in this manual under the head-
ing of ‘‘Artificial Magnets.”’

NATURAL MAGNETS

For many centuries it has been known that
certain stones (magnetite, Fe3gO4) have the abil-
ity to attract small piecesofiron, Because many
of the best of these stones (natural magnets)
were found near Magnesia in Asia Minor, the
Greeks called the substance MAGNETITE, or
MAGNETIC.

Before this, ancient Chinese observed that
when similar stones were suspended freely, or
floated on a light substance in a container of
water, they tended to assume a nearlynorth-and-
south position, Probably Chinese navigators used
bits of magnetite floating on wood in a liquid-
filled vessel as crude compasses. At that time
it was not known that the earth itself acts like a
magnet, and these stones were regarded with
considerable superstitious awe. Because bits of
this substance were used as compasses they
were called LOADSTONES (or lodestones), which
means ‘‘leading stones.”’

Natural magnets are also found in the United
States, Norway, and Sweden. A natural magnet,
demonstrating the attractive force at the poles,
is shown in figure 2-7 (A).

ARTIFICIAL MAGNETS

Natural magnets no longer have any practical
value because more powerful and more con-
veniently shaped permanent magnets canbe pro-
duced artificially. Commercial magnets are
made from special steels and alloys—for ex-
ample, alnico, made principally of aluminum,
nickel, and cobalt, The name isderivedfromthe
first two letters of the three principal elements
of which it is composed. An artificial magnet is
shown in figure 2-7 (B).

An iron, steel, or alloy bar can be magne-
tized by inserting the bar into a coil of insulated
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Figure 2-7.—(A) Natural magnet;
(B) artificial magnet.

wire and passing a heavy direct current through
the coil, as shown in figure 2-8 (A). This aspect
of magnetism is treated later in the chapter. The
same bar may also be magnetized if it is stroked
with a bar magnet, as shown infigure 2-8 (B). It
will then have the same magnetic property that
the magnet used to induce the magnetism has—
namely, there will be two poles of attraction, one
at either ‘end. This process produces a perma-
nent magnet by INDUCTION-—that is, the mag-
netism is induced in the bar by the influence of
the stroking magnet.

Artificial magnets maybe classifiedas ‘‘per-
manent’’ or ‘‘temporary’’ depending on their
ability to retain their magnetic strength after the
magnetizing force has been removed. Hardened
steel and certain alloys are relatively difficult
to magnetize and are saidto have a LOW PER-
MEABILITY because the‘magnetic lines of force
do not easily permeate,or distribute themselves
readily through the steel. (Permeability is a
measure of the relative ability of a substance to
conduct magnetic lines of force as compared with
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Figure 2-8,—Methods of producing
artificial magnets.

air, It is discussed in greater detail later in
this manual,) Once magnetized, however, these
materials retain a large part of their magnetic
strength and are called PERMANENT MAG-
NETS. Permanent magnets are used extensively
in electric instruments, meters, telephone re-
ceivers, permanent-magnet loudspeakers, and
magnetos, Conversely, substances that are rel-
atively easy to magnetize—such as soft ironand
annealed silicon steel—are said to have a HIGH
PERMEABILITY. Such substances retain only a
small part of their magnetism after the mag-
netizing force is removed and are called TEM-
PORARY MAGNETS. Silicon steel and similar
materials are used in transformers where the
magnetism is constantly changing and in
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generators and motors where the strength of
the fields can be readily changed.

The magnetism that remains in a temporary
magnet after the magnetizing force is removed
is called RESIDUAL MAGNETISM. The fact that
temporary magnets retain even a small amount
of magnetism is an important factor in the build-
up of voltage in self-excited d-c generators.

NATURE OF MAGNETISM

A popular theory of magnetism considersthe
molecular alinement of the material, This is
known as Weber’s Theory. This theoryassumes
all magnetic substances to be composed of tiny
molecular magnets, All unmagnetized materials
have the magnetic forces of its molecular mag-
nets neutralized by adjacent molecular magnets
thereby eliminating any magnetic effect. A mag-
netized material will have most of its molecular -
magnets lined up so that the north pole of each
molecule points in one direction, and the south
pole faces the opposite direction. A material
with its molecules thus alined will then have one
effective north pole, and one effective south pole,
An illustration of Weber’s Theory is shown in
figure 2-9 (A) where a steel bar is magnetized
by stroking., When a steel bar is stroked several
times in the same direction by a magnet, the
magnetic force from the north pole of the mag-
net causes the molecules to aline themselves.
The polarity of the magnet formed is dependent
upon the direction of the magnetizing force asit
is brought over the random magnetic molecules.

Some justification of Weber’s Theoryoccurs
when a magnet is split in half, It is found that
each half possess both a north and a south mag-
netic pole as shown in figure 2-9 (B). The polar-
ities of the poles are in the same respective
directions as the poles of the original magnet,
If a magnet is further divided into small parts,
it will be found that each part, down to its last
molecule, will all have similar north and south
poles. Each part would exhibit its own mag-
netic properties.

Further support of Weber’s Theory comes
from the fact that when a bar magnet is held
out of alinement with the earth’s magnetic field
and repeatedly jarred or heated, the molecular
alinement is disarranged and the material be-
comes demagnetized. For example, measuring
devices which make use of permanent magnets
become inaccurate when subjectedto severe jar-
ring or exposure to opposing magnetic fields.
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DOMAIN THEORY

memmm
on the electron spi inciple. From the study
m&n}?ﬁﬁn that all matter
is composed of vast quantities of atoms, each
atom containing one or more orbital electrons,
The electrons are considered to orbit in various
shells and subshells depending upon their dis-
tance from the nucleus. The structure of the
atom has previously been compared to the solar
system, wherein the electrons orbiting the nu-
cleus correspond to the planets orbiting the sun.
Along with their orbital motion about the sun,
these planets also revolve on their axes. It is
believed that the electron also revolves on its
axis as it orbits the nucleus of an atom.

It has been experimentally proven that an
electron has a magnetic field about it along with
an_electric field. The effectiveness of the mag-
netic field of an atom is determined by the num-
ber of electrons spinning in each direction, If
an atom has equal numbers of electrons spin-
ning in opposite directions, the magnetic fields
surrounding the electrons cancel one another,
and the atom is unmagnetized, However, if more
electrons spin in one direction than another,
the atom is magnetized. An atom such as iron
with an atomic number of 26 has 26 protons in
the nucleus and 26 revolving electrons orbiting
its nucleus. If 13 electrons are spinning in a
clockwise direction and 13 electrons are spin-
ning in a counterclockwise direction, the oppos-
ing magnetic fields will be neutralized. When
more than 13 electrons spin in either direction,
the atom is magnetized. An example of a mag-
netized atom of iron is shown in figure 2-10,
Note that in this specific illustration the elec-
trons magnetic fields in all except the M shell
neutralize each other. As illustrated in the dia-
gram, there exists 15 electrons spinning in one
direction and only 11 electrons spinning in an
opposite direction, Therefore, the unopposed
magnetic fields of 4 electrons will cause this
iron atom to become an infinitely small magnet.

When a number of such atoms are grouped
together to form an iron bar, there is an inter-
action between the magnetic forces of various
atoms. The small magnetic force of the field
surrounding an atom affects adjacent atoms,
thus producing a small group of atoms with
parallel magnetic fields. This group of from
1014 to 1015 magnetic atoms, having their mag-
netic poles orientated in the same direction,
is known as a DOMAIN, Throughout a domain
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Figure 2-10.—Iron atom,

there is an intense magnetic field without the
influence of any external magnetic field. Since
about 10 million tiny domains can be contained
in 1 cubic millimeter, it is apparent that every
magnetic material is made up of a large number
of domains., The domains in any substance are
always magnetized to saturation but are ran-
domly orientated throughout a material, Thus,
the strong magnetic field of each domain is
neutralized by opposing magnetic forces of other
domains. When an external field is applied to a
magnetic substance the domains will line up
with the external field, Since the domainsthem-
selves are naturally magnetized to saturation,
the magnetic strength of a magnetized material
is determined by the number of domains alined
by the magnetizing force.

MAGNETIC FIELDS AND LINES OF FORCE

If a bar magnet is dipped into iron filings,
many of the filings are attracted to the ends of
the magnet, but none are attracted to the center
of the magnet, As mentioned previously, the ends
of the magnet where the attractive force is the
greatest are called the POLES of the magnet.
By using a compass, the line of direction of the
magnetic force at various points near the mag-
net may be observed. The compass needle itself
is a magnet. The north end of the compass needle
always points toward the south pole, S, as shown
in figure 2-11 (A), and thus the sense of direc-
tion (with respect to the polarity of the bar mag-
net) is also indicated. Atthe center, the compass
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needle points in a direction that is parallel to
the tar magnet,

When the compass is placed successively at
several points in the vicinity of the bar magnet
the compass needle alines itself with the field
at each position. The direction of the field is -
indicated by the arrows and represents the di-
rection in which the north pole of the compass
needle will point when the compass is placed
in this field. Such a line along which a compass
needle alines itself is called a MAGNETIC LINE
OF FORCE. (This magnetic line of force does
not actually exist but is an imaginary line used
to illustrate and describe the pattern of the mag-
netic field. As mentioned previously, the mag-
netic lines of force are assumed to emanate from
the north pole of a magnet, passthroughthe sur-
rounding space, and enter the south pole. The
lines of force then pass from the south pole to
the north pole inside the magnet to forma closed
loop. Each line of force forms an independent
closed loop and does not merge with or cross
other lines of force. The lines of force between
the poles of a horseshoe magnet are shown in
figure 2-11 (B).

BAR MAGNET
(A)

~

S Bam=s| N
\N<>S)
HORSESHOE MAGNET
(B)

BE.12
Figure 2-11,—Magnetic lines of force.
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Although magnetic lines of force are imag-
inary, a simplified version of many magnetic
phenomena can be explained by assuming the
magnetic lines to have certain real properties.
The lines of force can be compared to rubber-
bands which stretch outward when a force is
exerted upon them and contract when the force
is removed. The characteristics of magnetic
lines of force can be described as follows:

1. Magnetic lines of force are continuous
and will always form closed loops.

2. Magnetic lines of force will never cross
one another,

3. Parallel magnetic lines of force traveling
in the same direction repel one another, Parallel
magnetic lines of force traveling in opposite di-
rections tend to unite with each other and form
into single lines traveling in a direction de-
termined by the magnetic poles creating the
lines of force.

4, Magnetic lines of force tend to shorten
themselves. Therefore, the magnetic lines of
force existing between two unlike poles cause
the poles to be pulled together.

5. Magnetic lines of force pass through all
materials, both magnetic and nonmagnetic.

The space surrounding a magnet, in which
the magnetic force acts, is called a MAGNETIC
FIELD. Michael Faraday was the first scientist
to visualize the magnet field as being in a state
of stress and consisting of uniformly distributed
lines of force. The entire quantity of magnetic
lines surrounding a magnet is called MAGNETIC
FLUX. Flux in a magnetic circuit corresponds
to current in an electric circuit,

The number of lines of force per unitarea is
called FLUX DENSITY and is measured inlines
per square inch or lines per square centimeter.
Flux density is expressed by the equation

where B is the flux density, & (Greekphi) is the
total number of lines of flux, andA is the cross-
sectional area of the magnetic circuit. If A is
in square centimeters, B is in lines per square
centimeter, or GAUSS. The terms FLUX and
FLOW of magnetism are frequently usedintext-
books. However, magnetism itself is not thought
to be a stream of particles in motion, but is
simply a field of force exerted in space.

A visual representation of the magnetic field
around a magnet can be obtained by placing a
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plate of glass over a magnet and sprinkling iron
filings onto the glass. The filingsarrange them-
selves in definite paths between the poles. This
arrangement of the filings shows the pattern of
the magnetic field around the magnet, as in
figure 2-12,
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Figure 2-12,—Magnetic field pattern
around a magnet,

The magnetic field surrounding a symmet-
rically- shaped magnet has the following prop-
erties:

1. The field is symmetrical unless disturbed
by another magnetic substance.

2. The lines of force have direction and are
represented as emanating from the north pole
and entering the south pole.

LAWS OF ATTRACTION
AND REPULSION

If a magnetized needle is suspended near a
bar magnet, as in figure 2-13, it will be seen
that a north pole repels a north pole and a south
pole repels a south pole. Opposite poles, how-
ever, will attract each other. Thus, the first two
laws of magnetic attraction and repulsion are:

1. LIKE magnetic poles REPEL each other.

2. UNLIKE magnetic poles ATTRACT each
other,

The flux patterns between adjacent UNLIKE
poles of bar magnets, as indicated by lines, are
shown in figure 2-14 (A), Similar patterns for
adjacent LIKE poles are shown in figure 2-14
(B). The lines do not cross at any point and they
act as if they repel each other.

Figure 2-15 shows the fluxpattern (indicated
by lines) around two bar magnets placed close
together and parallel with each other. Figure
2-15 (A) shows the flux pattern when opposite
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Figure 2-13.—Laws of attraction and repulsion.

poles are adjacent; and figure 2-15 (B) shows
the flux pattern when like poles are adjacent.

The THIRD LAW of magnetic attraction and
repulsion states in effect that the force of at-
traction or repulsion existing between two mag-
netic poles decreases rapidly as the poles are
separated from each other. Actually, the force
of attraction or repulsion varies directly as the
product of the separate pole strengths and in-
versely as the square of the distance separating
the magnetic poles, provided the polesare small
enough to be considered as points. For example,
if the distance between two north poles is in-
creased from 2 feet to 4 feet, the force of re-
pulsion between them is decreasedto one-fourth
of its original value. If either pole strength is
doubled, the distance remaining the same, the
force between the poles will be doubled.

THE EARTH’S MAGNETISM

As has been stated, the earth is ahuge mag-
net; and surrounding the earth is the magnetic
field produced by the earth’s magnetism. The
magnetic polarities of the earth areasindicated
in figure 2-16. The geographic poles are also
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shown at each end of the axis of rotation of the
earth. The magnetic axis does not coincide with
the geographic axis, and therefore the magnetic
and geographic poles are not at the same place
on the surface of the earth.

The early users of the compass regardedthe
end of the compass needle that pointsina north-
erly direction as being a north pole. The other
end was regarded as a south pole. On some maps
the magnetic pole of the earth towards which the
north pole of the compass pointed was designated
a north magnetic pole. This magnetic pole was
obviously called a north pole because of its prox-
imity to the north geographic pole.

When it was learned that the earth isa mag-
net and that opposite poles attract, it was nec-
essary to call the magnetic pole located in the
northern hemisphere a SOUTH MAGNETIC
POLE and the magnetic pole located in the
southern hemisphere a NORTH MAGNETIC
POLE., The matter of naming the poles was
arbitrary. Therefore, the polarity of the com-
pass needle that points toward the north must be
opposite to the polarity of the earth’s magnetic
pole located there.
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Figure 2-14.—Lines of force between unlike and like poles.

As has been stated, magnetic lines of force
are assumed to emanate from the north pole of a
magnet and to enter the south pole as closed
loops. Because the earth is a magnet, lines of
force emanate from its north magnetic pole and
enter the south magnetic pole as closed loops.
The compass needle alines itself in such a way
that the earth’s lines of force enter at its south
pole and leave at its north pole. Because the
north pole of the needle is defined as the end
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that points in a northerly direction it follows
that the magnetic pole in the vicinity of the north
geographic pole is in reality a south magnetic
pole, and vice versa.

Because the magnetic poles and the geo-
graphic poles do not coincide, a compass will
not (except at certain positions on the earth)
point in a true (geographic) north-south direc-
tion—that is, it will not point in a line of di-
rection that passes through the north and south
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FLUX PATTERN-ATTRACTION
(A)

FLUX PATTERN-REPULSION
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BE.16

Figure 2-15.—Flux patterns of adjacent parallel bar magnets.

geographic poles, but in a line of direction that
makes an angle with it, This angle is called the
angle of VARIATION OR DECLINATION.

SOUTH MAGNETIC NORTH GEOGRAPHIC
POLE POLE

NORTH MAGNETIC

POLE POLE

BE.17
Figure 2-16.—Earth’s magnetic poles.

MAGNETIC SHIELDING

There is not a known INSULATOR for mag-
netic flux, If a nonmagnetic material is placed
in a magnetic field, there is no appreciable
change in flux—that is, the flux penetrates the
nonmagnetic material, For example, a glass
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plate placed between the poles of a horseshoe
magnet will have no appreciable effect on the
field although glass itself is a good insulator
in an electric circuit, If a magnetic material
(for example, soft iron) is placed in a magnetic
field, the flux may be redirected to take ad-
vantage of the greater permeability of the mag-
netic material as shown in figure 2-17, Per-
meability, as discussed earlier, is the quality of
a substance which determines the ease with
which it can be magnetized.

BE.18
Figure 2-17.,—Effects of a magnetic substance
in a magnetic field.

The sensitive mechanism of electric instru-
ments_and meters can be influenced by stray
‘magnetic fields which will cause errors intheir
readings. Because _instrument mechanisms
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cannot be insulated against magnetic flux, it is
necessary to employ s the
flux around the instrument. This is accomplished
by placing

b a_soft-iron case, calleda MAG
SCREEN OR SHIELD, about the instrument. Be-
cause e flux is established more readily
through the iron (even though the path islonger)
than through the air inside the case, the instru-
ment is effectively shielded, as shown by the
watch and soft-iron shield in figure 2-18,

- IRON

BE.19
Figure 2-18,—Magnetic shield,

MAGNETIC MATERIALS

Early magnetic studies classified materials
merely as being magnetic and nonmagnetic.
Present studies classify materials into one of
three groups; namely, paramagnetic, diamag-
netic, and ferromagnetic.

PARAMAGNETIC materials are those that
become only slightly magnetized even though
under the influence of a strong magnetic field.
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This slight magnetization is inthe same direction
as the magnetizing field. Materials of this type
are aluminum, chromium, platinum, and air,

DIAMAGNETIC materials can also be only
slightly magnetized when under the influence of
a very strong field, These materials, when
slightly magnetized, are magnetized in a direc-
tion opposite to the external field. Some dia-
magnetic materials are copper, silver, gold,
and mercury.

Paramagnetic and diamagnetic materials
have a very low permeability, Paramagnetic
materials have a permeability slightly greater
than one; diamagnetic materials have a perme-
ability less than one. Because of the difficulty
in obtaining some magnetization of paramagnet-
ic and diamagnetic materials, these materials
are considered for all practical purposes as
nonmagnetic materials,

The most important group of materials for
applications of electricity and electronics are
the FERROMAGNETIC MATERIALS. Ferro-
magnetic materials are those which are rela-
tively easy to magnetize such as iron, steel,
cobalt, Alnico, and Permalloy, the latter two
being alloys. Alnico consists primarily of alumi-
num, nickel, and cobalt. These new alloys can
be very strongly magnetized with Alnico capable
of obtaining a magnetic strength great enoughto
lift five hundred times its own weight.

Ferromagnetic materials all have a high
permeability. However, as previously discussed,
a material, such as steel used to make a perm-
anent magnet, is considered to have a relatively
low permeability in comparison to other ferro-
magnetic materials,

MAGNETIC SHAPES

Because of the many uses of magnets, they
are found in various shapes and sizes. However,
magnets usually come under three general clas-
sifications; namely, bar magnets, horseshoe
magnets, and ring magnets.

The bar magnet is most often used in schools
and laboratories for studying the propertiesand
effects of magnetism. In the preceding test ma-
terial, the bar magnet proved very helpful in
demonstrating magnetic effects.

Another type of magnet is the ring magnet
used for computer memory cores. A common
application for a temporary ring magnet would
be the shielding of electrical instruments as
previously discussed.

The shape of the magnet most frequentl
used in electrical or electronic equipment is
B —~ -




Chapter 2—FUNDAMENTAL CONCEPTS OF ELECTRICITY

called the horseshoe magnet. A horseshoe mag-
net is similar to a bar magnet but is bent in the
shape of a horseshoe. The horseshoe magnet

ovides much more magnetic stre than a
bar magnet of the same size and material be-
C"‘-@W‘W-
The magnetic strength from one pole to the other
is greatly increased due to the concentration of
the magnetic field in er area. Electrical

measuring devices quite frequently use horse-
shoe type magnets,

CARE OF MAGNETS

A piece of steel that has been magnetized
can lose much of its magnetism by improper
handling, If it is jarred or heated, there will be
a disalinement of its domains resulting in the
loss of some of its effective magnetism, Had
this steel formed the horseshoe magnet of a
meter, the meter would no longer be operable
or would give inaccurate readings. Therefore,
care must be exercised when handling instru-
ments containing magnets. Severe jarring or
subjecting the instrument to high temperature
will damage the device.

A magnet may also become weakened from
loss of flux. Thus, when storing magnets one
should always try to avoid excess leakage of
magnetic flux. A horseshoe magnet should al-
ways be stored with a keeper, a soft iron bar
used to join the magnetic poles. By use of the
keeper while the magnet is being stored, the
magnetic flux will continuously circulate through
the magnet and not leak off into space.

When storing bar magnets, the same prin-
ciple must be remembered. Therefore, bar mag-
nets should always be stored in pairs with a
north pole and a south poleplaced together. This
provides a complete path for the magnetic flux
without any flux leakage.

The study of electricity and magnetism and
how they interact with each other is given more
thorough coverage in later chapters in this
manual, The discussion of magnetism up to this
point has been mainly intended to clarify terms
and meanings, such as ‘‘polarity,’”’ ‘fields,”’
‘‘lines of force,’’ etc. Only one fundamental re-
lationship between magretism and electricity is
discussed in this chapter, This relationship per-
tains to magnetism as used to generate a voltage
and it is discussed in the material that follows.

DIFFERENCE IN POTENTIAL

The force that causes free electronsto move
in a conductor as an electric current may be
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referred to as follows:

1. Electromotive force (emf).

2. Voltage.

3. Difference in potential,

When a difference in potential exists be-
tween two charged bodies that are connected by
a conductor, electrons will flow along the con-
ductor. This flow is from the negatively charged
body to the positively charged body until the two
charges are equalized and the potential differ-
ence no longer exists.

An analogy of this action is shown in the two
water tanks connected by a pipe and valve in
figure 2-19. At first the valve is closed and all
the water is in tank A. Thus, the water pressure
across the valve is at maximum. Whenthe valve
is opened, the water flows through the pipe from
A to B until the water level becomes the same
in both tanks. The water then stops flowing in
the pipe, because there is no longeradifference !
in water pressure between the two tanks.

BE.20
Figure 2-19,—Water analogy of electric
difference in potential.

Current flow through an electric circuit is
directly proportional to the difference in po-
tential across the circuit, just as the flow of
water through the pipe in figure 2-19 isdirectly
proportional to the difference in water level in
the two tanks.

A fundamental law of current electricity is
that the CURRENT [S DIRECTLY PROPORTION-
AL TO THE APPLIED VOLTAGE; that is, ifthe
voltage is increased, the current is increased.

If the voltage is decreased, the current is de-
creased,

PRIMARY METHODS OF
PRODUCING A VOLTAGE

Presently, there are six commonly used
methods of producing electromotive force (emf).
Some of these methods are much more widely
used than others. The following is a list of the
six most common methods of producing electro-
motive force.
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. 1, FRICTION.-Voltage produced by rubbing
two materials together.

2. PRESSURE (Piezoelectricity).—Voltage
produced by squeezing crystals of certain sub-
stances.

3. HEAT (Thermoelectricity).—Voltage pro-
duced by heating the joint (junction) where two
unlike metals are joined.

4, LIGHT (Photoelectricity).—Voltage pro-
duced by light striking photosensitive (light sen-
sitive) substances,

5. CHEMICAL ACTION,—-Voltage produced
by chemical reaction in a battery cell.

6. MAGNETISM.-Voltage produced in a
conductor when the conductor moves through
a magnetic field, or a magnetic field moves
through the conductor in such a manner as to
cut the magnetic lines of force of the field.

VOLTAGE PRODUCED BY FRICTION

This is the least used of the six methods of
producing voltages. Its main application is in
Van de Graf generators, used by some labora-
tories to produce high voltages. As a rule,
friction electricity (often referred to as static
electricity) is a nuisance. For instance, aflying
aircraft accumulates electric charges from the
friction between its skin and the passing air,
These charges often interfere with radio com-
munication, and under some circumstances can
even cause physical damage to the aircraft.
Most individuals are familiar with static elec-
tricity and have probably received unpleasant

(A)

MOLECULES OF CRYSTALLIZED MATTER
| (B)

shocks from friction electricity upon sliding
across dry seat covers or walking across dry
carpets, and then coming in contact with some
other object.

VOLTAGE PRODUCED BY PRESSURE

This action is referredtoas piezoelectricity.
It is produced by compressing or decompressing
crystals of certain substances. To study this
form of electricity, the meaning of the word
‘““crystal’’ must first be understood. Ina crystal,
the molecules are arranged in an orderly and
uniform manner. A substance in its crystallized
state and its noncrystallized state is shown in
figure 2-20.

For the sake of simplicity, assume that the
molecules of this particular substance are
spherical (ball-shaped). In the noncrystallized
state, in (A), note that the molecules are ar-
ranged irregularly. In the crystallized state,
(B), the molecules are arranged in a regular
and uniform manner. This illustrates the major
physical difference between crystal and non-
crystal forms of matter, Natural crystalline
matter is rare; an example of matter that is
crystalline in its natural form is diamond, which
is crystalline carbon. Most crystals are manu-
factured.

Crystals of certain substances, such as
Rochelle salt or quartz, exhibit peculiar elec-
trical characteristics. These characteristics,
or effects, are referred to as ‘‘piezoelectric.”’
For instance, when a crystal of quartz is

{} 'COMPRESSED

i

ELECTRON
FLOW
(C)
QUARTZ CRYSTAL _
_DECOMPRESSED
(F JVELECTRON
FLOW
(D)
BE.21

Figure 2-20.—(A) Noncrystallized structure; (B) crystallized structure;
(C) compression of a crystal; (D) decompression of a crystal,
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compressed, as in figure 2-20 (C), electrons
tend to move through the crystal as shown. This
tendency creates an electric difference of po-
tential between the two opposite faces of the
crystal. (The fundamental reasons for this
action are not known, However, the action is
predictable, and therefore useful.) If an ex-
ternal wire is connected while the pressure and
emf are present, electrons will flow, If the
pressure is held constant, the electron flow will
continue until the charges are equalized. When
the force is removed, the crystalis decompres-
sed, and immediately causes an electric force
in the opposite direction (D), Thus, the crystal
is able to convert mechanical force, either pres-
sure or tension, to electrical force.

The power capacity of a crystalis extremely

_____ ful because of their
extreme_sensitivity to changes of mechanical
force or chagggﬁ_in_.tem%x_rg. Due to other

characteristics not mentioned here, crystals

are_most wid used in co ication equip-
ment.

VOLTAGE PRODUCED BY HEAT

When a length of metal, such as copper, is
heated at one end, electrons tend to move away
from the hot end toward the cooler end. This is
true of most metals, However, in some metals,
such as iron, the opposite takes place and elec-
trons tend to move TOWARD the hot end, These
characteristics are illustrated in figure 2-21,
The negative charges (electrons) are moving
through the copper away from the heat and
through the iron toward the heat, They cross
from the iron to the copper at the hot junction,
and from the copper through the current meter
to the iron at the cold junction, This device is
generally referred to as a thermocouple,

Thermocouples have somewhat greater pow-
er capacities than crystals, but their capacity
is still very small if compared to some other
sources. The thermoelectric voltage in a ther-
mocouple depends mainly on the difference in
temperature between the hot- junctions.
Consequently, they are widely used to measure
temperature, and as heat-sensing devices in
automatic temperature control equipment. Ther-
mocouples generally can be subjected to much
greater temperatures than ordinary thermom-
eters, such as the mercury or alcohol types.

VOLTAGE PRODUCED BY ILIGHT

When light strikes the surface of a substance,
it may dislodge electrons from their orbits
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around the surface atoms of the substance, This
occurs because light has energy, the same as
any moving force,

Some substances, mostly metallic ones, are
far more sensitive to light than others. That is,
more electrons will be dislodged and emitted
from the surface of a highly sensitive metal,
with a given amount of light, than willbe emitted
from a less sensitive substance. Upon losing
electrons, the photosensitive (light sensitive)
metal becomes positively charged, and an elec-
tric force is created. Voltage produced in this
manner is referred to as ‘‘a photoelectric volt-
age.”’

The photosensitive materials most commonly
used to produce a photoelectric voltage are vari-
ous compounds of silver oxide or copper oxide.
A complete device which operates on the photo-
electric principle is referred to as a ‘‘photo-
electric cell.” There are many sizes and types
of photoelectric cells in use, each of which serves
the special purpose for which it was designed.
Nearly all, however, have some of the basic fea-
tures of the photoelectric cells shown in figure
2-22,

The cell (fig. 2-22 (A)) has a curved light-
sensitive surface focused on the central anode.
When light from the direction shown strikes the
sensitive surface, it emits electrons toward the
anode. The more intense the light, the greater
is the number of electrons emitted, Whena wire
is connected between the filament and the back,
or dark side, the accumulated electrons will flow
to the dark side. These electrons will eventually
pass through the metal of the reflector and re-
place the electrons leaving the light-sensitive
surface. Thus, light energy is converted to a
flow of electrons, and a usable current is de-
veloped.

The cell (fig. 2-22 (B)) is constructed in
layers. A base plate of pure copper is coated
with light-sensitive copper oxide. An additional
semitransparent layer of metal is placed over
the copper oxide. This additional layer serves
two purposes:

1. It is EXTREMELY thin to permit the pen-
etration of light to the copper oxide.

2. It also accumulates the electrons emitted
by the copper oxide.

An externally connected wire completes the
electron path, the same as in the reflector type
cell. The photocell’s voltage is utilized as needed
by connecting the external wires to some other
device, which amplifies (enlarges) it to a usable
level.
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Figure 2-21.—Voltage produced by heat,
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BE.23
Figure 2-22.—Voltuge produced by light,
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A photocell’s power capacity is very small.
However, it reactsto light-intensity variations in
an extremely short time. This characteristic
makes the photocell very useful in detecting or
accurately controlling a great number of proc-
esses or operations. For instance, the photo-
electric cell, or some form of the photoelectric
principle, is used in television cameras, auto-
matic manufacturing process controls, door
openers, burglar alarms, and so forth.

VOLTAGE PRODUCED
BY CHEMICAL ACTION

Up to this point, it has been shownthat elec-
trons may be removed from their parent atoms
and set in motion by energy derived from a
source of friction, pressure, heat, or light. In
general, these forms of energy do not alter the -
molecules of the substances being acted upon.
That is, molecules are not usually added, taken
away, or split-up when subjected to these four
forms of energy. Only electrons are involved,

When the molecules of a substance are al-
tered, the action is referred to as CHEMICAL.
For instance, if the molecules of a substance
combines with atoms of another substance, or
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gives up atoms of its own, the action is chemi-
cal in nature. Such action always changes the
chemical name and characteristics of the sub-
stance affected, For instance, when atoms of
oxygen from the air come in contact with bare
iron, they merge with the molecules of iron,
This iron is ‘‘oxidized.’’ It has changed chemi-
cally from iron to iron oxide, or ‘‘rust.’”’ Its
molecules have been altered by chemical action,
In some cases, when atoms are added to or
taken away from the molecules of a substance,
the chemical change will cause the substance to
take on an electric charge. The process of pro-
ducing a voltage by chemical action is used in
batteries and is explained in chapter 3.

VOLTAGE PRODUCED
BY MAGNETISM

Magnets or magnetic devices are used for
thousands of different jobs. One of the most use-
ful and widely employed applications of mag-
nets is in the production of vast quantities of
electric power from mechanical sources. The
mechanical power may be provided by anumber
of different sources, such as gasoline or diesel
engines, and water or steam turbines, However,
the final conversion of these source energies to
electricity is done by generators employing the
principle of electromagnetic induction. These
generators, of many types and sizes, are dis-
cussed in later chapters of this manual, The im-
portant subject to be discussed here is the fun-
damental operating principle of ALL such
electromagnetic-induction generators,

To begin with, there are three fundamental
conditions which must exist before a voltage can
be produced by magnetism, They are asfollows:

1, There must be a CONDUCTOR, in which
the voltage will be produced,

2. There must be a MAGNETIC FIELD in
the conductor’s vicinity,

3. There must be relative motion between
the field and the conductor. The conductor must
be moved so as to cut across the magnetic lines
of force, or the field must be moved so that the
lines of force are cut by the conductor.

In accordance with these conditions, when a
conductor or conductors MOVE ACROSS a mag-
netic field so as to cut the lines of force, elec-
trons WITHIN THE CONDUCTOR are impelled
in one direction or another. Thus, an electric
force, or voltage, is created.

In figure 2-23, note the presence of the three
conditions needed for creating an induced voltage:
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1. A magnetic field exists between the poles
of the C-shaped magnet.

2. There is a conductor (copper wire).

3. There is relative motion. The wire is
moved back and forth ACROSS the magnetic field.

In figure 2-23 (A), the conductor is moving
TOWARD the front of the page. This occurs be-
cause of the magnetically induced emf acting on
the electrons in the copper. The right-hand end
becomes negative, and the left-hand end positive,
The conductor is stopped (B), motion is elimi-
nated (one of the three required conditions), and
there is no longer aninduced emf. Consequently,
there is no longer any difference in potential
between the two ends of the wire. The conductor
at (C) is moving away from the front of the page.
An induced emf is again created. However, note
carefully that the REVERSAL OF MOTION has
caused a REVERSAL OF DIRECTION in the
induced emf.

If a path for electron flow is provided be-
tween the ends of the conductor, electrons will
leave the negative end and flow to the positive
end. This condition is showninpart (D). Electron
flow will continue as long as the emf exists. In
studying figure 2-23, it should be noted that the
induced emf could also have been created by
holding the conductor stationary and moving the
magnetic field back and forth.

The more complex aspects of power genera-
tion by use of mechanical motion and magnetism
are discussed in later chapters of this manual
under the heading ‘‘Generators.,’’

ELECTRIC CURRENT

The drift or flow of electrons through a con-
ductor is called electric current or electron flow,
During the early study of electricity, electric
current was erroneously assumed to be a move-
ment of electrons from a positive potential to a
negative potential. This assumption, termed
conventional current flow, is a concept that be-
came entrenched inthe minds of many scientists,
technicians, and writers. Consequently, con-
ventional current flow is indicated in many text-
books, and this concept of electron movement
should be realized. However, since this early
concept, it has been positively determined that
the direction of electron movement is from a
region of negative potential to a region of less
negative potential or more positive potential.
Various terms may be used in this manual and
other textbooks to describe current flow. The
terms current, current flow, electron flow,
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Figure 2-23.—-Voltage produced by magnetism.

electron current, etc., may be used to describe
the same phenomenon; however, the reader
should realize that regardless of the term used,
the movement of electrons will be from a nega-
tive potential to a positive potential.

Electric current is generally classified into
two generaltypes—direct current andalternating
current. Direct current flows in the same di-
rection whereas an alternating current period-
ically reverses direction, These two types of
current are discussed in greater detail later in
this manual.

In order to determine the amount (number)
of electrons flowing in a given conductor, it is
necessary to adopt a unit of measurement of
current flow, The term AMPERE is used to
define the unit of measurement of the rate at
which current flows (electron flow). The sym-
bol for current flow is I, Current flow is meas-
ured in amperes, The abbreviation for ampere
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is amp. One ampere may be defined as the flow
of 6.28 x 1018 electrons per second past a fixed
point in a conductor.

A unit quantity of electricity is moved through
an electric circuit when 1 ampere of current
flows for 1 second of time. This unit is equivalent
to 6.28 x 1018 electrons, and is calledthe COU-
LOMB. The coulomb is to electricity asthe gal-
lon is to water. The symbol for the coulomb is
Q. The rate of flow of current in amperes and
the quantity of electricity moved through a cir-
cuit are related by the common factor of time.
Thus, the quantity of electric charge, in cou-
lombs, moved through a circuit is equal to the
product of the current in amperes, I, and the
duration of flow in seconds, t. Expressed as an
equation, Q = It,

For example, if a current of 2amperes flows
through a circuit for 10 seconds the quantity of
electricity moved through the circuit is 2 x 10,
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or 20 coulombs. Conversely, current flow may
be expressed in terms of coulombs and time in
seconds. Thus, if 20 coulombs are moved through
a circuit in 10 seconds, the average current flow

is 39, or 2 amperes. Note that the current flow

10

in amperes implies the rate of flow of coulombs
per second without indicating either coulombsor
seconds. Thus a current flow of 2 amperes is
equivalent to a rate of flow of 2 coulombs per
second. Frequently, the ampere is much too
large a unit for practical utilization, Therefore,
the milliampere (ma), one-thousandth of anam-
pere (or the microampere, one-millionth of an
ampere), is used. The device used to measure
current is called an ammeter and is discussed
later in this manual.

RESISTANCE

Every material offers some resistance, or
opposition, to the flow of electric current through
it. Good conductors, such as copper, silver, and
aluminum, offer very little resistance. Poor
conductors, or insulators, such as glass, wood,
and paper, offer a high resistance to current
flow,

The size and type of material of the wires
in an electric circuit are chosen so as to keep
the electrical resistance as low as possible. In
this way, current can flow easily through the
conductors, just as water flows through the pipe
between the tanks in figure 2-19. If the water
pressure remains constant the flow of water in
the pipe will depend on how far the valve is
opened. The smaller the opening, the greater
the opposition to the flow, and the smaller will
be the rate of flow in gallons per second.

In the electric circuit, the larger the diameter
of the wires, the lower will be their electrical
resistance (opposition) to the flow of current
through them, In the water analogy, pipe friction
opposes the flow of water between the tanks.
This friction is similar to electrical resistance.
The resistance of the pipe to the flow of water
through it depends upon (1) the length of the pipe,
(2) the diameter of the pipe, and (3) the nature
of the inside walls (rough or smooth), Similarly,
the electrical resistance of the conductors de-
pends upon (1) the length of the wires, (2) the
diameter of the wires, and (3) the material of
the wires (copper, aluminum, etc.).

Temperature also affects the resistance of
electrical conductors to some extent. In most
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onductors er, alumin iron, etc.) the
resistance increases with temperature. Carbon
is an exception. In carbon thé registance de-

creases as temperature increases. Certain al-

loys of metals (manganin and constantan) have
resistance that does not change appreciably with
temperature.

The relative resistance of several conductors
of the same length and cross section is given in
the following list with silver as a standard of 1
and the remaining metals arranged in an order
of ascending resistance:

Silver.......c00.... 1.0
Copper..... e e e 1.08
Gold...... e e e s e e e 1.4
Aluminum ... . co.. 1.8
Platinum. .......... . 1.0
Lead ......... ee.o.. 13.5

The resistance in an electrical circuit is ex-
pressed by the symbol R. Manufactured circuit
parts containing definite amounts of resistance
are called RESISTORS. Resistance (R) is meas-
ured in OHMS. One ohm is the resistance of a
circuit element, or circuit, that permitsa steady
current of 1 ampere (1 coulomb per second) to
flow when a steady emf of 1 volt is applied to
the circuit.

CONDUCTANCE

Electricity is a study that is frequently ex-
plained in terms of opposites. The term that is
exactly the opposite of resistance is conductance.
Conductance (G) is the ability of a material to
pass electrons. The unit of conductance is the
Mho, which is ohm spelled backwards. Whereas
the symbol used to represent resistance is the
Greek letter omega (Q), the symbol ugedto rep-
resent conductance is the Greek letter\omega
upside down (). The relationship that exists
between resistance and conductance is the
reciprocal. A reciprocal of a number is ob-
tained by dividing the number into one. Interms
of resistance and conductance:

If the resistance of a material is known, di-
viding its value into one will give its conduct-
ance. Similarly, if the conductance isknown, di-
viding its value into one will give its resistance.



CHAPTER 3

BATTERIES

Batteries are widely used as sources of
direct-current electrical energy inautomobiles,
boats, aircraft, ships, portable electric/elec-
tronic equipment, and lighting equipment. In
some instances, they are used asthe only source
of power; while in others, they are used as a
secondary or standby power source.

A Dbattery consists of a number of cells
assembled in a common container and connected
together to function as a source of electrical
power,

CELL

A cell is a device that transforms chemical
energy into electrical energy. The simplest
cell, known as either a galvanic or voltaic
cell, is shown in figure 3-1. It consists of a
piece of carbon (C) and a piece of zinc (Zn)
suspended in a jar that contains a solution of
water (Hg0) and sulfuric acid (Hg9SOy4).

The cell is the fundamental unit of the bat-
tery. A simple cell consists of two strips, or
electrodes, placed in a container that holds the
electrolyte.

ELECTRODES

The electrodes are the conductors by which
the current leaves or returns to the electrolyte.
In the simple .cell, they are carbon and zinc
strips that are placed in the electrolyte; while
in the dry cell (fig. 3-2), they are the carbon
rod in the center and the zinc container in
which the cell is assembled.

EI ECTROLYTE

The electrolyte is the solution that acts
upon the electrodes which are placed in it,
The electrolyte may be a salt, an acid, or
an alkaline solution. In the simple galvanic
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cell and in the automobile storage battery, the
electrolyte is in a liquid form; while in the dry
cell, the electrolyte is a paste.

PRIMARY CELL

A primary cell is one in which the chemical
action eats away one of the electrodes, usually
the negative. When this happens, the electrode
must be replaced or the cell must be discarded.
In the galvanic type cell, the zinc electrode and
the liquid solution are usually replaced whenthis
happens. In the case of the dry cell, it is usually
cheaper to buy a new cell. Some primary cells
have been developed to the state where they
can be recharged.

SECONDARY CELL

A secondary cell is one in which the elec-
trodes and the electrolyte are altered by the
chemical action that takes place when the cell
delivers current. These cells may be restored
to their original condition by forcing anelectric
current through them in the opposite direction
to that of discharge. The automobile storage
battery is a common example of the secondary
cell.

BATTERY

As was previously mentioned, a battery con-
gists of two or more cells placed in a common
container. The cells are connected in series, in
parallel, or in some combination of series and
parallel, depending upon the amount of voltage
and current required of the battery. The con-
nection of cells in abatteryis discussedin more
detail later in this chapter. :

BATTERY CHEMISTRY

If a conductor is connected externally to the
electrodes of a cell, electrons will flow under
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Figure 3-1,—Simple voltaic cell.
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Figure 3-2.—Dry cell, cross-sectional view,

the influence of a difference in potential across
the electrodes from the zinc (negative) through
the external conductor to the carbon (positive),
returning within the solution to the zinc. After
"a short period of time, the zinc will begin to
waste away because of the ‘‘burning’’ action

of the acid. If zinc is surrounded by oxygen,
it will burn (become oxidized) as a fuel. In this
respect, the cell is like a chemical furnace in
which energy releasedby the zinc is transformed
into electrical energy rather than heat energy.

The voltage across the electrodes depends
upon the materials from which the electrodes
are made and the composition of the solution.
The difference of potential between carbon and
zinc electrodes in a dilute solution of sulfuric
acid and water is about 1.5 volts.

The current that a primary cell may deliver
depends upon the resistance of the entire cir-
cuit, including that of the cellitself. The internal
resistance of the primary cell depends upon the
size of the electrodes, the distance between

-them in the solution, and the resistance of the
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solution. The larger the electrodes and the
closer together they are in solution (without
touching), the lower the internal resistance of
the primary cell and the more current it is
capable of supplying to a load.

When current flows through a cell, the zinc
gradually dissolved in the solution and the acid
is neutralized. A chemical equation is sometimes
used to show the chemical action that takes
place. The symbols in the equation represent
the different materialsthat are used. The symbol
for carbon is C and zinc Zn. The equation
is quantitative and equates the number of parts
of the materials used before and after the zinc
is oxidized. As stated previously in chapter 2,
all matter is composed of atoms and molecules,
with the atom being the smallest part of an
element and the molecule the smallest part of
a compound.

A compound is a chemical combination of two
or more elements in which the physical
properties of the compound are different from
those of the elements comprising it. For
instance, a molecule of water (HZO) is composed
of two atoms of hydrogen (Hg) and one atom of
oxygen (O). Ordinarily, hydrogen and oxygen
are gases; but when combined, as stated above,
they form water, which normally is a liquid.
However, sulfuric acid (HySO4) and water (H20)
form a mixture (not a compound), because the
identity of both liquids is preserved when they
are in solution together.

When a current flows through a primary
cell having carbon and zinc electrodes and a
dilute solution of sulfuric acid and water, the
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chemical reaction that occurs can be expressed
as

Zn + H3S04 + HoO—=ZnSO4 + HyO + Hz}
discharge

The expression indicates that as current
flows, a molecule of zinc combines with a mole-
- cule of sulfuric acid to form a molecule of zinc

sulfate (ZnSO,) and a molecule of hydrogen (Hg).
The zinc sulfate dissolves in the solution and
the hydrogen appears as gas bubbles around
the carbon electrode. (A gas is designated by
the arrow pointing upward in the equation,)
As current continuesto flow, the zinc is gradually
consumed and the solution changes to zinc
sulfate and water. The carbon electrode does
not enter into the chemical changes taking place
but simply providesa return path for the current.
In the process of oxidizing the zinc, the
solution breaks up into positive and negative
ions that move in opposite directions through
the solution (fig. 3-1). The positive ions are
hydrogen ions that appear around the carbon
electrode (positive terminal). Theyare attracted
to it by the free electrons from the zinc that
are returning to the cell by way of the external
load and the positive carbonterminal. The nega-
tive ions are SO4 ions that appear around the
zinc electrode. Positive zinc ions enter the solu-
tion around the zinc electrode and combine with
the negative SO4 ions to form zinc sulfate
(ZnSO4), a grayish-white substance that dis-
solves in water. At the same time that the
positive and negative ions are moving in op-
'posite directions in the solution, electrons are
- moving through the external circuit from the
negative zinc terminal, through the load, and
" back to the positive carbon terminal, When
the zinc is used up, the voltage of the cell is
reduced to zero. There is no appreciable dif-
ference in potential between zinc sulfate and
carbon in a solution of zinc sulfate and water.

- Polarization

The chemical action that occurs in the cell
(fig. 3-1) while the current is flowing causes
hydrogen bubbles to form on the surface of the

positive carbon electrode in great numbers until ‘

the entire surface is surrounded. This action is
called polarization. Some of these bubbles rise
to the surface of the solution and escape into
- the air, However, many of the bubbles remain
until there isno room for any more to be formed.
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The hydrogen tends to set up an electro-
motive force in the opposite direction to that
of the cell, thus increasing the effective in-
ternal resistance, reducing the output current,
and lowering the terminal voltage.

A cell that is heavily polarized has no useful
output. There are several ways to prevent
polarization from occurring or to overcome it
after it has occurred. The very simplest method
might be to remove the carbon electrode and
wipe off the hydrogen bubbles. When the elec-
trode is replaced in the electrolyte, the emf
and current are again normal. This method
is not practicable because polarization occurs
rapidly and continuously in the simple voltaic
cell. A commercial form of voltaic cell, known
as the dry cell, employs a substance rich in
oxygen as a part of the positive carbon elec-
trode, which will combine chemically with the
hydrogen to form water, H9O. One of the best
depolarizing agents used is manganese dioxide
(MnO2), which supplies enough free oxygen to
combine with all of the hydrogen so that the
cell is practically free from polarization.

The chemical action that occurs may be ex-
pressed as

2Mn02 + H2—>Mn203 + H20

The manganese dioxide combines with the hydro-
gen to form water and a lower oxide of manga-
nese. Thus the counter emf of polarization does
not exist in the cell, and the terminal voltage and
output current are maintained normal.

Local Action

When the external circuit is opened, the cur-
rent ceases to flow, and theoretically  all
chemical action within the cell stops. However,
commercial zinc contains many impurities, such
as iron, carbon, lead, and arsenic. These im-
purities form many small cells within the zinc
electrode in which current flows between the
zinc and its impurities. Thusthe zinc is oxidized
even though the cell itself is an open circuit,
This wasting away of the zinc on open circuit
is called local action. For example, a small
local cell exists on a zinc plate containing
impurities of iron, as shown infigure 3-3. Elec-
trons flow between the zinc and iron and the
solution around the impurity becomes ionized.
The negative SO4 ions combine with the positive
Zn ions to form ZnSOy4. Thusthe acidis depleted
in solution and the zinc consumed.
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Figure 3-3.—Local action on zinc electrode.

Local action may be prevented by using
pure zinc (which is not practical), by coating
the zinc with mercury, or by adding a small
percentage of mercury to the zinc during the
manufacturing process. The treatment of the
zinc with mercury is called amalgamating
(mixing) the zinc. Since mercury is 13.6
times as heavy as an equal volume of water,
small particles of impurities having a lower
relative weight than that of mercury will rise
(float) to the surface of the mercury. The re-
moval of these impurities from the zinc prevents
local action. The mercury is not readily acted
upon by the acid; and even when the cell is
delivering current to a load, the mercury
continues to act on the impurities in the zinc,
causing them to leave the surface of the zinc
electrode and float tothe surface of the mercury.
This process greatly increases the life of the

primary cell.

TYPES OF BATTERIES

The development of new and different types
of batteries in the past decade has been so
rapid that it is virtually impossible to have a
complete knowledge of all of the various types
currently being developed or now in use. A
few recent developments are the silver-zinc,
nickel-zine¢, nickel-cadmium, silver-cadmium,
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magnesium-magnesium perchlorate, mercury,
thermal, and water-activated batteries.

The lead-acid battery has been in service
for a relatively long period of time; however,
there are still various improvements being
incorporated into the battery to improve its
efficiency and life span. The material presented
in this chapter, though not all inclusive, pro-
vides the reader with a knowledge of various
types of batteries.

DRY (PRIMARY) CELL

The dry cell is so calledbecause its electro-
lyte is not in a liquid state. Actually, the elec-
trolyte is a moist paste. If it shouldbecome dry,
it would no longer be able totransform chemical
energy to electrical energy. The name dry cell,
therefore, is not strictly correct in a technical
sense.

Construction of the Dry Cell

The construction of a common type of dry
cell is shown in figure 3-4. The internal parts
of the cell are located in a cylindrical zinc
container. This zinc container serves as the
negative electrode of the cell. The container
is lined with a nonconducting material, such
as blotting paper, to insulate the zinc from the
paste. A carbon electrode is located in the
center, and it serves as the positive terminal
of the cell. The paste is a mixture of several
substances. Its composition may vary, depend-
ing on its manufracturer. Generally, however,
the paste will contain some combination of the
following substances: ammonium chloride (sal
ammoniac), powdered coke, ground carbon,
maganese dioxide, zinc chloride, graphite, and
water.

This paste, which is packed in the space
between the carbon and the blotting paper, also
serves to hold the carbon electrode rigid in the
center of the cell. When packing the paste in
the cell, a small expansion space is left at
the top. The cell is then sealed with asphalt-
saturated cardboard.

Binding posts are attached to the elctrodes
so that wires may be conveniently connected
to the cell.

Since the zinc container is one of the elec-

‘trodes, it must be protected with some insulating

material. Therefore, it is common practice for
the manufacturer to encluse the cells in card-
board containers.
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Figure 3-4.—Cutaway view of the general-purpose dry cell.
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Chemical Action of the Dry Cell

The dry cell (fig. 3-4) is fundamentally the
same as the simple voltaic cell (wet cell)
described earlier, asfarasitsinternal chemical
action is concerned. The action of the water
and the ammonium chloride in the paste, together
with the zinc and carbon electrodes, produces
the voltage of the cell. The manganese dioxide
is added to reduce the polarization when line
current flows and zinc chloride reduces local
action when the cell is idle. The blotting paper
(paste coated pulpboard separator) serves two
purposes, one being to keep the paste from mak-
ing actual contact with the zinc container and
the other being to permit the electrolyte to
filter through to the zinc slowly. The cell is
sealed at the top to keep air from entering
and drying the electrolyte. Care should be taken
to prevent breaking this seal.

Rating of the
Standard Size Cell

One of the popular sizes in general use is
the standard, or No. 6, dry cell. It is approxi-
mately 2 1/2 inches in diameter and 6 inches
in length, The voltage is about 1 1/2 volts
when new but decreases as the cell ages. When
the open-circuit voltage falls below 0.75 to 1.2
volts (depending upon the circuit requirements),
the cell is usually discarded. The amount of
current that the cell can deliver, and still
give satisfactory service, depends upon the
length of time that the current flows. For
instance, if a No. 6 cell is to be used ina
portable radio, it is likely to supply current
constantly for several hours, Under these con-
ditions, the current should not exceed 1/8
ampere, the rated constant-current capacity
of a No. 6 cell. If the same cell is required
to supply current only occasionally, for only
short periods of time, it could supply currents of
several amperes without undue injuryto the cell.
A s the time duration of each discharge decreases,
the interval of time between discharges in-
creases, the allowable amount of current avail-
able for each discharge becomes higher, up to
the amount that the cell will deliver on short
circuit.

The short-circuit current test is another
means of evaluating the condition of a dry
cell. A new cell, when short circuited through
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an ammeter, should supply not less than 25
amperes. A cell that has been in service
should supply at least 10 amperes if it is to
remain in service.

Ratihg of the Unit Size Cell

A popular size of dry cell, the size D,
is 1 3/8 inches in diameter and 2 3/4 inches
in length. It is also known as the unit cell.
The size D cell voltage is 1.5 volts when new.
A discharged cell may expand, allowing the elec-
trolyte to leak and cause corrosion. Some
manufacturers place a steel jacket around the
zinc container to prevent this action,

Shelf Life

A cell that is not being used (sitting on
the shelf) will gradually deteriorate because
of slow internal chemical actions (local ac-
tion) and changes in moisture content, How-
ever, this deterioration is usually very slow
if cells are properly stored. Highgrade cells
of the larger sizes should have a shelf life
of a year or more. Smaller size cells have a
proportionately shorter shelf life, ranging down
to a few months for the very small sizes. If
unused cells are stored in a cool place, their
shelf life will be greatly increased; therefore,
to minimize deterioration, they should be stored
in refrigerated spaces (10° F to 35° F) that
are not dehumidified (dry).

MERCURY CELLS

With the advent of the space program and
the development of small transceivers and
miniaturized equipment, a power source of
miniaturized size was needed. Such equipment
requires a small battery which is capable of
delivering maximum electrical capacity per
unit volume while operating invarying tempera-
tures and at a constant discharge voltage.
The mercury battery, which is one of the
smallest batteries, meets these requirements,

Present mercury batteries are manufactured
in three basic structures. The wound anode
type (fig. 3-5) (A)) has its anode composed of
a corrugated zinc strip with a paper absorbent
wound in an offset manner so that it protrudes
at one end. The zinc is amalgamated (mixed)
with mercury (10 percent), and the paper is
impregnated with the electrolyte which causes
it to swell and produce a positive contact
pressure,
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Figure 3-5.—Mercury cells,

In the pressed powder cells (fig. 3-5 (B) and
(C)), thgyzinc powder is preamalgamated prior
to pressing into shape; its porosity allows elec-
trolyte impregnation with oxidation in depth when
current is discharged. A double can structure is
used in the larger sized cells. The space between
the inner and outer containers provide passage
for any gas generated by an improper chemical

balance or impurities present within the cell.
The construction is such that, if excessive gas
pressures are experienced, the compression of
the upper part of the grommet by internal pres-
sure allows the gas to escape into the space
between the two cans. A paper tube surrounds the
inner can so that any liquid carried by dis-
charging gas will be absorbed, maintaining a
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leak resistant structure. Release of excessive
gas pressure automatically reseals the cell.

NOTE: Mercury batteries have beenknown to
explode with considerable force when shorted.
Caution should be exercised to insure that the
battery is not accidentally shorted.

The overall chemical action by which the
mercury cell produces electricity isgiven by the
following chemical formula:

Zn +H90 +HgO——=Zn0O + H20 +Hg

This action, the same as in other type cells,
is a process of oxidation. The alkaline elec-
trolyte is in contact with the zinc electrode.
The zinc oxidizes (Zn changes to ZnO), thus
taking atoms of oxygen from water molecules
in the electrolyte. This leaves positive hydro-
gen ions, which move toward the mercuric
oxide pellet, causing polarization. These hy-
drogen ions take oxygen from the mercuric
oxide (thus changing HgO to Hg). Where one
molecule of water is destroyed at the negative
electrode, one molecule is produced at the po-
sitive electrode, maintaining the net amount of
water constant, By absorbing oxygen, the zinc
electrode accumulates excess electrons, making
it negative. By giving up oxygen, the mercuric
oxide electrode loses electrons, making it posi-
tive. In the discharged state, the negative elec-
trode is zinc oxide, and the positive electrode
is ordinary mercury.

RESERVE CELL

A reserve cell is one in which the elements
are kept dry until the time of use; the electro-
lyte is then admitted and the cell starts pro-
ducing current, In theory, this means that a
reserve cell should be able to be stored for an
indefinite period of time before it is activated.

One new reserve cell (fig. 3-6) is the alka-
line manganese cell of the standard D size
(flashlight battery). This reserve cell exhibits a
high efficiency over a wide temperature range
and is capable of momentary high current pulses
in the range of 12 to 15 amperes.

The reserve cell is manufactured in a dry
state, the electrolyte being containedina plastic
vial within the cell. When stored inthis manner,
the cell has a shelf life capability of over 10
years. To activate the cell, the activating me-
chanism is rotated 35° in either direction. This
releases a spring-loaded plunger which breaks
the plastic vial of electrolyte. Continued
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BE. 30
Figure 3-6.—Reserve cell.

rotation permits the activating mechanism tobe
removed and discarded, resulting in a D size
cell. A safety device is incorporated to prevent
accidental activation during handling and transit.

Activation time is approximately 2 seconds
when the cell is not under load. When under a 4-
ohm load, the activation time (toreacha 1.35-volt
level) is less than 5 seconds at 70° F and less
than 30 seconds at 30° F.

The cell has been designed so that it is not
position-sensitive during either the activation
or the discharge period, and aiter activation can
be handled and used as a standard D cell. After
activation, shelf life of the reserve cell is ap-
proximately 2 years lessthanthat of the standard
alkaline manganese cell.

Reserve cells are used for emergency light-
ing and communications equipment, military
ordnance devices, and in any other use where
long storage ability is of prime importance.

COMBINING CELLS

In many cases, a battery-powered device
may require more electrical energy than one
cell can provide. The device may require either
a higher voltage or more current, and in some
cases both, Under such conditions it isnecessary
to combine, or interconnect, a sufficient number
of cells to meet the higher requirements, Cells
connected in series provide a higher voltage,
while cells connected inparallel provide a higher
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current capacity.. To provide adequate power
when both voltage and current requirementsare
greater than the capacity of one cell, a com-
bination series-parallel network of cells must
be interconnected. .

Series Connected Cells

Assume that a load requires a power supply
with a potential of 6 volts anda current capacity
of 1/8 ampere. Since a single cellnormally sup-
plies a potential of only 1.5 volts, morethan one
cell is obviously needed. To obtain the higher
potential, the cells are connected in series as
shown in figure 3-7 (A).

In a series hookup, the negative electrode of
the first cell is conpected to the positive elec-
trode of the second cell, the negative electrode
of the second ta the posmve of the third, etc.
The positive electrode of the first celland nega-
tive electrode of the last cell then serve as the
power takeoff terminals of the battery. In this
way, the’ potentlal is boosted 1.5 volts by each
cell in the series line. There are four cells,
so the outputterminal voltageis1.5x4=6 volts.
When connected to the load, 1/8 ampere flows
through ‘the load and each cell of the battery.
This is withm the capacity of each cell. There-
fore, only four series-connected cells are needed
to supply this particular load.

+ (A) -
- - + -
' 4m
LOAD
+%AMP
i
evoLts (B)
BE. 31

Figure 3-7.—(A) Pictorial view of series
connected cells; (B) schematic of series
connection, :
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Parallel Connected Cells

In this case, assume an electrical load re-
quires only 1.5 volts, but will draw 1/2 ampere
of current.'(Assume that a cell will supply only
1/8 ampere.) To meet this requirement, the cells
are connected in parallel, as 'shown' in figure
3-8-(A). In.a parallel tonnettion, "all positive
cell electrodes are coﬂnected to one lid€, and
all negative electrodes are’ “connécted to the
other. No more than one cell is connected be-
tween ‘the lines at- any one point; so the poten-
tial between the lines is the same as that of
one cell, or 1,5 volts. However, each cell may
contribute its maximum allowable current of 1/8
ampere to the line. There are four cells, so
the total line current is 1/8 x 4 ='1/2 ampere,
Hence, four cells in parallel have enough ca-
pac1ty to supply a load’ requirmg 1/2 anipere
at 1.5 volts.

Ser1es Parallel Connected Cells

Figure 3-9 depicts a batterynetwork supply-
ing power to a load requiring both a voltage and
current greater than one cell can provide. To
provide the required 4.5 volts, groups of three
1.5-volt cells are connected in series. To pro-
vide the required 1/2 ampere of currént, four
series groups are connected in parallel, each
supplying 1/8 ampere of current.

(8) -
e . BE. 32
Figure 3-8.—(A) Pictorial view of parallel-

connected cells; (B) - schematic of parallel
) correctlon.
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Figure 3-9.~Series-parallel connected cells,

SECONDARY (WET) CELLS

Secondary cells function on the same basic
chemical principles as primary cells. They dif-
fer mainly in thatthey maybe recharged, where-
as the primary cell is not normally recharged.
(As mentioned earlier, some primary cellshave
been developed to the state where they may be
recharged.) Some of the materials of a primary
cell are consumed in the process of changing
chemical energy to electrical energy. In the
secondary cell, the materials are merelytrans-
ferred from one electrode to the other asthe cell
discharges. Discharged secondary cells may be
restored (charged) to their original state by
forcing an electric current from some other
source through the cell in the opposite direction
to that of discharge.

The storage battery consists of a number of
secondary cells connected in series. Properly
speaking, this battery does not store electrical
energy, but is a source of chemical energy which
producés electrical energy. There are various
types of storage cells—the lead-acidtype, which
has an emf of 2.2 volts per cell; the nickel-iron
alkali type; the nickel-cadmium alkali type, with
an emf of 1.2 volts per cell; and the silver-zinc
type, which has an emf of 1.5 volts per cell. Of
these types, the lead-acidtype isthe most widely
used, and is described first.

LEAD-ACID BATTERY

‘The lead-acid battery is an electrochemical
device for storing chemical energy until it is
released as electrical energy. Active materials
within the battery react chemically to producea
flow of direct current whenever current con-
suming devices are connected to the battery
terminal posts. This current is produced by
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chemical reaction between the active material
of the plates (electrodes) and the electrolyte
(sulfuric acid). The lead-acid battery is used
extensively throughout the world, Thepartsof
a lead-acid battery are illustrated in figure
3-10 and are discussed in the following para-
graphs,

BATTERY CONSTRUCTION

A lead-acid battery consists of a number of
cells connected together, the number needed
depending upon the voltage desired. Each cell
produces approximately 2 volts,

A cell consists of a hard rubber, plastic,
or bituminous material compartment into which
is placed the cell element, consisting of two
types of lead plates, known as positive and
negative plates, (See fig. 3-11.) These plates
are insulated from each other by suitable
separators (usually made of plastic, rubber,
or glass) and submerged in a sulfuric acid
solution (electrolyte).

There are a variety of plates used in the
lead-acid battery—pasted plates, spun-lead
(Plante) plates, Gould plates, and ironclad plates.
These plates are each designed to fulfill
a specific purpose. The most commonly used
plates (the pasted plates) are discussed briefly.

The pasted plates are formed by applying
lead-oxide pastes to a grid (fig. 3-12) made of
lead-antimony alloy. The grid is designed to
give the plates mechanical strength, hold the
active material in place, and provide adequate
conductivity for the electric current created by
the chemical action. The active material (lead
oxide) is applied to the grids in paste form and
allowed to dry. The plates are then put through
an electrochemical process that converts the
active material of the positive plates into lead
peroxide, and that of the negative plates into
sponge lead. This action is caused by im-
mersing the plates in electrolyte and passing
a current through them in the proper direction,
This type of plate is relatively light in weight
compared to the other plates that are more rug-
ged and durable in construction.

After the plates have been formed, they are
built into positive and negative groups. The
negative group of plates always has one more
plate than the positive group so that both sides
of the positive plates are acted upon chemically.
This keeps the expansion and contraction that
takes place in the positive plates the same on
both sides and prevents buckling. These groups
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Figure 3-10.—Lead-acid battery construction.

are then assembled together with separators to
become cell elements. The separators are
grooved vertically on one side and smooth on
the other. The grooved side is placed next
to the positive plate to permit free circulation
7/ of the electrolyte around the active material.

The positive plates which are lead peroxide
and the negative plates which are spongy lead
are referred to as the active material of the
battery. However, these materials alone in a
coatainer will cause no chemical action unless
there is a path for interaction between them.
To provide this path for interaction andto carry
the electric current within the battery are the
functions of the electrolyte.

A Dbattery container is the receptacle for
the cells that make up the battery. Most con-
tainers are made from hard rubber, plastic,
or bituminous composition that is resistant
to acid and mechanical shock, and is able to

DAcITI\V/IE | U o] AT‘IVE

CELL ELEMENT withstand extreme weather conditions. Most
PARTLY ASSEMBLED batteries are assembled in a one-piece con-

BE.35 tainer with compartments for each individual
Figure 3-11,—Plate arrangement, cell. The bottom of the con‘ainer has ribs
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BE.36
Figure 3-12,—Grid structure.

molded into it to provide support for the ele-
ments and a sediment space for the flakes
of active material that drop off the plates during
the life of the battery.

The battery or cell covers and the battery
container are usually made of the sam= material.
The cell covers provide openings for the two-
element terminals and a vent plug.

Cell connectors are used to connect the
cell of a battery in series. The element in
each cell is placed so that the negative terminal
of one cell is physically located adjacent to the
positive terminal of the next cell; they are con-
nected both physically and electrically by a cell
connector. Connectors must be of sufficient size
to carry the current demands of the battery
without over-heating.

Vent plugs are made of various designs to
function in conjunction with the cover vent
openings to permit the escape of gases that
form within the cells while preventing leakage
or loss of the electrolyte. A typical vent plug
used in an automobile battery is depicted in
figure 3-10.

Some batteries utilize a nonspill type of vent
pluz which makes it possible to place the bat-
tery in any position without loss of the electro-
lyte. (See fig. 3-13.) This type vent plug has
found wide use in aircraft.

Sealing compound, generally made of a
bituminous substance, is used to form a seal
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Figure 3-13.—Nonspill vent plugs.

between the cell cover and the container. The
compound is an acid resistant material that must
conform to rigid vibration and heat standards.
This insures that the sealing compound doss not
melt or flow at summer temperatures and does
not crack at winter temperatures. Batteries
with a polystyrene jar use a polystyrene cement
as a sealer,

The terminals of a lead-acid battery are
normally distinguishable from one another by
their physical size and the marking by the
manufacturer, The positive terminal marked
(+) is slightly larger than the negative terminal
marked (-). '

BATTERY OPERATION

In its charged condition, the active materials
in the lead-acid battery are lead peroxide (used
as the positive plate) and sponge lead (used
as the negative plate). The electrolyte is a
mixture of sulfuric acid and water. The strength
(acidity) of the electrolyte is measured in
terms of its specific gravity. Specific gravity
is the ratio of the weight of a given volume
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of electrolyte to an equal volume of pure water.
Canentrated sulfuric acid hasa specific gravity
of ‘about 1.830; pure water has a specific gravity
of 1,000, The acid and water are mixed in a
proportion to give the specific gravity desired.
For ‘example, 'an electrolyte with a specific
gravity of 1.210 requires roughly one part of
concerntrated acid to four parts of water. .

" In 4 fully charged battery, the positiveplates

are pure lead peroxide and the negative plates
dre pure lead. Also, in a fully charged battery,
all acid is in the electrolyte so that the specific
gravity is at its maximum value. The active
materials of both the positive andnegative plates
ate porous, and have absorptive qualities similar
toa ‘sponge. '
- The poresare therefore filled with the battery
solution " (electrolyte) in which they are im-
mersed. As the battery discharges, the acid
in contact with the plates separates from the
electrolyte. It forms a chemical combination
with the active material of the plate, changing
it to lead sulfate. Thus, as the discharge .con-
tinues, lead sulfate forms on the plates, and
‘more -acid is taken from the electrolyte. The
water content of the electrolyte becomes pro-
‘gressively higher; that is, the ratio of water
to acid increases. As a result, the .specific
gravity of the electrolyte will gradually de-
crease during discharge. _

‘When the battery is being charged the
reverse takes place. The acidheld inthe sulfated
plate material isdrivenback into the electrolyte;
further charging cahnot raise its specific gravity
any higher. When fully tharged, the material of
the positive plates s igain pure lead peroxide
-and-that of the negative plates is pure lead.

Electrical energy is derived from a cell
when -the plates react with the electrolyte. As
a molegule of sulfuric atid separates, part of
it combines ‘With the negative sponge lead plates.
Thus, it thakes the. sponge lead plates negative,
and at the 'same time forms lead sulfate, The
remainder of the sulfuric acid molecule, lacking
electrons, Has thus become a positive ion, The
‘positive ions migrate through the electrolyte
to the opposite (lead peroxide) plates, and take
electrons from them. This. action neutralizes

“the positive ions, forming ordinary water. It
also makes the lead peroxide plates positive,
by taking electrons from themm. Again, lead
sulfate is formed in the process.

The action just described is represented in
more detail by the following chemical equa-
tion:

46

discharging
Pb +. Pb03+ 2H2$04== 2PbSOy4 + 2H20

The "left side of the expressmn represents'the
cell- in the charged conditioni and the right
rep‘rbsente ‘the cell in the dlscharged 0
tiom: i
~In the charged condlttcm, the- posﬂuvé plate
contains Jead peroxide, PbOg; the negativé;plate
is composed of sponge lead,.Pb; and the, golu-
tion contains sulfuric acid, HzSO4. In::the
discharged. condition, both plates contain-had
sulfate, . PbSO4; and, the solution containg water,
H9O0. As the discharge progresses, the acid
content “of the electrolyte becomes less and
less because it is used in forming 1ead sulfate,
and the specific gravity of the ele&rotyt’e der
creases.. A point is reached. whene.so‘much
of the active material has been converted into
lead sulfate that the cell can no longer préduce
sufﬁcient current. to be’ of practical value,
At "this point the -cell is said "to be discharged
(fig, 3-14 (C)). Sirce the*amount of sulfuric
acid combining with the plates. at any -time
during discharge is in direct proportion’ to
the ampere-hours (product of current in amperes
and time in hour's) of d15charge, “the specific
gravity' of the “electrolyte is.:a ‘guide’-if:de-
termining. the state of discha.rge of xhe lead-
acid cell.

If the discharged celt 'is properly ‘con-
nected to a diréct-current charging source (the
voltage of which is slightly higher than that of

‘the cell), current will flow through the cell,

in the opposite direction to.that of- dxscharge,
and the cell is saidtbbe charging (fig. 3-14 (D)).
The effect of the current will be to,change
the lead sulfate on both the positive and negative
plates back to its original active form of lead
peroxide and sponge lead, respectively. At
the same time, the sulfate is restored to the
electrolyte with the result that the specific
gravity of the electrolyte increases. When all
the sulfate has been restored to the electrolyte,
the specific gravity will be maximum, The cell
is then fully charged and is ready to be dis-
charged again, :

It should always be remembered that the

iaddltlon of sulfuric acid to a discharged lead-

acid cell does not recharged the cell. Adding
acid only increases the specific gravity of the
electrolyte and does not convert the lead sulfate
on the plates back into active material (sponge
lead and lead peroxide), and consequently does
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- Figure 3-14.—Chemical action inlead-acid cell.

not bring the cell back to a charged condition. A
charging current must be passed through the cell
to do this. -

-As a tell cliarge nears completion, hydrogen
gas (H,) is liberated at the negative plate and
okykeh gas (O2) is liberated at the positive
plate. This action occurs because the charging
turrent. is greater than the amount that is
necessax‘y tb teduce the small remaining amount
of lead Sulfate on the plates. Thus, the excess
current ionizes the water inthe electrolyte This
action is necessary to assure full charge to the
cell,

SPECIFIC GRAVITY

The ratio of the weight of a certain volume
of liquid to the weight of the same volume of
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water is called the specific gravity of the liquid.
The specific gravity of pure water is .1.000.
Sulfuric acid has a specific gravity of 1.830;
thus sulfuric acid is 1.830 times as heavy as
water. The specific gravity of a mixture of
sulfuric acid and water varies with the strength
of the solution from 1.000 to 1.830.. ., :

As a storage battery discharges, the sulfuric
acid is depleted and the electrolyte is gradually
converted into water. This action provides .a
guide in determining the state -of discharge
of the lead-acid cell. The electrolyte that is
usually placed in a lead-acid battery has a
specific gravity of 1.350 or less. Generally,
the specific gravity of the electrolyte in standard
storage batteries is adjusted between 1.210
and 1.220. On the other hand the specific
gravity of the electrolyte in submarine bat-
teries when charged is from 1,250 to 1.265,
while in aircraft batteries when fully charged
it is from 1.285 to 1.300.

Hydrometer

The specific gravity of the electrolyte is
measured with a hydrometer. In the syringe
type hydrometer. (fig. 3-15), part of the battery
electrolyte is drawn up into a glass tube by
means of a rubber bulb at the top.

The hydrometer float consists of a hollow
glass tube weighted at one end and sealed at
both ends. A scale calibrated in specific gravity
is laid off axially along the body (stem) of the
tube., The hydrometer float is placed inside
the glass syringe and the electrolyte to be
tested is drawn up intp the syringe, thus im-
mearsing the hydrometer float into the solution.
When the syringe is held approximately in a
vertical position, the hydrometer float will sink
to a certain level in the electrolyte. The extent
to which the hydrometer stem protudes above
the level of the liquid depends upon the specific
gravity of the solution. The reading on the stem
at the surface of the liquid is the specific
gravity of the electrolyte in the syringe.

The Navy uses two types of hydrometer
bulbs, or floats, each having a different scale.
The type-A hydrometer is used with sub-
marine batteries and has two different floats
with scales from 1.960 to 1.240 and from
1,120 to 1.300. The type-B hydrometer is
used with portable storage batteries and air-
craft batteries. It has a scale from 1, 100 to
1,300.
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BE.39
Figure 3-15.—Type-B hydrometer.

CAUTION: Hydrometers should be flushed
daily with fresh water to prevent inaccurate
readings, Storage battery hydrometers must
not be used for any other purpose.
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Corrections

The specific gravity of the electrolyte is
affected by its temperature. The electrolyte ex-
pands and becomes less dense when heated and
its specific gravity reading is lowered. On the
other hand, the electrolyte contracts:and-be-
comes denser when cooled and its- specific
gravity reading is raised. In both cases the
electrolyte may be from the same fully charged
storage cell. Thus, the effect of température
is to distort the readings. : ’ o

Most standard storage batteries use 80 F
as the normal temperature to which specific
gravity readings are corrected. To correct
the specific gravity reading of a storage bat-
tery, add 4 points to the reading for each 10°
F above 80° and subtract 4 points for each
10°F below 80°. The electrolyte in a cell should
be at the normal level when the’ reading is
taken. If the level is below normal, there will
not be sufficient fluid drawn into the tube to
cause the float to rise. If the level is above
normal there is too much water, the electrolyte
is weakened, and the reading is too low. A
hydrometer reading is inaccurate if taken im-
mediately after water isadded, because the water
tends to remain at the top of the cell. When
water is added, the battery should be charged
for at least an hour to mix to electrolyte
before a hydrometer reading is taken,

Adjusting Specific Gravity

Only authorized personnel should add acidto
a battery. Acid with a specific gravity above
1,350 is never added to a battery.

If the specific gravity of a cell is more
than it should be, it can be reduced to within
limits by removing some of the electrolyte and
adding distilled water. The battery is charged
for 1 hour to mix the solution, and then hydro-
meter readings are taken, The adjustment is
continued until the desired true readings are
obtained.

MIXING ELECTROLYTES

The electrolyte of a fully charged battery
usually contains about 38 percent sulfuric
acid by weight, or about 27 percent by volume.
In preparing the electrolyte, distilled water
and sulfuric acid are used. New batteries may
be delivered with containers of concentrated
sulfuric acid of 1.830 specific gravity or elec-
trolyte of 1.400 specific gravity, both of which
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must be diluted with distilled water to make
electrolyte of the proper specific gravity. The
container used for diluting the acid should be
made. . of glass, earthenware, rubber, or lead.

When mixing electrolyte, ALWAYS POUR
ACID INTO WATER~—never pour water intoacid.
Pour the acid slowly and cautiously to prevent
excessive heating and splashing. Stir the solu-
tion continuously with a nonmetallic rod to mix
the heavier acid with the lighter water and to
keep the acid from sinking to the bottom. When
concentrated acid is diluted, the solution be-
comes very hot,

TREATMENT OF ACID BURNS

If acid or electrolyte from a lead-acid battery
comes into contact with the skin, the affected
area should be washed as soon as possible with
large quantities of fresh water, after which a
salve such as petrolatum, boric acid, or zinc
ointment should be applied. If none of these
salves are available, clean lubricating oil will
suffice, When washing, large amounts of water
should be used, since a small amount of water
might do more harm than good in spreading the
acid burn,

Acid spilled on clothing may be neutralized
with dilute ammonia or a solution of baking soda
and water.

CAPACITY

The capacity of a battery is measured in
ampere-hours. As mentioned before, the
ampere-hour capacity is equal to the product
of the current in amperes and the time in
hours during which the battery is supplying
this current. The ampere-hour capacity varies
inversely with the discharge current, The size
of a cell is determined generally by itsampere-
hour capacity. The capacity of a cell depends
upon many factors, the most important of these
are as follows:

1, The area of the plates in contact with
the electrolyte.

2. The quantity and specific gravity of the
electrolyte.

3. The type of separators.

4, The general condition of the battery (de-
gree of sulfating, plates buckled, separators
warped, sediment in bottom of cells, etc.).

5. The final limiting voltage.
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RATING

Storage batteries are ratedaccording to their
rate of discharge and ampere-hour capacity.
Most batteries, except aircraft and some used
for radio and sound systems, are rated ac-
cording to a 20-hour rate of discharge—that is,
if a fully charged battery is completely dis-
charged during a 20-hour period, it is discharged
at the 20-hour rate. Thusifabattery can deliver
20 amperes continuously for 20 hours, the battery
has a rating of 20 x 20, or 400 ampere-hours.
Thus the 20-hour rating is equal to the average
current that a battery is capable of supplying
without interruption for an interval of 20 hours.
(NOTE: Aircraft batteries are rated according
to a l-hour rate of discharge.) Some other
ampere-hour ratings used are 6-hour and 10-
hour ratings.

All standard batteries deliver 100 percent
of their available capacity if discharged in 20
hours or more, but they will deliver less than
their available capacity if discharged at a
faster rate. The faster they discharge, the less
ampere-hour capacity they have.

The low-voltage limit, as specified by the
manufacturer, is the limit beyond which very
little useful energy can be obtained from a
battery. For example, at the conclusion of a
20-hour discharge test on a battery, the closed-
circuit voltmeter reading is about 1.75 volts
per cell and the specific gravity of the electro-
lyte is about 1.060. At the end of a charge,
its closed-circuit voltmeter reading, while the
battery is being charged at the finishing rate,
is between 2.4 and 2.6 volts per cell. The
specific gravity of the electrolyte corrected to
80°F is between 1.210 and 1.220. In climates
of 40°F and below authority may be granted
to increase the specific gravity to 1.280. Other
batteries, of higher normal specific gravity,
may also be increased.

TEST DISCHARGE

The test discharge is the best method of
determining the capacity of a battery. Most
battery switchboards are provided with the
necessary equipment for giving test discharges.
If proper equipment is not available, a tender,
repair ship, or shore station may make the
test. To determine the battery capacity, a
battery is normally given a test discharge
once every 6 months. Test discharges are also
given whenever any cell of a battery after
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charge cannot be brought within 10 points of
full charge, or when one or more cells is
found to have less than normal voltage after an
equalizing charge.

A test discharge must always be preceded
by an equalizing charge. Immediately after the
equalizing charge, the battery is discharged
at its 20-hour rate until either the total bat-
tery voltage drops to a value equal to 1,75
times the number of cells in series or the
voltage of any individual cell drops to 1.65
volts, whichever occurs first. The rate of
discharge should be kept constant throughout
the test discharge. Because standard batteries
-are rated at the 20-hour capacity, the discharge
rate for a 200 ampere-hour battery is 200/20,
or 10 amperes. If the temperature of the electro-
'lyte at the beginning of the charge isnot exactly
80° F, the time duration of the discharge must
be corrected for the actual temperature of the
battery.

A battery of 100-percent capacity discharges
at its 20-hour rate for 20 hours before reach-
ing its low-voltage limit. If the battery or one
of its cells reaches the low-voltage limit be-
fore the 20-hour period has elapsed, the dis-
charge is discontinued immediately and the per-
centage of capacity is determined from the
equation

E&
Ht x 100
where C is the percentage of ampere-hour capa-
city available, Hathe total hours of discharge,
and H; the total hours for 100-percent capacity.
The date for each test discharge should be
recorded on the ‘storage battery record sheet.

For example, a 200-ampere-hour 6-volt
battery delivers an average current of 10
amperes for 20 hours. At the end of this
period the battery voltage is 5.25 volts. On
a later test the same battery delivers an aver-
age current of 10amperes for only 14 hours. The
discharge was stopped at the end of this time
because the voltage of the middle cell was
found to be only 1.65 volts. The percentage of
% x 100, or 70
percent, Thus, the ampere-hour capacity of
this battery is reduced to 0.7 x 200 = 140
ampere hours.

STATE OF CHARGE

After a battery is discharged completely
from full charge at the 20-hour rate, the specific

c=

capacity of the battery is now
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gravity has dropped about 150 points to about
1,060. The number of points that the specific
gravity drops per ampere-hour can be de-
termined for each type of battery. For each
ampere-hour taken out of a battery a definite
amount of acid is removed from the electrolyte
and combined with plates.

For example, if a battery is discharged
from full charge to the low-voltage limit at
the 20-hour rate and if 100 ampere-hours are
obtained with a specific gravity drop of 150

points, there is a drop of isTg’ or 1.5 points

per ampere-hour delivered., If the reduction
is specific gravity per ampere-hour is known,
the drop in specific gravity for this battery
may be predicted for any number of ampere-
hours delivered to a load. For example, if 70
ampere-hours are delivered by the battery at
the 20-hour rate or any other rate or collection
of rates, the drop in specific gravityis 70 x 1.5,
or 105 points.

Conversely, if the drop in specific gravity
per ampere-hour and the total drop in specific
gravity are known, the ampere-hours delivered
by a battery may be determined. For example,
if the specific gravity of the previously con-
sidered battery is 1.210 when the battery is
fully charged and 1,150 when it is partly dis-
charged, the drop in specific gravity is 1,210 -
1,150, or 60 points, and the number of ampere-

hours taken out of the battery is 2—05, or 40

ampere-hours. Thus the number of ampere-
hours expended in any battery discharge can
be determined from the following items.

1. The specific gravity when the battery is
fully charged.

2. The specific gravity after the batteryhas
been discharged.

3. The reduction is specific gravity per
ampere-hour.

Voltage alone is not a reliable indication
of the state of charge of a battery except when
the wvoltage is near the low-voltage limit on
discharge. During discharge the voltage falls.
The higher the rate of discharge the lower
will be the terminal voltage. Open-circuit volt-
age is of little value because the variation
between full charge and complete discharge is
so small—only about 0,1 volt per cell, However,
abnormally low voltage does'indicate injurious
sulfation or some other serious deterioration
of the plates.
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‘TYPES OF CHARGES

The following types of charges may be given
to a storage battery, depending upon the con-
dition of the battery:

1, Initial charge.

2. Normal charge.

3. Equalizing charge.

4, Floating charge.

5. Fast charge.

Initial Charge

When a new battery is shipped dry, the
plates are in an uncharged condition. After
the electrolyte has been added it isnecessaryto
convert the plates into the charged condition,
This is accomplished by giving the battery a
long low-rate initial charge. The charge is
given in accordance with the manufacturer’s
instructions, which are shipped with each bat-
tery. If the manufacturer’s instructions are not
available, reference should be made to the de-
tailed instruction in current directives.

Normal Charge

A normal charge is a routine charge that
is given in accordance with the nameplate data
during the ordinary cycle of operationto restore
the batteryto its charged condition. The following
steps should be observed:

1, Determine the starting and finishing rate
from the nameplate data.

2. Add water, as necessary, to each cell.

3. Connect the battery to the charging panel
and make sure the connections are clean and
tight,

4, Turn on the charging circuit and set the
current through the battery at the value given
as the starting rate.

5. Check the temperature and specific
gravity of pilot cells hourly.

6. When the battery begins to gas freely,
reduce the charging current to the finishing

. rate,

A normal charge is complete when the
specific gravity of the pilot cell, corrected
for temperature, is within 5 points (0.005) of
the specific gravity obtained on the previous
equalizing charge.

Equalizing Charge

An equalizing charge is an extended normal
charge at the finishing rate. It is given

51

periodically to insure that all the sulfate is
driven from the plates and that all the cells
are restored to a maximum specific gravity.
The equalizing charge is continued until the
specific gravity of all cells, corrected for
temperature, shows no change for a 4-hour
period. Readings of all cells are taken every
half hour.

Floating Charge

A battery may be maintained at full charge
by connecting it across a charging source that
has a voltage maintained within the limits of
from 2.13 to 2,17 volts per cell of the battery.
In a floating charge, the charging rate is de-
termined by the battery voltage rather than by
a definite current value., The voltage is main-
tained between 2,13 and 2.17 volts per cell
with an average as close to 2.15 volts as pos-
sible.

Fast Cha;'ge

A fast charge is used when a battery must
be recharged in the shortest possible time. The
charge starts at a much higher rate than is
normally used for charging. It should be used
only in an emergency as this type charge may
be harmful to the battery.

CHARGING RATE

Normally, the charging rate of Navy storage
batteries is given on the battery nameplate,
If the available charging equipment does not
have the desired charging rates, the nearest
available rates should be used. However, the
rate should never be so high that violent gassing
occurs. NEVER ALLOW THE TEMPERATURE
OF THE ELECTROLYTE IN ANY CELL TO
RISE ABOVE 125°F.,

CHARGING TIME

The charge must be continued until the battery
is fully charged. Frequent readings of specific
gravity should be taken duringthe charge. These
readings should be corrected to 80°F and com-
pared with the reading taken before the bat-
tery was placed on charge. If the rise in specific
gravity in points per ampere-hour is known, the
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approximate time in hours required to complete
the charge is as follows:

rise in specific gravity
in points to complete charge

charging rate
in amperes

rise in specific
gravity in points
per ampere-hour

GASSING

When a battery is being charged, a portion
of the energy is dissipated in the electrolysis
of the water in the electrolyte. Thus, hydrogen
is released at the negative plates and oxygen
at the positive plates. These gases bubble up
through the electrolyte and collect in the air
space at the top of the cell. If violent gassing
occurs when the battery is first placed on
charge, the charging rate is too high. If the
rate is not too high steady gassing which de-
velops as the charging proceeds, indicates that
the battery is nearing a fully charged condition,
A mixture of hydrogenandair canbe dangerously
explosive. No smoking, electric sparks, oropen
flames should be permitted near charging bat-
teries.

NICKEL-CADMIUM BATTERIES

The nickel-cadmium Dbatteries are far
superior to the lead-acid type. Some are phy-
sically and electrically interchangeable with
the lead-acid type, while some are sealed units
which use standard plug and receptacle con-
nections which are used on other electrical
components, These batteries generally require
less maintenance than lead-acid batteries
throughout their service life in regard to the
adding of electrolyte or water.

The nickel-cadmium and lead-acid batteries
have capacities that are comparable at normal
discharge rates, but at high discharge rates
the nickel-cadmium battery can:

1. Be charged in a short time.

2. Deliver a large amount of power.,

3. Stay idle in any state of charge for an
indefinite time and keep a full charge when
stored for a long time.

4, Be charged and discharged any number of
times without any appreciable damage.
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5. The individual cells may be replaced if
a cell wears out; the rest of the cells do not
have to be replaced.

Due to their superior capabilities, nickel-
cadmium batteries are being used extensively
in many military applications that require a
battery with a high discharge rate. A prime
example is the aircraft storage battery.

Some lead-acid batteries are equipped with
the same quick-disconnect receptacle and plug
used on nickel-cadmium batteries. In
distinguishing a lead-acid battery from a nickel-
cadmium battery or a silver-zinc battery, the
nameplate of each battery should be checked,
since the physical appearance couldbe the same.
(See fig. 3-186.)

(A)

AE.98
Figure 3-16.—(A) Nickel-cadmium battery; (B)
lead-acid battery.

The nickel-cadmium battery plates are con-
structed of nickel powder sintered to a nickel
wire screen. The active materials (nickel-
hydroxide on the positive plate and cadmium-
hydroxide on the negative plate) are electrically
bonded to the basic plate structure. The
separators are constructed of plastic, nylon
cloth, or a special type of cellophane, and as-
sembled as a cell core with plates. (See fig.
3-11.)

The construction of the sintered-plate cell
is accomplished by a powder metallurgy process.
Carbonyl nickel powder is lightly compressed
in a mold and then is subjected either toa
temperature of about 1,600 F in a sintering
furnace or to a sudden heavy electric current.
Either process causes the individual grains
of nickel to weld at their points of contact,
producing a porous plaque which is approximately
80 percent open holes and 20 percent solid
nickel. The plaques are then impregnated with
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Figure 3-17,—Nickel-cadmium cell,

active materials, They are then soaked in a
solution of nickel salts to make the positive
plates and in a solution of cadmium salts to
make negative plates. The bath is repeated
until the plaques contain the amount of active
material necessary to give them the capacity
desired. When the plaquesare impregnated, they
are classified as plates.

The electrolyte used in a nickel-cadmium
battery is a 30-percent-by-weight solution of
potassium hydroxide in distilled water,
Chemically speaking, this is just about the exact
opposite to the diluted sulfuric acid used in the
lead battery. As with lead-acid batteries, there
are limitations on the concentration of elec-
trolyte solution that can be used in nickel-
cadmium cells. The specific gravity of the
solution should not be outside the range of 1.240
to 1.300 at 70 F. The electrolyte in the nickel-
cadmium battery does not chemically react with
the plates as the electrolyte does in the lead
battery. It acts only as a conductor of current
between plates—therefore, no flaking or
shredding of active material. Consequently the
plates do not deteriorate, nor does the specific
gravity of the electrolyte appreciably change.
For this reason, it is not possible to deter-
mine the charge state of a nickel-cadmium bat-
tery by checking the electrolyte with a hydro-
meter; neither can the charge be determined by
a voltage test because of the inherent character-
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istic that the voltage remains constant during 90
percent of the discharge cycle.

No external vent is required since gassing
of this type battery is practically negligible,
As a safety precaution, however, relief valves
have been installed in the fill hole cap of each
cell (fig. 3-18) in order to release any excess
gas that is formed when the battery is charged
improperly.

AE.100
Figure 3-18.—Relief valves in negative post of
cells.

CHARGE DETERMINATION

At the present time, a simple method of deter-
mining the exact state of charge hasnotbeen de-
veloped. In an aircraft battery, the only practical
method is to measure the open circuit battery
voltage. If the open circuit voltage exceeds 1.4
volts per cellandthe battery voltage is 26.0 volts
(normally 28.0 volts) or more, it canbe assumed
that the battery is fully charged. If the cell volt-
age islessthan 1,0 volt under load, or the battery
voltage measures 25 volts or less, it canbe as-
sumed that the batteryhas expendedover 90 per-
cent of its capacity and is in need of charging,

In a battery shop, either of two methods
may be used for determining the state of charge
of a nickel-cadmium battery; namely, the con-
stant potential method or the discharge method.
The constant potential method consists of con-
necting a constant potential of 28.5 + 0.3 volts
across the battery and observing the charging
current. If the current falls to 3 amperes or
less within 5 minutes, the battery is charged.

The discharge method consists of placing a
15-ampere load acrossthe battery for 5 minutes.
If the voltage does not drop below 22 volts
during the discharge period, the battery may be
returned to service after being recharged.
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The available ampre-hour capacity cannotbe
accurately determined. Therefore, it is recom-
mended that any battery whose charge is un-
known or subject to doubt be discharged to or
‘beyond the manufacturer’s set end point of 1,0
or 1.1 volts, and then be recharged in ac-
cordance with the appropriate instructions. This
process will prevent possible damage to the
cells from overcharge.

CHARGING

Nlckel-cadmmm batteries should preferably
be charged at an ambient temperatuire of 70° to
.80°F. Never allow a battery on charge to exceed
100°F as this mdy cause overcharging and gas-
sing. In the battery shop a thermometer should
be placed between the central cells in such a
manner that the bulh of the thermometer is
located below the top of the cell. Whenever the
temperature of battery is 100°F or higher, the
battery shiquld not be charged.

The rate of charging of a nickel-cadmium
battery is dependent upon two factors, the first
being the charging voltage, and the secondbeing
the temperature of the battery. In hot weather
where the ground air temperature approaches
90°F or higher, the battery can be adequately
charged at 27 volts. In mildgroundair tempera-
tures ranging from 35° to 85°F, the battery
can be satisfactorily charged at 27.5 volts. In
cold, subfreezing weather the battery requires
a charging voltage of 28,5 volts.

The nickel-cadmium battery was designed
and constructed to operate without gassing of
the cells. The charging voltage should be main-
tained below the gassing voltage (approximately
29.4 volts at 80°F) so that the life of the battery
is prolonged. Therefore, on constant potential
charging in the battery shop, the voltage should
be set at 28 volts or less. Under no cir-
cumstdnces should this voltage exceed 28.5
volts.

If the battery has never been placed inserv-
ice, follow the manufacturer’s instructions ac-
companying the battery for the initial charge.
If possible, the battery should be charged bythe
constant potential method.

For constant potential charging, maintainthe
battery at 28 volts for 4 hours, or until the
current drops below 3 amperes. Do not allow
battery temperature to exceed 100°F,

For constant current charging, start the
charge at 10 to 15 amperes and continue until
the voltage reaches 28.5 volts—then reduce the
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reduce the current to 4 amperes and coiitinue
charging until the battery voltage reaches 28,5
volts or until the battery temperature exceeds
100°F and the voltage begins to decline.”” "’
Never add electrolyte unless the battery is
fully charged. Allow the fully charged battery
to stand for a period of 3 or 4 hours before
distilled water can be added to bring the elec-
trolyte to the proper level. A hydrometer or
syringe can be used for introduction of the
distilled water—just enough to cover the top
of the plates. The battery solution is then re-
cycled to stir the water and prevent it from
freezing during cold-weather operation,

SAFETY PRECAUTIONS

The electrolyte used in nickel-cadmium bat-
teries is potassium hydroxide (KOH). This is
a highly corrosive alkalinie solution, and should
be handled with the same degree of caution
as sulfuric acid (H2SO4). Personnel should al-
ways wear rubber gloves, a rubber apron, and
protective goggles when handling and servicing
these batteries. If the electrolyte is spilled
on the skin or clothing, the exposed area should
be rinsed immediately with water, or if avail-
able, vinegar, lemon juice, or borxc acid solu-
tion. If the face or eyes are affected, treat
as above and report immediately for medi'cal
examination and treatment.

The battery shop used for nickel-cadmium
batteries should be a separate isolated shop
from the lead-acid battery shop.

SILVER-ZINC BATTERIES

Silver-zinc batteries are used largely in
military applications and in some industrial
applications where their unique characteristics
are sufficiently important to justify their com-
paratively high cost.

The silver-zinc battery was developed for
one major andone secondary purpose. The major
purpose was to secure a large quantity of elec-
trical power for emergency operations. The
secondary purpose was topermit a design weight
savings in new batteries. A lightweight, silver-
zinc battery provides as much electrical capa-
city as a much larger lead-acid or nickel-
cadmium battery.

Operational silver-zinc batteries have a
nominal operating voltage of 24 volts, obtained
with sixteen 1.5 volt cells. Cell electrolytic
levels should be monitored and adjusted
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periodically. The other required operationsthat
might be considered maintenance are the normal
recharging of the battery and keeping the top
surfaces of the cells reasonably clean.

CHARACTERISTICS

Because of its extremely low internal re-
sistance, the silver-zinc battery is capable of
discharge rates of up to 30 times its ampere-
hour rating, The low internal resistance (as
low as 0.0003 ohms per cell) is due primarily
to the excellent conductivity of its plates, the
close plate spacing (possible because small
amounts of electrolyte may be used success-
fully), and the fact that the composition (and
therefore the conductivity) of the electrolyte
does not change during discharge. The internal
conductivity of the battery increases during dis-
charge as the positive plates are changed from
oxides of silver (fair conductors) to mstallic
silver.

The high electrical capacity per unit of
space and weight is a result of the close plate
spacing, the large degree to which the active
plate materials are utilized, and the absence
of heavy supporting grids in the plate. Silver-
zinc batteries are capable of producing as
much as six times more energy per unit of
weight and volume than other types. Silver-
zinc cells have beenbuilt with capacities ranging
from tenths of ampere-hours to thousands of
ampere-hours.

Good voltage regulation is provided by the
relatively constant voltage discharge character-
istic of the silver-zinc battery. Terminal volt-
age is essentially constant throughout most of
the discharge when discharged at rates higher
than 2- or 3-hour rate.

Silver-zinc batteries have a maximum serv-
ice cycle life which is less than that of other
types, but their life expectancy comparesfavor-
ably with that of other types of batteries that
are designed for maximum capacity per unit
of space and weight such as nickel-cadmium
batteries.

OPERATION

The construction and electrochemical re-
actions of the silver-zinc battery are somewhat
similar to those of the nickel-cadmium type.
When in the fully charged condition, the positive
plates are composed of silver oxide and the
negative plates of zinc. As the battery dis-
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charges, the positive plates are reduced to
metallic silver and the negative plates are
oxidized. Thus, when the battery is discharg-
ing, electrons are flowing out of the cathode
(negative plates) and into the anode (positive
plates) by way of the external circuit.

The electrolyte, potassium hydroxide in
aqueous solution, exists as potassium (K) and
hydroxide (OH) ions, which serve only to conduct
the electric charge between the plates. Thus,
the electronic or metallic conduction in the
external circuit is balanced by the ionic or
electrolytic conduction through the electrolyte,
80 as to maintain the net charge transfer into
and out of each electrode the same.

As with other types of alkaline cells, and
unlike lead-acid cells, the electrolyte does not
take part in the chemical transformations and
therefore its specific gravity does not change
with the state of charge of the cell, As long
as the plates are covered, the electrical capa-
city of the battery is independent of the amount
of electrolyte present,

In general, silver-zinc batteries require
maintenance which is similar in many respects
to that which is required of the lead-acid
batteries. Testing the open circuit voltage of
the battery is the method by which its state
of charge is determined.

A silver-zinc battery tester or a voltmeter
which reads accurately to 0.1 volt should be
used to test the open circuit voltage of the
battery. If the reading is below 25.6 volts, re-
move the battery cover and inspect the top of
the battery for corrosion or damaged cells.
If any damage is evident, remove and replace
the battery.

CHARGING

The silver-zinc battery is usually shipped
in a dry condition, Only the special electrolyte
furnished in the filling kit provided with each
new battery should be used. Some battery types
may use electrolytes containing special ad-
ditives; other electrolytes, if used, may degrade
the battery, The electrolyte must be kept in a
closed alkali-resistant container, or it will
absorb carbon dioxide from the air and deterio-
rate. The filling kit contains detailed instruc-
tions for filling and should be followed in detail.,
(NOTE: Batteries that will not be used within 30
days should be stored in the dry state.)

Silver-zinc batteries are sensitive to ex-
cessive voltage during charging and may be
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damaged if the voltage exceeds 2.05 volts per
cell. Precaution must therefore be taken to
insure that the charging equipment is adjusted
accurately to cut off the current at 28.7 volts.

Where charging is not monitored auto-
matically or periodically, a voltage cut off system
must be used which will interrupt the charging
current when the voltage rises to 28,7 volts,

If possible, charging should be performed
at an ambient temperature of 60° to 90°F, and
the battery temperature during charging should
not exceed 150°F as measured at the intercell
connections.

While silver-zinc batteries do not generate
any harmful gases during normal charge and
discharge operations, they do generate both
oxygen and hydrogen gases during excessive
overcharging. All vent caps and spong-rubber
plugs must be removed from the vent hole
during charging operations, If electrolyte is
forced from the vent holes or if excessive
gassing is evident, it is an indication of over-
heating, and the charging should be interrupted
for 8 hours to allow the battery to cool. After
charging, the batteries should be allowed to
stand idle at least 8 hours,

The level of the electrolyte of each cell
of the battery should be checked after charging
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and the level adjusted by either removing any
excess electrolyte or by adding distilled water
if low.

The safety precautions relating to silver-
zinc batteries are the same as those which
have been presented for the nickel-cadmium bat-
teries.

SILVER-CADMIUM BATTERY

One of the recent developments in storage
batteries is the silver-cadmium battery. Gen-
erally, the most important requirements for
evaluating and designing a battery are for
high energy density, good voltage regulation,
long shelf life, repeatable number of cycles,
and long service life expectancy. The silver-
cadmium battery is designed to offer the overall
maximum performance in all of these ex-
pectations. C

The silver-cadmium battery has more than
twice the wet shelf life of the silver-zinc bat-
tery. The long shelf life plus the good voltage
regulation makes the silver-cadmium battery a
highly desirable addition to the family of elec~
tric storage batteries. Limitations include lower
cell voltage than other rechargeable batteries
and high initial cost.



CHAPTER 4

SERIES D-C CIRCUITS

SIMPLE ELECTRIC CIRCUIT

Whenever two unequal chargesare connected
by a conductor, a complete pathway for current
flow exist. Current will flow from the negative
to the positive charge. This was illustrated in
chapter 2.

An electric circuit is a completed conducting
pathway, consisting not only of the conductor,
but including the path through the voltage source.
Current flows from the positive terminal through
the source, emerging at the negative terminal,
As an example, a lamp connected by conductors
across a dry cellformsa simple electric circuit.
(Refer to fig, 4-1.)

Current flows from the negative (-)terminal
of the battery through the lamp to the positive
(+) battery terminal, and continues by going
through the batteryfrom the positive (+) terminal
to the negative (-) terminal. Aslong asthis path-
way isunbroken, itisa closed circuit and current
will flow. However, if the path is brokenat ANY
point, it is an open circuit and no current flows.
(See fig. 4-1 (B).)

Current flow in the external circuit is the
movement of electrons in the direction indicated
by the arrows (from the negative terminal
through the lamp to the positive terminal). (See
fig. 4-1 (A).) Current flow inthe internalbattery
circuit is the simultaneous movement in opposite
directions of positive hydrogen ions toward the
positive terminal of the battery andnegative ions
toward the negative terminal,

SCHEMATIC REPRESENTATION

A SCHEMATIC isadiagram in which symbols
are used for the various components instead of
pictures. These symbols are used in an effort
to make the diagrams easier to draw and easier
to understand, In this respect, schematic
symbols aid the technician in the same way that
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shorthand aids the stenographer. In previous
chapters the schematic symbols for cells and
resistances were presented. These symbols
will now be used to discuss the circuits of
figure 4-1,

A schematic diagram of a basic circuit is
shown in figure 4-2, The battery is designated
by the letter symbols Ey,, the light bulb in
the circuit is labeled Rj. Since in reality the
light bulb element is nothing more than a wire
wound resistor, the conventional resistor
symbol is used for the bulb in this discussion.
It should be noted, however, that the light bulb
has its own specific schematic symbolandisnot
normally drawn as a resistor. The standard
symbol used for a light bulb is discussed at
a later time when need arises.

In studies of electricityand electronics many
circuits are analyzed which consist mainly of
specially designed resistive components. As
previously stated, these components are called
resistors. Throughout the remaining analysis
of the basic circuit, the resistive component
will be a physical resistor. However, the
resistive component could be any one of several
electrical devices.

A closed loop of wire (conductor) is not
necessarily a circuit. A source of voltage must
be included to make it an electric circuit. In
any electric circuit where electrons move around
a closed loop, current, voltage, and resistance
are present. The physical pathway for current
flow is actually the circuit, Its resistance
controls thé amount of current flow around the
circuit., By knowing any two of the three
quantities, such as voltage and current, the third
(resistance) may be determined. This is done
mathematically by the use of Ohm’s LAW,

OHM’S LAW

In the early part of the 19th century Georg
Simon Ohm proved by experiment that a precise
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k=

b ——
) (A) (8)
CLOSED CIRCUIT OPEN CIRCUIT
BE.41

Figure 4-1.,—(A) Simple electric circuit (closed);

(B) simple electric circuit (open).

relationship exists between current, voltage, and
resistance. This relationship is called Ohm’s
Law and is stated as follows:

.. The current in a circuit is DIRECTLY pro-
portional to the applied voltage andINVERSELY
proportional to the circuit resistance. Ohm’s
Law may be expressed as an equation:

-E -
I= R (4 1)
Where: I = current in amperes
E = voltage in volts

R = resistance
in ohms

If any two of the quantities in equation (4-1)

are kno the third may be easily found. For
examplq, Figure 4-3 shows a circuit containing
a resistance of 1.5 ohms and a solirce voltage
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|1

" BE.42
Figure 4-2.—Schematic diagram of a basic
circuit, o

of 1,5 volts. How much current flows in the
circuit? '

Given: F = 1.5 volts
R = 1.5 ohms
I =2
Solution: 1 = £ ,
= L5
T =15
I = 1ampere

To observe the effect of source voltage on
circuit current, the above problem will be
solved again using double the previous source
voltage. T ’

Given: E = 3 volts
R= 1.5 ohms
1= 2
Solution: 1= 2
I= 2a

mperes
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BE.43
Figure 4-3.—Determining current in a basic
e o circuit,

Notice that as the source voltage doubles,
the circuit curreat also doubles.

Circuit current 'is directly proportional to
applied voltage and will change by the same
factor that the voltage changes.

To verify the statement that current is in-
versely proportional to resistance, assume the
resistor in figure 4-3 to have a value of 3
ohms.

Given: E = 1,5 volts
R = 3 ohms
I =92 .
Solution:: .. . I = g
1.5
I =73
1 =

0.5 ampere

Comparing this current of 0.5 ampere for the
3 ohm resistor, to the 1 ampere of current ob-
tained with the 1.5-ohm resistor, shows that
doubling the resistance will reduce the curreat
to one half the original value. Circuit current
is inversely proportional to the circuit
resistance.
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In many circuit applications current is kngwn
and either the voltage or the resistance will be
the uanknown quantity. To solve a problem in
which current and resistance are known, the
basic formula for Ohm’s Law must be trans-
posed to solve for E as follows: '

Basic equation: I = ER (4-1)

Multiply both sides of the equation by R.

_Eg
IR= E
E=IR (4-2)

To transpose the basic formula when re-
sistance is unknown:

Basic equation: I (4-1)

:.';Ultl!

Multiply both sides of the equation by R.
IR= %u
IR= E

Divide both sides of the equation by I.

%13 E
I

R= -IE- (4-3)
Example: What voltage is required to

properly light a lamp having a resistance of 10
ohms and a current rating of 1 ampere?

First draw a circuit like figure 4-4 including
all the given information.

Given: R = 10 ohms
I =1ampere
E =°?
Solutioa: E =1IR
E=1x10
E = 10 volts
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10n

' BE.44
Figure 4-4.—Determining voltage in a basic
circuit,

Example: When a 10 volt source is connected
to a circuit, the circuit draws 5 amperes of
current from the source. How much resistance
is contained in the circuit?

Given: E = 10 volts
I =5
R =7

Draw and label a circuit like figure 4-5.

Solution: R =¢ (4-3)
10
R=5
R = 2 ohms

Although the three equations representing
Ohm’s Law are fairly simple, they are perhaps
the most important of all electrical equations.
These three equations and the lawthey represent
must be thoroughly understoodbefore continuing
on to more advanced theory.

GRAPHICAL ANALYSIS

One of the most valuable methods of inquiry
available to the technician is that of graphical

60

IOv

BE. 45
Figure 4-5. —Determining resistance in a basic
circuit.

analysis. No other method provides a more
convenient or more rapid way to observe the
characteristics of an electrical device,

The first step in constructing a graph
consists of obtaining a table of data from
which the graph will evolve. The information
in the table can be obtained experimentally
by taking laboratory measurements on the
device under examination, or can be obtained
theoretically through a series of computations.
The latter method will be used here.

Let us assume that the characteristics of
the circuit shown in figure 4-6 are to be in-
vestigated using Ohm’s Law and graphical
methods, Since there are three variables
(E, I, and R) under consideration, there are
three unique graphs that may be constructed.

In constructing any graph of electrical
quantities, it is standard practice to vary one
quantity in a specified way, and note the changes
which occur in a second quantity, The quantity
which is intentionally varied is called the in-
dependent variable and is plotted onthe X-AXIS,
The second quantity which changes asa result of
changes in the first quantity is called the de-
pendent variable and is plotted on the Y-AXIS.
Any other quantities involved are held constant.
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BE.46
Figure 4-6.—Three variablesina series circuit.

In the circuit of figure 4-6 the resistance will
remain fixed (constant) andthe voltage (indepen-
dent variable) will be varied. The resulting
changes in current (dependent variable) will then
be graphed,

To aid in compiling the data, a table of values
is completed as shown in figure 4-7. This table
shows R to be held constant at 10 ohms as E is
varied from 0to 20 voltsin 5-volt steps. Through
the use of Ohm’s Law the value of current in
column two of the table can be calculated for
each value of voltage in column one, When the
table is complete, the information it contains
can be used to construct the graph in figure
4-7. For example, when the voltage applied to
the 10-ohm resistor is 10 volts, the current is
1 ampere. These values of current and voltage
determine a point on the graph. When all the
points have been plotted, a smooth curve is
drawn through the points. This curve is called
the volt-ampere characteristic for the 10-ohm
resistor,

Through the use of this curve the value of
current through the resistor can be quickly
determined for any value of voltage between 0
and 20 volts.

A very important characteristic of a fixed
resistor is illustrated by the graph in figure
4-1, Since the volt-ampere characteristic curve
is a straight line, it shows that equal changes of
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voltage across a resistor produce equal changes
in current through the resistor. Because of this
straight line characteristic, the fixed resistor
is called a linear device.

(Y-AXIS) R=10Q
I
IN AMPERES E ]I
2.0 :
o | oo
1.5
o 5 | 05
0.5 0 | 1.0
00 5 10 520| 15| 1.5
E IN VOLTS
(X-AXIS) 20 | 2.0
BE.47

Figure 4-'71,—Volt-ampere characteristic.,

This graph illustrates an important char-
acteristic of the basic law—namely, the current
varies directly with the applied voltage if the
resistance is constant,

If the voltage across a load is maintained
at a constant value, the current through the
load will depend solely upon the effective re-
sistance of the load. For example, with a
constant voltage of 12 volts and a resistance

of 12 olims, the current will be %, or 1 ampere.

If the resistance is halved, the current will be
doubled; if the resistance is doubled, the current
will be halved. In other words, the current will
vary inversely with the resistance.

If the resistance of the load is reduced in
steps of 2 ohms starting at 12 ohms and con-
tinuing to 2 ohms, the current through the load

becomes lg = —
710 8
12

5= 2 amperes; and so forth., The relation

1.2 amperes; = 1.5 amperes;

between current and resistance in this example
is expressed as a graph (fig. 4-8), whose

equation is I= 12

R’ The numerator of the
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fraction represents a constant value of 12 volts
in this example. A8 R approaches a small value
the current approaches a very large value. The
example illustrates a second equally important
relation in Ohm’s law—namely, that the current
varies inversely with the resistance.

AMPERES
o g,
]
4
3 I:lg_
E=12 VOLTS
2 (CONSTANT)
1
0 .
0O 2 4 6 8 10 12 OHMS (R
BE.48
Figure 4-8.—Relation between current and

resistance.

If the current through the load is main-
tained constant at 5 amperes, the voltage across
the load will depend upon the resistance of the
load and will vary directly with it. The relation
between voltage and resistance is shown in the
graph of figure 4-9, Values of resistance are
plotted horizontally along the X-axis tothe right
of the origin, and corresponding values of voltage
are plotted vertically along the Y-axisabove the
origin, The graph is a straight line having the
equation E = 5R. The coefficient 5 represents
the assumad current of 5 amperes which is
constant in this example. Thus, a third important
relation is illustrated—namely, that the voltage
across a device variesdirectly with the effective
resistance of the device provided the current
through the device is maintained constant,

APPLYING OHM’S LAW

Equation (4-1) may be transposed to solve for
the resistance if the current and voltage are
known, or to solve for the voltage if the current

E
~ and

and resistance are known, Thus, R = T

E = IR. For example, if the voltage across a
device is 50 volts and the current through it is
2 amperes, the resistance of the device will be
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VOLTS
(€)
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+ F
% 1=5 AMPERES
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10 |
okl |
0 2 & 6 8 10 OHMS (R)
BE.49

Figure 4-9.—Graph of voltage vs. resistance
with constant current.

50

3 ‘or 25 ohms, Also, if the current through

a wire is 3 amperes and the resistance of the
wire is 0.5 ohm, the voltage drop across the
wire will be 3 x 0.5, or 1.5 volts, '

'~ Equation (4-1) and its transpositions may
be obtained readily with the aid of figure 4-10,
The circle containing E, I, and R is divided
into two parts with E above the line and IR
below it. To determine the unknown quantity,
first cover that quantity with a finger. The
location of the remaining uncovered letters
in the circle will indicate the mathematical
operation to be performed. For example, to
find . I, cover I with a finger. The uncovered
letters indicate that E is to be divided by R,

or I =E . To find E, cover E. The result
indicates that I is to be multiplied by R, or
E =IR. To find R, cover R. The result in-
dicates that E is to be divided by I,

=E
OI‘R— Io

The beginning student is cautioned not to
rely wholly on the use of this diagram when
transposing simple formulas but rather to use
it to supplement his knowledge of the algebraic
method. Algebra is a basic tool in the solution
of electrical problems and the importance of
knowing how to use it should not be under-
emphasized or bypassed after the student has
learned a shortcut method such as the one
indicated in this figure,
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Figure 4-10.—Ohm’s law in diagramform.
ELECTRIC POWER ANDENERGY
POWER

Power, whether electrical or mechanical,
pertains to the rate at which workisbeing done.
Work is done whenever a force causes motion,
If a mechanical force is used to lift or move a
weight, work is done. However, force exerted
WITHOUT causing motion, such as the force of
a compressed spring acting between two fixed
objects, does not constitute work.

" Previously, it was shown that voltage is
electrical force, and that voltage forces current
to flow ina closed circuit. However, whenvoltage
éxists between two points, but current cannot
flow, 1o work is done. This is similar to the
s'p'r'mg under tension that produced no motion.
When voltage causes electrons to move, work
is done: The instantaneous RATE at which this
work is done is called the electric power rate,
and its measure is the watt,

A total amount of work may be done in dif-
ferent lengths of time. For example, a given
number of electrons may be moved from one
point to another in 1 second or in 1 hour, de-
pending on the RATE at which they are moved.
In both cases, total work done is the same.
However, when the work is done in a short
time, the wattage, or INSTANTANEOUS POWER
RATE is greater than when the same amount of
work is done over a longer period of time.

As stated, the basic unit of power is the
WATT, and-it is equal to the voltage across a
circuit multiplied by current throughthe circuit.
This represents the rate at any given instant at
which work is being done in moving electrons
through the circuit. The symbol P indicates
electrical power. Thus, the basic power formula
is P = E x I. E is the voltage across and I is
the current through the resistor or circuit whose
power is being measured. The amount of power
will change when either voltage or current, or
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both voltage and current change. This relation
is shown with the graph and simple c1rcu1t in
figure 4-11.

P WATTS
64
]
. I VARIES
WITH E
. E(VARIABLE)  SR(FIXED)
0-8 VOLTS fin
] P=EX]
P=EXI
16
]
4 /
1 ? % 1 AMPERES
1 22 3 4 5 6 71 8EVWTS
BE.51

Figure 4-11.—Graph of power related to changing
voltage and current,

The resistance is 1ohm, and does not change.
Voltage E is increased in steps of 1 volt from 0
to 8. By applying Ohm’s law, the currentI is
determined for each step of voltage. For
instance, when E is 1 volt, the current Iis

(4-1)

Power P, in watts,
the basic power formula P =
1 volt, I is 1 ampere, so P is

is determined by applying
E xI. WhenE is

P=Exl1
P=1x1
P = 1 watt

However, when E is 2 volts, and Iis 2 amperes,
P becomes:

P=Exl1
P=2x2
P = 4 watts
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It is important to note that when voltage E was
doubled from 1 volt to 2 volts, power P doubled
TWICE from 1 watt to 4 watts. This occurred
because the doubling of voltage causeda doubling
of current, therefore power was doubled twice.
This is shown as follows:

P

ExI

P=Ex2xIx2

P=(1x2)x(1x2)
P=2x2

P = 4 watts,

This shows that the power in a circuit of
fixed resistance is causedto change ata SQUARE
rate by changes in applied voltage. Thus, the
basic power formula P = ExI may also be

- E2
P — r.
relation between power and voltage, note on the
graph that power is the square of voltage (when
resistance is 1 ohm). For instance, when E is
2 volts, P is 4 watts. When E is doubled to 4
volts, P is 16 watts, and when E is redoubled
to 8 volts, P becomes 64 watts. When resistance
is any value other than 1 ohm, power will not
be the exact square of voltage in quantity but
it will still vary at a square rate. That is, re-
gardless of the value of resistance, so long as
it is fixed, when voltage doubles, power doubles
twice. Also, when the voltage is halved, power
is halved twice.

Another important relation may be seen by
studying figure 4-11., Thus far power has been
calculated with voltage and current (P = E x 1),

To further illustrate the square-rate

2
and with voltage and resistance (P = g—). Refer-

ring to figure 4-11, note that power also varies
as the square of current just as it does with
voltage. Thus, another formula for power, with
current and resistance asitsfactors,isP = IZR.
Note that resistance R isa divisor inone formula
(P=£%), but is a multiplier in the other
(P = I2R). This is true because of substitutions
in the original formula P = E x I, That is, the
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Ohm’s law equivalent of I is%. If this equivglent

is substituted for I in the power formula
P = E x1I, the results are as follows:

= ExI (4-4)
= E

P = szR
=_§_'__ (4_5)

In addition, the Ohm’s law equivalent of E is
I x R. If this equivalent is substituted for E,
the power formula becomes /

P=ExI
P=(IxR)xI
P = I°R (4-6)

In the foregoing discussion, and in figure
4-11, it was shown how variations of the voltage
impressed across a fixed resistance caused
variations in the circuit current and power. The
following discussion refers to figure 4-12. In
this circuit, the voltage E is fixed at 10 volts,
and the resistance R is the variable factor.
(The arrow through the resistance means it is
variable).

When the resistance R is set at 1 ohm, the
current I is 10 amperes, and the power is

P =I°R (4-6)
P =(102) xR

P =100x1

P = 100 watts

When the resistance is doubled to 2 ohms,
this same calculation will show that power is
halved to 50 watts, as the graph shows.
Subsequent redoubling of the resistance to 4and
then to 8 ohms causes the power to be halved
each time to 25 and 12-1/2 watts, respectively.
Conversely, you should note the relation when
starting with resistance at 10 ohms, with 10
watts of power. If resistance is halved to 5
ohms, power is doubled to 20 watts.

In figures 4-11 and 4-12, current and power
were caused to vary as a function of voltage,
in one case, and of resistance in the other. In
figure 4-13, however, current is held constant,
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Figure 4-12.—Graph of power related to
changing resistance and current.

This is done by raising or lowering voltage and
resistance equally and directly with each other,
The resulting variations in power are linear
with those changes. That is, power is changed
step-for-step with voltage. The changing re-
sistance maintains a constant current despite
changes of voltage. At any point on the graph,
voltage divided by resistance is 1 ampere. Had
the current been allowed to vary, power would
have changed at a curved, or square rate,
instead of linearly as on the graph.

Up to this point, four of the most important
basic electrical quantities have been discussed.
These are E, I, R, and P, It is of fundamental
importance that you thoroughly understand the
interrelation of these quantities. You should
understand how any one of these quantities either
controls or is controlled by the others in an
electrical circuit, These relations are further
explained in the treatment that follows. You
should compare each statement carefully with
its associated formula. Check each formula
for correctness by applying it to the graphs
in figures 4-11, 4-12, or 4-13. (The appro-
priate figure number is indicated after each of
the following statements)

1, Power, as related to E and I: P = EI

(fig. 4-11),

This formula states that P is the product
of E multiplied by I, regardless of their indi-
vidual values. If either E or I varies, P varies
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Figure 4-13.—Graph of power relatedto changing
voltage and resistance.

proportionally. If both E and I vary, P varies at
a square rate,
2. Power, as related to I and R: P = 2R
(fig. 4-12).
This formula states that if R is held
constant, and I is varied, P variesasthe square
of I, because I appears as a squared quantity

(%) in the formula. Also, if I is held constant
and R is varied, P varies directly and pro-
portionally to R, because R is a multiplier in
the formula. Ed
3. Power, as related to E and R: P=§-
(fig. 4-13).
This formula states that if R is held
constant as E is varied, P varies as the square
of E, because E appears as a squared quantity

(E%) in the formula. Also, if E is held constant
and R is varied, P varies inversely but propof-
tionally to R, because R is a divisor in the
formula.

In the preceding paragraph, P was expresset
in terms of alternate pairs of the other threée
basic quantities E, I, and R. In practice, you
should be able to express any one of the three
basic quantities, as well as P, in terms of aiy
two of the others. Figure 4-14 is a summary of
twelve basic formulas you should know, The
four quantities E, I, R, and P are at the center
of the figure.
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: BE.54
Figure 4-14.—~Summary of basic formulas.

. Adjacent to eachquantityare three segments.
Note that in each segment, the basic quantity
is expressed in terms of two other basic
quantities, and no two segments are alike,

RATING OF ELECTRICAL
DEVICES BY POWER

Electrical lamps, soldering irons, and mo-
tors are examples of electrical devices thatare
rated in watts, The wattage rating of a device
indicates the rate at which the device converts
electrical energy into another form of energy,
such as light, heat, or motion,

For example, a 100-watt lamp will produce
a brighter light than a 75-watt lamp, because it
converts more electrical' energy into light,

Electric soldering irons are of various
wattage ratings, with the high-wattage irons
changing more electrical energy to heat than
those of low-wattage ratings.

If the normal wattage rating is exceeded,
the equipment or device will overheat and
probably be damaged., For example, if a lamp

/is rated 100 watts at 110 volts and is connected
to a source of 220 volts, the current through the
lamp will double. This will cause the lamp to
.use four times the wattage for which it is
rated,.and it will burn out quickly.
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POWER CAPACITY OF NS
ELECTRICAL DEVICES e o Ml

Rather than indicate a device’s ability to do
work, its wattage rating may indicate the “de-
vice’s operating limits. These power limits
generally are given as the maximum or mini-
mum -safe voltages and - currentsi'to ‘which a
device may be subjected. Howevér; in cases
where a device is not limited to any specific
operating voltage, its 11m1ts are gfvén direcﬂy
in watts. ° .

Resistors

A resistor is an éxample of such a device.
It may be used in circuits with widely different
voltages, - depending on the desired current,
However, the resistor has'a maximuam current
limitation for each voltage applied to it. The
product of the resistor’s voltage and ‘current at
any time must not exceed a certain wattage.

Thus, resistors are rated in watts, in addi-
tion to their ohmic resistance. Resistors of the
same resistance value are available indifferent
wattage values. Carbon resistors, for example,
are commonly made in wattage ratings of 1/3,
1/2, 1, and 2 watts, (See fig. 4-15.) The larger
the physu.;gl size of a carbon resistor, the higher
its wattage ratmg, ‘since a larger" ‘amount of
material ' w111 gbsorb and‘ gwe up h‘eat more
easﬁy &
*  When resmtors of wattage ratmgs greater
than ‘2 watts are needed, wire-wound resistors

I/3-VIATTy/ CARBON RESISTORS

I-WATT.

—AA—
RESISTOR SYMBOL
WOUND RESISTORS .

BE.55
Figure 4-15.—Resistors of different wattage
ratings. i
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are used, Such resistors are made in ranges
between 5 and 200 watts, with special types
being used for power in excess of 200 watts,

Fuses

When current passes through a resistor,
electric energy is transformed into heat, which
raises the temperature of the resistor. If the
temperature becomes too high, the resistor
may be damaged. The metal wire in a wound
resistor may melt, opening the circuit and
interrupting current flow. This effect is used
to an advantage in fuses.

Fuses are actually metal resistors with very
low resistance values. They are designed to
‘‘blow out’’ and thus open a circuit when current
exceeds the fuse’s rated value.

When the power consumed by the fuse raises
the temperature of its metal too high, the metal
melts, or ‘‘blows.’”’ In service, fuses are gen-
erally connected as shown in figure 4-16,

SWITCH R29N FUSE
BE.56

Figure 4-16.—Simple fused circuit.

Note that all current flowing through the
load resistance of 29 ohms must also flow
through the half-ampere fuse. Under normal
conditions, the total resistance would be
29 + 1 = 30 ohms. If the switch were closed,
the current I would be
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=E
1 R

-8
1=% 4
1 = 0.2 ampere

This would be less than the rated current of
the fuse, and it would not open. However, if
the short conductor (a, fig. 4-16) were con-
nected, the load resistance would be bypassed,
or ‘‘shorted out.”” Only the fuse resistance of
one ohm would remain in the circuit, Current
would then be

1=E
R
=8
=75
I = 6 amperes

Six amperes of current will cause the half-
ampere fuse to open very quickly, because its
wattage rating is greatly exceeded.

There are a great number of different types
and sizes of fuses presently in use. Figure 4-17
shows three of the most common types. Fuses
are discussed in greater detail in chapter 14
of this manual.

GLASS CARTRIDGE FUSES

R,

SOLID CARTRIDGE FUSES  SYMBOL

BE.57
Figure 4-17.—-Typical fuse types.

ENERGY

Energy is defined as the ability to do work.
Energy is expended when work is done, because
it takes energy to maintain a force when that
force acts through a distance. The total energy
expended to do a certain amount of work is
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equal to the working force multiplied by the
distance through which the force moved to do
the work, This is the mechanical definition.
- In electricity, total energy expended is
equal to the rate at which work is done, multi-
plied by the length of time the rate is measured.
Essentially, energy W is equal to powerPumes
time t.

An equation for energy is derived by multi-
plying both sides of equation (4-4) by the com-
mon factor of time, t, and equating the expression
to the energy, W, as

W = Pt

W = EIt, (4-7)
Similarly, both sides of equations (4-5) and
(4-8) may be multiplied by the time factor, t,
and equated to the energy, W, as :

2
E
W= b ‘ (4-8)
and
W = I2Rt, (4-9)

In the energy equations (4-7), (4-8), and
(4-9), E is in volts and I in amperes. Ift is
expressed in hours, W will be in watt-hours.

If t is expressed in seconds, W will be in
watt-seconds or joules (1 joule is equal to 1
watt-second)., Since Q = It (where Q is in cou-
lombs, I in amperes, and t in seconds), it is
possible to substitute Q for It in equation (4-7)
with the resulting expression for energy. Thus

W =QE (4-10)
where W is the energyin joules or watt-seconds,
Q is the quantity in coulombs, and E is in volts.
(As explained in chapter 2, Q is the symbol for
coulombs, This is the measure of a quantity of
electrons. The Q is to electricity as the gallon
is to water,)

Electrical energy is bought and sold in units
of kilowatt-hours (3,600 x 103 joules), and is
totalized in large central generating stations in
terms of megawatt-hours (3,600 x 106 joules).
For example, if the average demand over a
10-hour period is 70 megawatts, the total energy
delivered is 70 x 10, or 700 megawatt-hours.
This amount of energy is equivalent to 700 x
1,000 = 700,000 kilowatt-hours, or 700 x 3,600

X 106= 2,520,000 x 106 joules, The most
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practical unit to use depends in part upon the
magnitude of the quantity of energy involved,
and in this example the megawatt hour is appro-
priate.

sy
by

SERIES CIRCUIT CHARACTERIST@CS
i

As previously mentioned, an electrid circuit
is a complete path through which electrons can
flow from ‘the negative terminal of theivoltage
source, through the connecting wires or
conductors, through the load or loads; and back
to the positive terminal of the voltage source.
A circuit is thus made up of a voltage :source,
the necessary connecting conductors, and the
effective load.

If the circuit is arranged so that the electrons
have only ONE possible path, the circuit is
called a SERIES CIRCUIT. Therefore, a series
circuit is defined as a circuit that contains only
one path for current flow. Figure 4-18 shows a
series circuit having several lamps.

RESISTANCE

Referring to figure 4-18, the current in a
series circuit, in completing its electricalpath,
must flow through ea¢h lamp inserted into the
circuit. Thus, each additional lamp offersadded
resistance. In a series circuit, THE TOTAL
CIRCUIT RESISTANCE (RT) IS EQUAL TOTHE

SUM OF THE INDIVIDUAL RESISTANCES.

As an equation:

RT=R1+R2+R3 ... R,

NOTE: The subscript n denotes any number of
additional resistances that -might be in the
equation,

(4-11)

Example: Three resistors of 10 ohms, 15
ohms, and 30 ohms are connected in series
across a battery whose emf is 110 volts
(fig. 4-19). What is the total resistance?

Given: R1 = 10 ohms.
R2 = 15 ohms
R3 = 30 ohms
RT = ?
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N
LAMP

|11

LAMP @%

LAMP

(o)

N
SERIES CIRCUIT

BE.58
Figure 4-18,—Series circuit.

Solution; RT = R1 + R2 + R3
RT =10 +15 + 30
RT = 55 ohms

In some circuit applications, the total re-
sistance is known and the value of a circuit
resistor has to be determined. Equation (4-11)
can be transposed to solve for the value of the
unknown resistance.

Example: The total resistance of a circuit
containing three resistors is 40 ohms (fig. 4-20).
Two of the circuit resistors are 10 ohms each.
Calculate the value of the third resistor.
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30n
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BE.%9

Figure 4-19.—Solving for total resistance in
a series circuit.

Given: RT = 40 ohms
R1 = 10 ohms
RZ = 10 ohms
Solution: RT = R1 + R2 + R3 (4-11)

Subtracting (R, + Rz) from both sides of
the equation 1

Ry = Rp- Ry - Ry
R3- 40 - 10 - 10
Ry = 40 - 20
R3—200hms

CURRENT

Since there is but one path for current in a
series circuit, the same curremt must flow
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RI
I0n
l R2
R
T .
, 40n 10a
'R3
NN\
BE.60

Figure 4-20.—Calculating the value of one
resistance in a series circuit,

through each part of the circuit. To determine
the current throughout a series circuit, only
the current through one of the parts need be
known,

The fact that the same current flows through
each part of a series circuit can be verified by
inserting ammeters into the circuit at various
points as shown in figure 4-21, If this were done,
each meter would be found to mdicate the same
value of current.

VOLTAGE

As stated previously, the voltage dropacross
the resistor in the basic circuit is the total
voltage across the circuit and is equal to the
applied voltage. The total voltage acrossa series
circuit is also equal to the applied voltage, but
consists of the sum of two or more individual
voltage drops. In any series circuit the SUM
of the resistor voltage drops must equal the
source voltage, This statement can be proven
by an examination of the circuit shown in figure
4-22. In this circuit a source potential (ET) of
20 volts is impressed across a series circuit
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- e - BE.61
Fxgure 4-21 ~—Current in a series circuit.

consisting -of two 5 ohm resistors.. The.total
resistance of the' circuit is.equal to the sum
of the two individual resistances, or 10 ohms.
Using Ohm’s Law the cirguit currentxma.y be
calculated as follows :

.)':

2 amperes

Knowing the size of the resistors to be 5 ohms
each, and the currént through the resistors to
be 2 amperes, the voltage drops across the
resistors can be calculated. The voltage (El)
across R is therefore:

E, = IR

1 1
E, = 2amperes x5 ohms
El’ = 10 volts

Since R, is the same ohmic value as R, and
carries "the same current, the voltage drop
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RI
5a.
<= 20v
R2
5a
BE.62

Figure 4-22.—Calculating total resistance in
- a series tircuit,

across Ry is also equal to 10 volts, Adding these
two 10 volt drops together gives a total drop of
20 volts exactly equal to the applied voltage. For
a series circuit then:

ET

Example: A seéries circuit consists of three
resistors having values of 20 ohms, 30 ohms,
and 50 ohms respectively. Find the applied volt-
age if the current throqgh the 30 ohm resxstor
is 2 amperes.

To solve the problem, a circuit d;a.gran; is
first drawn and labeled as shown in figure 4-23.

=E1 + E2 + E3 En (4-12)

Given: Rl = 20 ohms
R2 = 30 ohms
R3 = 50 ohms
I =2 amperes

" Solution: Since the circuit involvedisa series
circuit, the same 2 ampgres of ‘cgrrent flows

RI

——— AV
204a

302 >R2

it
m
[}
-

2a

50a

ANV
R3

, BE.63
Figure 4-23.—Solving for applied voltage in
a series circuit,

through each resistor. Using Ohm’s Law, the
voltage drops across each of the three resistors
can be calculated and are:

E1 = 40 volts
E2 = 60 volts
E3 = 100 volts

Once the individual drops are known they can
be added to find the total or applied voltage:

ET = E1+ Ez + E3 (4-12)

ET = 40v + 60v + 100v
ET = 200 volts

NOTE: In using Ohm’s Law, the quantities used
in the equation MUST be taken from the SAME
part of the circuit. In the above example the
voltage across Rp was computed using the
current through Rg and the resistance of Rg.

It must be emphasized that the potential
difference across a resistor remains constant,
for it is a measure of the amount of energy
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required to move a unit charge from one point
to another. As long as the source produces
electric energy as rapidly as it is consumed
in a resistance, the potential difference across
the resistance will remain at a constant voltage.
The value of this voltage is determined by the
applied voltage and the proportional relation-
ship of circuit resistances. The voltage drops
that occur in a series circuit are in direct
proportions to the resistance across which they
appear. This is a result of having the same
current flow through each resistor. Thus, the
larger the resistor the larger will be the volt-
age drop across it.

POWER

Each of the resistors in a series circuit
consumes power which is dissipated in the form
of heat, Since this power must come from the
source, the total power must be equal inamount
to the power consumed by the circuit resistances.
In a series circuit the total power is equal to
the SUM of the powers dissipated by the indivi-
dual resistors. Total power (Pg) is thus equal
to:

PT = P1 + P2+ P3 + "'Pn

Example: A series circuit consists of three
resistors having values of 5 ohms, 10 ohms, and
15 ohms. Find the total power dissipation when
120 volts is applied to the circuit. (See figure
4‘24.)

(4-13)

given: R1 = 5 ohms
R2 = 10 ohms
R3 = 15 ohms
E. = 120 volts

Solution: The total resistance is found first.

RT = Rl + RZ + R3 (4-11)
T = 5 + 10+ 15
RT = 30 ohms

Using total resistance and the applied voltage,
the circuit current is calculated,

Rl

5a
- Et R2
= 120v 10a

R3

150

NNV
BE. 64

Figure 4-24.—Solving for total power in a
series circuit.

ki

—

1}
©
°|

I

4 amperes

Using the power formulas, the individual power
dissipations can be calculated. For resistorRy*

P, = IR, (4-6)
P1= (425
Py = 80 watts

For RZ:
P, = Ry (4-6)
P, = (4)210

Py = 160 watts
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, Fo;' R3:<
P, = I%Rg (4-6)
= (4)2
P3 (4)415
P3 = 240 watts
To obtain total power:
PT = P1 + P2 + P3 (4-13)
Pt = 80 + 160 + 240

Pr = 480 watts

To check the answer the total power delivered
by the source can be calculated:

P =1
source ‘source XEsource

P

(4-4)
source=4a, x 120 v,

Psource = 480 watts

Thus the total power is equal to the sum of
the individual power dissipations,

RULES FOR SERIES
D-C CIRCUITS

The important factors governing the oper-
ation of a series circuit are listed below. These
factors have been set up as a group of rules so
that they may be easily studied. These rules
must be completely understoad before the study
of more advanced circuit theory is undertaken.

1, The same current flows through each
part of a series circuit,

2. The total resistance of a series circuit
is equal to the sum of the individual resist-
ances,

3. The total voltage across a series circuit
is equal to the sum of the individual volt-
age drops.

4. The voltage drop across a resistor in a
series circuit is proportional to the size of the
resistor.

5. The total power dissipated in a series
circuit is equal to the sum of the individual
power dissipations.
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GENERAL CIRCUIT ANALYSIS

To establish a procedure for solving series
circuits, the following sample problem will be
solved.

Example: Three resistors of 5 ohms, 10
ohms, and 15 ohms are connected across a bat-
tery rated at 90 volts terminal voltage. Com-
pletely solve the circuit (fig. 4-25).

——A\NVVW

Fl RI
59
= Ebb R2
= 90v 10Q
R3
sy- 150
. AAANAA— ]
BE.65

Figure 4-25.—Solving for various values in
a series circuit.

In solving the circuit the total resistance
will be found first. Next, the circuit current
will be calculated. Once the current is known
the voltage drops and power dissipations can
be calculated. ‘

The total resistance is:

RT_ + R, + R

R, + Ry

3

Rt = 5 ohms + 10 ohms + 15 ohms

Ry = 30 ohms
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By Ohm’s Law the current is;

g
T
-9
I=30

I = 3 amperes
The voltage (E,) across R, is:

El = ml

E

1 3 amperes

E 1 15 volts

The voltage (E,) across R, is:
E; = IRy
lé:2 = 3 amperes

Ez | = 30 volts

The voltage (E3) across Rq is:
Ey =Ry
E3 =3 amperes

E3 = 45 volts

The power dissipated in Rl is;

P1 =1 xE1
P1 = 3 amperes
Pl = 45 watts

'l‘he power dissipated in Rz is:
Pz = Ix E,
Pz = 3 amperes

Pz = 90 watts

The power dissipated in R3 is:

g
]

IxE

3 3
P3 = 3 amperes x 45 volts
P3 = 135 watts

The total power dissipated is:
T = ET xI

P
PT = 90 volts x 3 amperes
P

T" 270 watts
x 5 ohms ,
Example: Four resistors R; =10 ohms,
Rg = 10 ohms,R3 = 50ohms,andR4 = 30ohms
are connected in series across a battery. The
current through the circuit is 0.5 amperes. (See
figure 4-26.)
a. What is the battery voltage?
b. What is the voltage across each resistor?
. at i -
x 10 ohms c gl;taor?s the power expended in each re
d. What is the total power?
RI
100
x 15 ohms
R2
108
= Eg=?
?
x 15 volts
I R3
504
A)O.5a
® R4
300
x 30 volts
BE.66

Figure 4-28.—-Computing series circuit values.
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Given:

Find:

Solution:

Check:

(a)

(b)

(c)

R, = 10 ohms

’ R2 = 10 ohms
R4 = 30 ohms
I =0.5 ampere

1 1

E2= P2=?
E3=? P3=?
E4=? P4=?
ET=? ‘PT=?

Rp =Ry + Ry+ Ry + Ry
Ry
ET=IRT= 0.5 x 100 = 50 volts

E1=

E2=IR2=0.5x10=5volts

IR1=0.5x10=5volts

3=IR3=0.5x50=25volts

E4=IR4

Ep=Ej+ By +Eg + By

ET=5+5+25+ 15 = 50 volts

Power consumed in R1 is:

E

= 0.5 x 30 = 15 volts

P1=IE1=0.5x5=2.5watts
P2=IE2=0.5x5=2.5watts
P,=1IE,=0.5x%x25=12.5 watts

3 3
P4=IE4=0.5x15=7.5 watts

=10 + 10 + 50 + 30 = 100 ohms
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(d) Total power

PT=P1+ P2+ P3+P4

PT=2.5+2.5'+12.5+7.5=25watts

Check: .

P =12R =0 52x100=25watts

T T T ‘

or:

PT = ITET = 0.5 x50 = 25 watts
or:

E 2 :
P = RTz = 50" _ 2500 _ 55 watts
T 100 100

An important fact to keep in mind when
applying Ohm’s Law to a series circuit is to
consider whether the values usedare component
values or total values. When the information
available enables the use of Ohm’s Law to find
total resistance, total voltage and total current,
total values must be inserted into the formula.

To find total resistance:
RoolT
T IT
To find total voltage:

Ep = Ip X Ry

To find total current:

]

.-!H
n
'-]w l'-l

NOTE: It is equal to I in a series circuit. How-
ever, the distinction between IT and I in the
formula should be noted. The reason being that
future circuits may have several currents, and
it will be necessary to differentiate between
It and other currents,

To compute any quantity (E, I, R, or P) as-
sociated with a single given resistor, the values
used in the formula must be obtained from that
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particular resistor. For exampler, to find
the value of an unknown resistance, the voltage
across and the current through that particular
resistor must be used.

To find the value of a resistor:

E
=R
R =g

R

To find the voltage drop across a resistor:

E X R

R-Ir
To find current through a resistor:

_Ep
R

KIRCHHOFF’S VOLTAGE LAW

In 1847 Kirchhoff extended the use of Ohm’s
Law by developing a simple concept concerning
the voltages contained in a series circuit loop.
Kirchhoff’s Law is stated as follows.

The algebraic sum of the instantaneous

emf’s and voltage drops around any

closed circuit loop is zero.
Through the use of Kirchhoff’s Law, circuit prob-
lems can be solved which would be difficult
and often impossible with only a knowledge of
Ohm’s Law, When the law is properly applied,
an equation can be set up for a closed loop and
the unknown circuit values may be calculated.

POLARITY OF VOLTAGE

To apply Kirchhoff’s Voltage Law, the mean-
ing of voltage POLARITY must be understood.
In the circuit shown in figure 4-27 the current
is seen to be flowing in a counterclockwise
direction due to the arrangement of the battery
source E.,. Notice that the end of resistor Ry
into which the current flows is marked NEG-
ATIVE ( - ). The end of Ry at which the current
leaves is marked POSITIVE (+ ). These po-
larity markings are used to show that the end
of Ry into which the current flows isat a higher
negative potential than is the end of the resistor
at which the current leaves. Point A isthus more
negative than point B,
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Point C, which is at the same potential as
point B, is labeled negative. This is to indicate
that point C, though positive with respect to
point A, is more negative than point D, To say
a point is positive (or negative), without stating
what it is positive IN RESPECT TO, has no
meaning,

I- +¢D
RI
+ -tc
= Epp
[ - +pB
R2
I-» -{a
BE.67

Figure 4-27.—Voltage polarities.

Kirchhoff’s Voltage Law can be writtenasan

equation as shown below:

E; +Ep+ E¢+ ...Ep =0 (4-14)

where E,, Ep, etc., are the voltage drops and

emf’s around any closed circuit loop. To set up

the equation for an actual circuit, the following
procedure is used.

1, Assume a direction of current through
the circuit, (Correct direction desirable but not
necessary.)

2. Using assumed direction of current,
assign polarities to all resistors through which
the current flows.

3. Place correct polarities on any source
included in the circuit.

4, Starting at any points in the circuit, trace
around the circuit writing down the magnitude
and polarity of the voltage across each component
in succession. The polarity used is the sign
AFTER the component is passed through. Stop
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when reaching the point at which the trace
was started.

5. Place these voltages with their polarities
into equation (4-14) and solve for the desired
quantity,

Example: Three resistors are connected
across a 50 volt source, What is the voltage
across the third resistor if the voltage drops
across the first two resistors are 25 volts and
15 volts?

Solution: A diagram is first drawn as shown
in figure 4-28, Next a direction of current is
assumed as shown. Using this current, the po-
larity markings are placed at each end of each
resistor and also on the terminals of the source.
Starting at point A, trace around the circuit in
the direction of current flow recording the volt-
age and polarity of each component. Starting at
point A these voltages would be as follows:

—VV VWV

+ El -
25v
+
+
— E E2
= 5‘(‘) ISv
A§ ="
I
—_ EX +
NN\ \N
BE.68

Figure 4-28.—Determining unknown voltage in
a series circuit,

Basic formula:

Ea+Eb+Ec... En 0 (4-14)

From the circuit:

(+ Ex) + (+E2) + (+E1) + (-EA) =0

"

Substituting values from circuit:
Ex+ 15+25+ 50=0
Ex -10=0

Ex = 10 volts

Thus, the unknown voltage (Ey) is found to be
10 volts.

Using the same idea as above, a problem can
be solved in which the current is the unknown
quantity,

Example: A circuit having a source voltage
of 60 volts contains three resistors of 5 ohms,
10 ohms, and 15 ohms. Find the circuit current,

Solution: Draw and 1label the circuit
(fig. 4-29). Establish a direction of current flow
and assign polarities, Next, starting at any point,
point (A) will be chosen in this example; write
out the loop equation,

————V VWA

oo T
RI=58
+
4= R2:100
= 60v E2
R3:=150
- E3 + A
L " ANV
BE.69

Figure 4-29.—Correct direction of assumed
current,

Basic equation:

E, +Ep+ Eg +....Ep = 0 (4-14)

+Ey +E) -E, +Eg= 0

A 73
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Since E = IR, by substxtut:on

IR2 + IR1 - E + IR3 =0
Substituting values: |

101 = 5_I- 60 + 151=0
Combming l,ike terms

301 - 60=0

¢ 301 = 60
= 2 amperes

Since the current obtained in the above cal-
culations is a positive 2 amperes, the assumed
direction of current was correct, To show:what
happens if the incorrect direction of current
is assumed, the problem will be solved'as be-
fqre but w1th the opposite direction of current.
The circuit is redrawn showing the new direc-
tion" of current and new polarities in fxg'ure
4- 30

Solution:
i E +E +E +... E =0 - (4-14)
‘Starting at point (A):
- E‘z‘- El 'EA-Es =0
-IRy - IR-E, - IR, =0
101 -51-60-15I=0
-301-60 =0
-301 = 60
L =- 2 amperes

Notice that the AMOUNT of current isthe SAME
:as before. Its polarity, however, is NEGATIVE.
The negative polarity simply indicatesthe wrong
direction of current was assumed. Should it be
necessary to use this current:in further cal-
-culations . on the circuit, the negative polarity
should be retained in the calculations.
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L
RI=54a 1
LTe, R2:21080 ¢
e . E2
= 60v
+
1 + E3 A
BE.70
F1gure 4- 30 aIncorrect direction of assumed
current,
SERIES AIDING AND

OPPOSING SOURCES

In many practical applications a circuit may
contain more than one source. Sources of emf
that cause current to flow in the same direction
are considered to be SERIES AIDING and their
voltages add. Sources of emf that would tend to
force : current 'in opposite directions are said
to be SERIES OPPOSING, and the effective source
voltage is the difference between the opposing
voltages. When two opposing sources are in-
serted into a circuit, current flow would be in
a direction determined by the larger source.
Examples of series aiding and opposing sources
are shown in figure 4-31.

MULTIPLE SOURCE SOLUTIONS

A simple solution may be obtained for a mul-
tiple source circuit through the use of Kirchhoff’s
Voltage Law. In applying this method, the exact
same procedure is used for the multiple source
as was used above for the single source circuit.
This is demonstrated by the following problem.
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1|1}
“e2 *
+
= El RI
T-
R2
WAAAA
SERIES AIDING
+1'||||: -
+ E2
=& RI
ﬂ- -
R2
SERIES OPPOSING
BE. 71

Figure 4-31. —Aiding and opposing sources.

Example: Using Kirchhoff’s Voltage equa-
tion, find the amount of current in the circuit
shown in figure 4-32.

Solution: As before, a direction of current
flow is assumed and polarity signs are placed
on the drawing. The loop equation will be
starting at point A,

Basic equation:

E +Ep +E¢g +.... E4=0 (4-14)

From the circuit:

Eppz * By " Egpy * Eppg + B3 =0

+20 + 60I-180+40+20I=0
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Combining like terms:
+ 80I - 120= 0
801 = 120

I=1.5 amperes

+‘NR\|N\' =
- E
604 tz’t(’)% At
+
+
=Ebbl R2
-—-_ I80v 204
Epb3
I 40v+
' |ifl
BE.72

Figure 4-32.—Solving for circuit current using
Kirchhoff’s voltage equation.

VOLTAGE REFERENCES
REFERENCE POINT

A reference point is an arbitrarily chosen
point to which all other points are compared.
In series circuits, any point can be chosen as
a reference and the electrical potential at all
other points can be determined in reference to
the initial point. In the example of figure 4-33
point A shall be considered as the reference.
Each series resistor in the illustrated circuit
is of equal value; therefore, the applied volt-
age is equally distributed across each resistor.
The potential at point B is 25 volts more positive
than A, Points C and D are 50 volts and 75 volts
respectively more positive than point A.
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D +75v
R3 E3=25v
C +50v
|+
75v R2> E2:=25v
9
B +25v
RI< El = 25v
I
\—> A Ov
“ BE.73
Figure 4-33.—Reference points in a series
circuit,
D +50v
R3< E3=25v
+ C +25v
® /
75v R2< E2=25v
.
B Ov
RIK ElI= 25v
I,
A -25v
_ BE.74
Figure 4-34.—Determining potentials with

respect to a reference point.
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If point B is used as the reference_as in
figure 4-34, point D would be positive 50 volts
in respect to the new réference point B. The
former reference point A is 25 volts negative
in respect to point B,

GROUND

As in the previous circuit illustration,. the
reference point of a circuit isalways considéred
to be at zero potential, Since the earth (ground)
is said to be at a zero potential,-the term
GROUND is used to denote a common electrical
point of zero potential, In figure 4-35, point A
is the zero reference or ground and is symbol-
ized as such. )

Point C is 75 volts positive and point B is 25
volts positive in respect to ground.,

C +75v
. R2 >E2=50v
+
' ' -
75v B +25v
? -
El=25v
- " BE.T5

Figure 4-35.—Use of ground symbols.

In many electrical/electronic equipments,
the metal chassis is the common ground for
the many electrical circuits. The value of ground
is noted when considering its contribution to
economy, simplification of schematics, and ease
of measurement. When completing each elec-
trical circuit, common points of a circuit at zero
potential are connected directly to the metal
chassis thereby eliminating a large amount of
connecting wire. The electrons pass through the
metal chassis (conductor) to reach other points
of the circuit. An example of a grounded circuit
is illustrated in figure 4-36.
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RI
I
=t R2
= Epb
= --eeemmeoee Tocemoeeomces =
CONDUCTING CHASSIS
BE."76

Figure 4-36.—Ground used as a conductor,

Most voltage measurements used to check
proper circuit operation in electronic equip-
ment are taken in respect to ground. One meter
lead is attached to ground and the other meter
lead is moved to various test points.

OPEN AND SHORT CIRCUITS

A circuit is said to be OPEN when a break
exists in a complete conducting pathway.
Although an open occurs any time a switch is
thrown to deenergize a circuit, an open mayalso
develop accidentally due to abnormal circuit
conditions. To restore a circuit to proper oper-
ation, the open must be located and its cause
determined.

Sometimes an open can be located visually
by a close inspection of the circuit components,
Defective components, such as burned out
resistors and fuses can usually be discovered
by this method, Others such as a break in wire
covered by insulation, or the melted element
of an enclosed fuse, are not visible to the eye.
Under such conditions, the understanding of an
open’s effect on circuit conditions enables a
technician to make use of a voltmeter or ohm-
meter to locate the open component.

In figure 4-37, the series circuit consists
of two resistors and a fuse. Notice the effects
on circuit conditions when the fuse opens.
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—®—
ST 3
R2 }
L€ ® q5»/
= A I0v
T 5V ‘
FUSE
Ov
NORMAL CIRCUIT
© NN NN\
Oma RI
R2
—E 6 Ov
=A Ov |
[ 15v BLOWN
FUSE
ISv
OPEN CIRCUIT
BE.77
Figure 4-37.—Normal and open circuit
conditions.,

Current ceases to flow; therefore, there is
no longer a voltage drop across the resistors.
Each end of the open conducting path becomes
an extension of the battery terminals and the
voltage felt across the open is equal to the ap-
plied voltage.

An open circuit, such as found in figure
4-37 could also have been located with an ohm-
meter. However, when using an ohmmeter to
check a circuit, it is important to first deener-
gize the circuit. The reason being that an ohm-
meter has its own power source and would be
damaged if connected to an energized circuit,

The ohmmeter used to check a series circuit
would indicate the ohmic value of each resistance
it is connected across. The open circuit due tn
its almost infinite resistance would cause no
deflection on the ohmmeter as indicated by the
illustration, figure 4-38.

A SHORT CIRCUIT is an accidental path of
low resistance whichpassesanabnormal amount
of current, A short circuit exists whenever the
resistance of the circuit or the resistance of a
part of a circuit drops in value to almost zero
ohms. A short often occurs as a result of im-
proper wiring or broken insulation.
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INFINITE
INDICATION

C,

R2

AVAAAA

BE.78
Figure 4-38.—Ohmmeter readings in a series
circuit,

In figure 4-39 a short is caused by improper
wiring. Note the effect on current flow. Since
the resistor has in effect been replaced with a
piece of wire, practically all the current flows
through the short and very little cyrrent flows
through the resistor. Electrons flow through
the .short, a path of almost zero resistance and
complete the circuit by passing through the 10-
ohm - resistor and the battery. Thé amount .of
current flow increases greatly because its re-

sistive path has decreased from 10,010 ohms to
0 ohms. Due tb the excessive current through

the 10-ohm resistor, the ihcreased heat dis-
sipated by the resistor will destroy the compo-
nent,

EFFECT OF SOURCE RESISTANCE ON
VOLTAGE, POWER, AND EFFICIENCY

All sources of emf Have soie internal re-
sistance that acts in series with the load re-
sistance. The source resistance is generally
indicated in circuit diagrams as a separate
resistor connected in series with the source.
Both the voltage and power made available to
the load may be increased if the resistance of
the source is reduced.
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Ri= 10,0000

il

NORMAL CURRENT

4

|ifif-

SHORT.

EXCESSIVE CURRENT

C BE.T9
Figure 4-39. —Normal and short circuit
conditions. :
. The effectB of source resistance, Rg, onload
voltage niay be illustrated by the use of figure
4-40. In figure 4-4Q (A), the circuit is open, and
therefore a voltmeéter connected across the bat- |
tery will read the open-circuit voltage. In the
case of a dry cell, the open-circuit voltage is
1.5 volts, In figure 4-40 (B), the cell is short-
circuited through the ammeter, and a currentof
30 amperes flows from the source. In this case
the voltage of the cell is developed across the

interna} resistance of the cell. The internal re-
sistance of the cell is therefore, b

Rs = 8. 15 . o 05 onm.

I - 80

If a load, Ry, of 0.10 ohm is connected to
the circuit, as shown in figure 4-40 (C), the
current, I, becomes

Eg 15

Is —g——_

10 am ei-es.
Rt 0.15 P
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Yo T 30a

SO )

SHORT -CIRCUIT
Cl.(!FéE)RENT

©

‘OPEN - CIRCUIT
_.VOLTAGE

- < (A)

LOAD CONNECTED '
(C)

ST o . " BE.80
Figure 4-40.—Effect of source resistance on
load voltage.

The Qoltage available at the load is
Ep,=IR;, =10x0.1 = 1 volt.

 The voltage absorbed across the internalre-
sistance of the cell is

IRg = 10 x 0.05 = 0.5 volt.

Thus the effect of the internal resistance is to
decrease the terminal voltage from 1.5 volts
to 1 volt when the cell delivers 10 amperes to
the load,

The effect of the source resistance on the
power output of a d-c source may be shown by
an analysis of the circuit in figure 4-41 (A).
When the variable load-resistor, Ry, is set at
the zero ohms position (equivalent to a short
circuit) the current is limited only by the in-
ternal resistance, Rg, of the source. The short-
circuit current, I, is determined as

83

This is the maximum current that maybe drawn
from the source. The terminal voltage across
the short circuit is zero and all the voltage is
absorbed within the terminal resistance of the
source.

_If the load resistance, Ry,, is increased
(the internal resistance remaining the same),
the current drawnfrom the source willdecrease.
Consequently, the voltage drop acrossthe inter-
nal resistance will decrease. At the same time,
the terminal voltage applied across the load will
increase and will approach a maximum as the
current approaches zero.

The MAXIMUM POWER TRANSFER THEO-
REM says in effect that maximum power is
transferred from the source to the load when
the resistance of the load is equal to the inter-
nal resistance of the source. This theorem is
illustrated in the tabular chart and the graph
of figure 4-41 (B) and (C), When the load re-
sistance is 5 ohms, thus matching the source
resistance, the maximum power of 500 watts
is developed in the load.

The efficiency of power transfer (ratio of
output to input power) from the source to the
load increases as the load resistance is in-
creased. The efficiency approaches 100 percent
as the load resistance approaches a relatively
large value compared with that of the source,
since less power is lost in the source. The
efficiency of power transfer is only 50 percent
at the maximum power transfer resistance of
5 ohms and approaches zero efficiency at rela-
tively low values of load resistance compared
with that of the source.

Thus the problem of high efficiency and
maximum power transfer is resolved as a
compromise somewhere between the low effi-
ciency of maximum power transfer and the high
efficiency of the high-resistance load. Where the
amounts of power involved are large and the
efficiency is important, the load resistance is
made large relative to the source resistance so
that the losses are kept small. In this case the
efficiency will be high. Where the problem of
matching a source to a load is of paramount
importance, as in communications circuits, a
strong signal may be more important than a
high percentage of efficiency. In such cases, the
efficiency of transmission will be only about
50 percent. However, the power of transmission
will be the maximum of which the source is
capable of supplying,
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I o
—ly

Figure 4-41.—Effect of source resistance on power output.
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CHAPTER 5

PARALLEL D-C CIRCUITS

An adequate understanding of modern
electrical equipment requires a progressive
development in the study of typical electrical
circuits. In stepping-stone fashion, the discus-
sion of series d-c circuits will now be followed
by a consideration of the characteristics of
parallel d-c circuits. It will be shown how the
principles applied to series circuits canbe used
to determine the reactions of such quantities as
voltage, current, and resistance in parallel and
series-parallel circuits. )

Along with the progressive introduction of
electrical theories and circuit characteristics
comes a corresponding progression inthe use of
mathematical equations and problem solving
methods. A basic knowledge of powers of ten,
fractions, fractional equations, and the use of
simultaneous equations is required for the com-
prehension of material presented in this chapter.

PARALLEL CIRCUIT CHARACTERISTICS

A parallel circuit is defined as one having
more than one current path connected to a com-
mon voltage source. Parallel circuits, there-
fore, must contain two or more load resistances
which are not connected in series. An example
of a basic parallel circuit is shown in figure
5-1. :

Commencing at the voltage source (E,, ) and
tracing counterclockwise around the circuit, two
complete and separate paths can be identified

in which current can flow. One path is traced -

from the source through resistance Ry andback
to the source; the other, from the source through
resistance Rg and back to the source.

VOLTAGE
You have seen that the source voltage in a

series circuit divides proportionately across
each resistor in the circuit. In a parallel circuit
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(fig. 5-1), the same voltage ispresentacrossall
the resistors of a parallel group. This voltageis
equal to the applied voltage (Ryy). The fore-
going statement can be expressed in equation
form as '

Ebb = ERl = ER2 = ERn (5-1)

Voltage measurements taken across the re-
sistors of a parallel circuit, as illustrated by
figure 5-2, verify the above equation. Each volt-
meter indicates the same amount of voltage.
Notice that the voltage across each resistor is
the same as the applied voltage.

Example. Assume that the current through
a resistor of a parallel circuit is known to be
4.5 milliamperes (ma) and the value of the
resistor is 30,000 ohms. Determine the potential
across the resistor. The circuit is shown in
figure 5-3.

Given:

Rg = 30K
" IR2 = 4.5 milliamperes
Find:
Er2- ¢
Epb = 2

Solution: Select proper equation.
E =1IR (4-2)

Substitute known values:

ER2= Ig2 X Ry

ER2 = 4.5 milliamperes x 30,000 ohms

v
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Express in powers of ten:
Epa= (4.5 x 10-3) x (30 x10)

ERpa= 4.5x30
Resultant:
’ ER2 =135 v
Therefore:
Epp = 135 v

Having determined the voltage across one
resistor (Rg) in a parallel circuit, the value of
the source voltage (Epp) and the potentials
across any other resistors that may be con-
nec;ed in parallel with it are known (equations
5-1).

CURRENT -DIVISION

. The current in a circuit . . . . is inversely
proportional to the circuit resistance. Thisfact,
obtained from Ohm’s law, establishes the rela-
tionship upon which the following discussion is

developed.

- . A single current flows in a series circuit.
Its value is determined in part by the total re-
sistance of the circuit. However, the source
current in a parallel circuit divides among the
available paths in relation to the value of the
resistors in the circuit. Ohm’s law remains
unchanged. For a given voltage, current varies
inversely with resistance.

The behavior of current in parallel circuits
will be shown by a series of illustrations using

example circuits with different values of resis-

tance for a given value of applied voltage.

s
S
<
PATH 1
PATH 2
BE.82
Figure 5-1.—Example of a basic parallel
circuit.
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3
- EEpp . RI ® R2
10v I0v Iov
|
BE.83
Figure 5-2.—Voltage comparison in a parallel
circuit.
T —1
E RI  g|SR2 R
bb ; 3
T > 3 230kn
&
BE.84

Figure 5-3.—Example problem parallel circuit.

Part (A) of figure 5-4 shows a basic series
circuit. Here the total current must pass through
the single resistor. The amount of current is
determined as

Epp

- —-90._
t R 10 5 amperes

Part (B) of figure 5-4 shows the same re-
sistor (R;) with a second resistor (Rp) of equal
value connected in parallel across the voltage
saurce. Applying the proper equationfrom Ohm’s
law, the current flow through each resistor is
seen to be the same as through the single re-
sistor in part (A). These individual currentsare
determined as follows:

50
Ip1 = R-1—= {0 = 5 amperes

However, it is apparent that if 5 amperes of
current flows through each of the two resistors,
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there .must be a total current of 10 amperes
drawn from the source. The distribution of cur-
rent in the simple parallel circuit shown in
figure 5-4 (B) is as follows:

gEbb RI §
?50\' 10n >
(A)
p— —
Ir=100 12=50
=Epp RI R2
T 50v alsi0n 1on
5 >
IT’|00
—_
a
(8) .
BE.85
Figure 5-4.—Analysis of current in parallel
circuit.

The total current of 10 amperes leaves the
negative terminal of the battery and flows to
point a. Since point a is a connecting point for
the two resistors, itiscalled a junction. At junc-
tion a the total current divides into two smaller
currents of 5 amperes each. Thesetwo currents
flow through their respective resistors and re-
join at junction b. The total current then flows
from junction b back to the positive terminal of
the source. Thus, the source supplies a total
current of 10 amperes and each of the two equal
resistors carries one-half the total current.

Each individual current path in the circuit
of figure 5-4 (B) is referred to as a branch.
Each branch will carry a current that is a
portion of the total current. Two or more
branches form a network.

From the foregoing observations, the char-
acteristics of current in a parallel circuit can
be expressed in terms of the following general
equation

It =) +Ip+.... I (5-2)
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The analysis of current in parallel circuits
is continued with the wuse of the following
example circuits.

Compare part (A) of figure 5-5 with part
(B) of the preceding example circuit in figure
5-4. Notice that doubling the value of the second
branch resistor (Rg) has no effect onthe current
in the first branch (Igy), but does reduce its
own branch current (Ig3) to one-half its original
value. The total circuit current drops to a value
equal to the sum of the branch currents. These
facts are verified as follows: .

I1 = Ebb = i—g = 5 amperes
R
1
I2 = E_b_b‘= g—g = 2.5 amperes
It = I1 + 12
'It =5 + 2.5 = 7.5 amperes
—
I7=75a 12=25a
4 - >
= Epb RI R2
50v on 9 20n
il
p
IT=75a
e — -
(A) '
———p
IT=15a 13=5a
%Ebb Ré 3 R2§ 8 R3§
T 0Nl v 0n?| & -1on
I+=15a
Pl Sl
(B)
BE.86
Figure 5-5.—Current behavior in parallel
circuits.
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Now compare the two circuits of figure 5-5.
Notice that the sum of the ohmic values of the
resistors in both circuits is equal and that the
applied voltage is the same value. However, the
total current in part (B) is twice the amount in
part (A). It is apparent, therefore, that the
manner in which resistors are connected in a
circuit, as well as their actual ohmic value,
affects the total current flow. This phenomenon
will be illustrated in more detail in the discus-
sion of resistance. The amount of current flow
in the branch circuits and the total current in
the circuit (fig. 5-5 (B)), are determined as
follows:

I = Epp - 50 5 amperes
Rl 10

I = Epp - 50, 5 amperes
R2 10

I = Epp - 50 5 amperes
R 10
3

It = Il + I2 + 13

r - b, Epb, Eep

t R1 RZ R3
50 50 50

-
1]

b

o

+ 50 *10° 15 amperes

The division of current in a parallel netwaork
follows a definite pattern. This pattern is de-
scribed by Kirchhoff’s current law which is
stated as follows:

The algebraic sum of the currents entering
and leaving any junction of conductors is equal
to zero. This law can be stated mathematically
as

(5-3)

where I, I, , etc., are the currents enteringand
leaving the junction. Currents entering the junc-
tion are assumed to be positive, and currents
leaving the junction are considered negative.
When solving a problem using equation (5-3),
the currents must be placed into the equation
with the proper polarity signs attached.

Example. Solve for the value of 13 in figure
5-6.

II=10a

BE.87
Figure 5-6.—Circuit for example problem.

Solution: First the currents are given proper
signs.
I,=+10 amperes
Ig= - 3 amperes
Ig= ? amperes
I 4= - 5 amperes
these currents are placed into equation (5-3)
with the proper signs as follows:
Basic equation:
(5-3)

Substitution:
Il+ 12+I3+I4=0
(+10) + (-3) + (13) + (-5)= 0

Combining like terms:
13 +2=0
Ig = -2 amperes
thus, I3 has a value of 2 amperes, and the nega-

tive sign shows it to be a current leaving the
junction.

Example. Using figure 5-7, solve for the mag-
nitude and direction of 13:
Solution:
(5-3)

Il+12+13+l4 =0
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12= 3a
li=6a 1329
14=5a
BE. 88
Figure 5-7.—Circuit for example problem.
(+6a) + (-3a) + (I3) +(-5a) = 0
13 -22 =0
I3 = 2 amperes

Thus, 1,is 2amperes, and its positive sign shows
it to be a current entering the junction,

PARALLEL RESISTANCE

The preceding discussion of current
introduced certain principles involving the char-
acteristics and effects of resistance in parallel
circuits, A detailed explanation of the character-
istics of parallel resistances will be considered
in this section. The explanation will commence
with a simple parallel circuit. Various methods
used to determine the total resistance in parallel
circuits will be described.

In the example diagram (fig. 5-8), two cyl-
inders of conductive material having a re-
sistance value of 10 ohms each are connected
across a 5-volt battery. A complete circuit con-
sisting of two parallel paths is formed and cur-
rent will flow as shown,

Computing the individual currents shows that
there is one-half an ampere of current flowing
through each resistance. Accordingly, the total
current flowing from the battery to the junction
of the resistors, and returning from the resistors
to the battery, is equal to 1 ampare. The total
resistance of the circuit can be determined by
substituting total values of voltage and current
into the following equation. This equationisde-
rived from Ohm'’s law.

E¢
Rt =71
t I
Rt=%= 5 ohms

This computation shows the total resistance tobe
5 ohms, one-half the value of either of the two
resistors.

89

0.5a
0.5a

BE 89
Figure 5-8.—Two equal resistors
connected in parallel.

Since the total resistance of this parallel
circuit is smaller than either of the two resis-
tors, the term ‘‘total resistance’’ doesnot mean
the sum of the individual resistor values. The
total resistance of resistors in parallel is also
referred to as equivalent resistance. In many
texts the terms total resistance and equivalent
resistances are used interchangeably.

There are several methods usedto determine
the equivalent resistance of parallel circuits.
The most appropriate method for a particular
circuit depends on the number and value of the
resistors. For the circuit described above, the
following simple equation is used:

R
Req = ﬁ‘
where
Req = equivalent parallel
resistance
R = ohmic value of one
resistor
N = number of resistors

This equation is valid for any number of equal
value parallel resistors.

An understanding of why the equivalent re-
sistance of two parallel resistors is smaller
than the resistance of either of the two resistors
can be gained by an examination of figure 5-8.
The two 10-ohm cylinders have fixed equal
volumes, If the cylinders were combined into
one cylinder as shown in figure 5-9, the volume
would double. If the same lengthis retained and
the volume is doubled, the cross-sectional area
will double. When the cross-sectional area ofa
material is increased, the resistance is de-
creased proportionately.
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———
la

EQU|VALENT TO
TWO 10 OHM
RESISTORSIN

PARALLEL

t.

la :
Grr———

]

BE. 90
Figure 5-9.—Equivalent parallel circuit,

Since, in this case, the cross-sectional area
is two times the original area, the resistanceis
one-half the former value. Therefore, whentwo
equal value resistors are connected in parallel,
they present a total resistance equivalent to a
single resistor of one-half the value of either of
the original resistors. '

Example. Four 40-ohm resistors are con-
nected in parallel. What is the1r equivalent re-
sistance?

Solution:

Circuits containing parallel resistance of un-
equal value will now be considered. Refer to
example circuit in figure 5-10.

RI
in

E“:h:

30VT

10a
5a

%’RZ
s 6n

15a

————p

BE. 91
Figure 5-10.—Example circuit with unequal
parallel resistors.

90

Given: ' ‘ : . !
R1= 3Q, R2 = 6Q, Ea = 30v
Known:

I,=10 amperes, I,=5 amperes, L= 15amperes.

Determine:
Req = ?
Solution: E
Req = 12
t
30
Req =15 = 2ohms

Notice that the equivalent resistance of two ohms
is less than the value of either branch resistor.
In parallel circuits the equivalent resistance will
always be smaller than the resistance of any
branch,

RECIPROCAL METHOD

Many circuits are encountered in which re-
sistors - of unequal value are connected in
parallel. It is therefore desirable to develop a
formula which can be used to compute the equiv-
alent resistance of two or more unequalparallel
resistors. This equation can be derived as fol-
lows:

Given:
It=11+12+""'1n (5-2)
Substituting g for I gives:
B _ B By, .. E
Ry R Ry n
Since in a parallel circuitEt = E1 = E2 = En
E _ E_ E . E
R 1 R2 Rn
Dividing both sides by E:
E__E _E | E
ERt ER1 ER2 ""'ERn
L1 1, 1
Ry " Ry Ry "Ry
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Taking the reciprocal of both sides:

B 1
N S S O
Ry Ry Rp Rn
Simplifying:
R¢= 1
1,1 L. i
R1 R2 Rp

This formula is called ‘‘the reciprocal of the
sum of the reciprocals’’ and is the one normally
used to solve for the equivalent resistance of a
number of parallel resistors.

Example. Given three parallel resistors of
20 ohms, 30 ohms, and 40 ohms; find the equiva-
lent resistance using the reciprocal ‘equation.
(See fig. 5-11.)

4 mﬁ R2§’ R33
T 20n3 30n3 40nS

BE.92
Figure 5-11.—Example parallel circuit with
unequal branch resistors.
Solution:

Select the proper equation:

1
R =
11+ 1
Ry Rz Rg
Substitute: )
1,1 .1
20" 30 40
Find LCD:
n 1 1
0 g . 4. 3 13
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Invert:

12

120
Req =13

eq = 9.23 ohms

Some parallel circuit problems canbe solved
more conveniently by considering the ease with
which current can flow. The degree to which a
circuit permits or conducts currentis called the
conductance (G) of the circuit. The unit of con-
ductance is the MHO, which is ohms spelled
backwards. The conductance of a circuit is the
reciprocal of the resistance. The conductance
can therefore be found using the following
formula:

=1

G—R

also: _1
R=3

In a parallel circuit, the total conductance
is equal to the sum of the individual branch
conductances. As an equation:

t = 1 2 ...... Gn

Example: Determine the equivalent (total)
resistance of the circuit shown in the preceding
example (fig. 5-11), using the conductance
method.

(5-6)

Solution:
Gy=Ll=1-=, h
1 Ry 20 0.050 mho
Gg = 1_= 1_= 0.033 mho
R2 30
Gg=1 =1 = 0.025 mho
Rg 40

Gt= G1+ G2 +G3 (5-6)
G¢ = 0.050 + 0.033 + 0.025= 0.108 mho
Since:

21
Re= &

1
Rt =508 = 9.25 ohms
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The value of equivalent resistance deter-
mined by the conductance method is almost
identical to the value determined by the recip-
rocal of the sum of the reciprocals methods.

PRODUCT OVER THE SUM
A convenient formula for finding the equiva-

lent resistance of two parallel resistors can be
derived from equation (5-5) as shown below:

1
R, =
t 1+ 1 (5-5)
Ry Ry
Finding the LCD:
1
R, = R, + R,
R, x R2
Taking the reciprocal:
_ R1 xRy
t” Ry +Ry

This equation, called the product over the
sum formula, is used so frequently it should be
committed to memory.

Example. What is the equivalent resistance
of a 20 ohm and a 30 ohm resistor connected in
parallel?

Given:
Rl = 20
Ry =30
Find:
Req =?
Solution:
R
R,= R1 xRy
Rl + Rz
_ 20x30
t” 20 + 30
R; ¥ 12 ohms

PARALLEL CIRCUIT REDUCTION

In the study of electricity, it is often neces-
sary to resolve a complex circuit intoa simpler
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form. Any complex circuit consisting of re-
sistances can be reduced to a basic equivalent
circuit containing the source and total re-
sistance. This process is called reduction to an
equivalent circuit. An example of circuit reduc-
tion is shown in figure 5-12.

ORIG'/NAL_. CIRCUIT

E RI R2
ﬁ bb 20n 300
(A)
EQUIVALENT CIRCUIT
é Ebb Req
12n
(8)
BE.93
Figure 5-12,—Parallel circuit with equivalent
circuit.

The circuit shown in figure 5-12 (A) is re-
duced to the simple circuit shownin (B).

COMPUTING TOTAL POWER

Power computations in a parallel circuitare
essentially the same as those usedfor the series
circuit. Since power dissipation in resistors con-
sists of a heat loss, power dissipations are addi-
tive regardless of how the resistors are con-
nected in the circuit. The total power dissipated
is equal to the sum of the powers dissipated by
the individual resistors. Like the series circuit,
the total power consumed by the parallel circuit
is

Py = P, (4-13)

Example. Find the total power consumed by

the circuit in figure 5-13.

.....

Solution;
Pr1 = Epp x IRy
PRri=50x5
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Ppo= Epp X Igg
PR2 =50x2

Pr3 = Epp x IR3

Pr3=50x1
PR3= 50 w
P, =P;+Py+Py
Pt =250 + 100 + 50

Py =400 w

Note that the power dissipated in the branch
circuits is determined in the same manner as
the power dissipated by individual resistorsina
series circuit. The total power (Pt) is then ob-
tained by summing up the powers dissipated in
the branch resistors using equation (4-13).

Since, in the example shown in figure 5-13,
the total current is known, the total power could
be determined by the following method:

Pi=Epp x I}
P;=50vx8a
Pi =400 w

=Epb

50v

rRist, R2 R32
on2la 25:%3 5on§g

Ir=8a

BE.9%4
Figure 5-13.—Example parallel circuit.
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Rules for solving parallel d-c circuitsareas
follows:

1. The same voltage exists across each
branch of a parallel circuit and is equal to the
source voltage.

2. The current through abranchof a parallel
network is inversely proportional to the amount
of resistance of the branch.

3. The total current of a parallel circuit is
equal to the sum of the currents of the indi-
vidual branches of the circuit.

4. The total resistance of a parallel circuit
is equal to the reciprocal of the sum of the re-
ciprocals of the individual resistances of the
circuit.

5. The total power consumed in a parallel
circuit is equal to the sum of the power con-
sumption of the individual resistances.

TYPICAL PROBLEMS IN PARALLEL
CIRCUITS

Problems involving the determination of
resistance, voltage, current, and power in a
parallel circuit are solved as simply as in a
series circuit. The procedure is the same—
(1) draw a circuit diagram, (2) state the values
given and the values to be found, (3) state the
applicable equations, and (4) substitute the given
values and solve for the unknown.

For example, the parallel circuit of figure
5-14 consists of 2 branches (a and b). Branch a
consists of 3 lamps in parallel. Their ratings
are Ly = 50 watts, Lo = 25 watts, and Lg= 75
watts. Branch b also has 31lampsinparallel with
ratings of Ly = 150 watts, L = 200 watts, and
Lg = 250 watts. The source voltage is 100 volts.

50 W 25W 75W
LI
$12 I3

BRANCH g pu
— >
Iy la
Eg =100V l‘b
150 W 200w | 250 W
BRANCH b ® ®
414 415 416

BE.95
Figure 3-14.--Typical parallel circuit.
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Praoblem:

. Find the current in each lamp.

Find the resistance of each lamp.

Find the current in branch a.

Find the current in branch b.

Find the total circuit current.

Find the total circuit resistance.

Find the total power supplied to the
circuit.

8. Check 7 by a separate calculation.
Solution;
P_ 50_
1. The current in L1 isI= E=100°
0.50 ampere.
25
The current in L2 is 100 = 0.25 ampere.
The current in L isﬂ = 0.75 ampere
318700 =" pere.
The current in L, is 150 1.50 amperes
48100~ peres.
The current in isw = 2. 00 amperes
Ls 18300 = 2- :
The current in L, is 250 = 2,5 amperes
6 °100 - peres.
. E 100
2. The resistance of L1 isR= I-05"
200 ohms.
The resistance of L, is 100 _ 400 ohms
Ly is 5,35 :
The resistan fLi&—133ohm
resistance of L, is 5=z = s.
100
The resistance of L4 i i5°- 66.7 ohms.
. ~ . 1oo
The resistance of L5 isgo= 50 ohms.
. 100
The resistance of L, is 40 ohms.

6 '° 2.5

3. The current in branch a is
I+ Ip+13=0.5+0.25+ 0.75 = 1.5 amperes
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4. The current in branch b is
I4+ 15 +1Ig =1.5+ 2.0* 2.5 = 6.0 amperes
5. The total circuit current is

I+ I, =1.5 +6.0= 7.5 amperes

6. The total circuit resistance is
Re=2 =19 133 ohms
It 1.5

The total power supplied to the circuitis:

50w + 25w + 75w + 150w + 200w + 250w
= 750 watts

The total power is also equal to

Py = EL; = 100 x 7.5 =750 watts

SERIES-PARALLEL COMBINATIONS

In the preceding discussions, series and
parallel d-c circuits have been considered

separately. However, the technician will seldom
encounter a circuit that consists solely of either
type of circuit. Most circuits consist of both
series and parallel elements. A circuit of this
type will be referred to as a combination cir-
cuit. The solution of a combination circuit is
simply a matter of application of the laws and
rules discussed prior to this point.

SOLVING A COMBINATION CIRCUIT

At least three resistors are required to
form a combination circuit. Two basic series-
parallel circuits are shown in figure 5-15. In
figure 5-15 (A), R, is connected in series with
the parallel combination made u<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>