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ASSIGNMENT 6
DIRECT-CURRENT CIRCUITS-OHM’'S LAW

In the preceding assignment which dealt with the fundamentals of
electricity it was pointed out that there are three basic factors which are
present in d-c circuits. These three factors are; (1) Veltage, (2) Current,
and (3) Resistance. To have a thorough understanding of the operation of
the circuits in electronics equipment you will have to understand just what
voltage, current, and resistance are, and will have to understand the relation-
ship which exists between these three. The relationship between voltage, cur-
rent and resistance is commonly called Ohm’s Law.

Before considering Ohm’s Law, however, it will be well to further illus-
trate the basic factors of voltage, current and resistance so that you will
have a clear understanding of what each of these factors actually means in a
circuit. You should also know the units in which these factors are measured,
the range of values of these units which will normally be encountered in
electronics equipment, and the abbreviations and symbols used to represent
them. These points were considered in the preceding assignment but will be
taken up again at this time to provide greater clarity.

Voltage

Voltage is the term used to indicate the amount of electromotive force
present. The electro- portion of this term means having to do with elec-
tricity. The -motive force portion of this term means; a force capable of
producing motion. Thus the entire term means the force capable of pro-
ducing a motion of the electricity in a circuit, or in other words, the force
capable of causing the electrons to move within an electrical circuit. The
electromotive force (abbreviated emf) is, therefore, the amount of electrical
pressure in a circuit. In a water system, the pressure is measured in pounds
per square inch; in an electrical system the pressure (emf) is measured in
volts. The electrical pressure is generally referred to as the voltage in the
circuit. There are three types of voltage; d-c¢ voltage, pulsating d-c voltage
and a-c voltage. In this assignment we will devote our attention to circuits
employing d-c voltages. A d-c voltage is one which remains constant.

D-C voltages may be generated, or produced, in a number of different
ways. Figures 1 and 2 illustrate a number of common voltage sources. Fig-
ure 1 illustrates several types of cells and batteries. (The term battery
actually means a battery of cells, or in other words a group of cells.) Figure
1(A) shows a penlight cell, Figure 1(B) shows a flashlight cell and Figure
1(C) shows a size No. 6 dry cell. Each of these cells produces an emf of
approximately 1.5 volts. In other words, the voltage of each of these cells is
approximately 1.5 volts. Everyone is familiar with the use of the penlight
cell and the flashlight cell. Size No. 6 dry cells are used in some doorbell
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circuits, in rural telephone circuits and in the old style battery operated radios.

The battery illustrated in Figure 1(D) is commonly referred to as a
“B” battery. This battery produces an emf of approximately 45 volts. This
type of battery was used very widely in the early types of battery radio
receivers and smaller versions of this battery were used in portable battery
type vacuum-tube radio receivers. The storage battery illustrated in Figure
1(E) produces an emf of approximately 6.3 volts. This type of battery, of
course has been used very widely in automobiles. We will study about the
different kinds of batteries in a future assignment.

Figure 2 illustrates two other sources of d-c voltage. These are the d-c
generator shown in Figure 2(A) and the power supply shown in Figure 2(B).
D-C generators may be constructed to produce output voltages ranging from
a few volts to 1000 or more volts depending upon the application for which
the generator is intended. A power supply arrangement somewhat as illus-
trated in Figure 2(B) is the most common d-c voltage source which will be
encountered in electronics equipment. In practically all localities the voltage
delivered by the power companies to the homes for lighting, heating, etc.,
is a-c voltage. However, the correct operation of the major portion of the
circuit in electronics equipment requires d-c voltages. A power supply
circuit is able to convert the a-c voltage into d-c voltage for use in this
equipment. In industrial electronics equipment, the power supply is often
built on a separate chassis in an arrangement similar to that of Figure 2(B).
However, it is much more common in radio and television equipment to find
the power supply built on the same chassis as the remaining portion of the
equipment. The power supply shown in Figure 2(B) is one which you will
construct in Laboratory Experiment No. 3.

The amount of voltage produced by the power supplies in electronics
equipment is dependent largely upon the design of the unit. For example, the
power supply in a small a-c, d-c portable radio receiver usually delivers an
emf of approximately 90 volts. In the larger types of radio receivers the
power supplies normally produce voltages ranging between 250 volts and 300
volts. Vacuum-tube TV receivers normally employ at least two power supplies,
one of which produces a voltage of approximately 300 volts while the other
power supply delivers a very high d-c voltage ranging from 9,000 volts in
black-and-white receivers to 27,000 volts in color TV receivers. Transistorized
equipment usually employs power supplies delivering from 4.5 volts to 30 volts.

It is inconvenient to spell out the entire word volts; consequently the
abbreviation V is often used to indicate the word ‘“volts.” For example, a
battery symbol in a schematic diagram may appear as shown in Figure 3.
The 6.3 V alongside this battery symbol indicates that it produces an emf of
6.3 volts.

In addition to the battery voltages and power supply voltages in elec-
tronics equipment, other voltages are present. These voltages range from a
value of several millionths of a volt to several volts. Thus it can be seen
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that a very wide range of voltages may be encountered in electronics equip-
ment.

While the various voltage values encountered could be expressed as so
many thousandths of a volt or so many millionths of a volt or so many
thousands of volts it is more convenient to use prefixes with the term volt to
indicate the size. The prefix used to indicate one thousandth of a volt is the
prefix milli, the prefix used to indicate one millionth of a volt is miero, and
the prefix used to indicate thousands of volts is kilo: (There are other
prefixes that are sometimes encountered in electronics, but we will concern
ourselves with these a little later in the program.)

Thus: 32 thousandths of a volt, or .082 volt, is normally expressed as 32
millivolts.

14/1,000,000 volt, or .000014 volt, is expressed as 14 microvolts.
8,000 volts is expressed as 8 kilovolts.

As pointed out the abbreviation V is often used to indicate the term
volts. Likewise abbreviations are used for the prefixes milli, micro, and
kilo. These are:

milli m
micro n
kilo k
Thus the figures stated above might be abbreviated as follows:
32 millivolts abbreviated 32 mV
14 microvolts abbreviated 14 uV
8 kilovolts abbreviated 8 kV

Two other terms which are often used to indicate that an electromotive
force is present in a circuit are: (1) difference in potential and (2) potential
difference. Remember, however, that each of these terms is merely another
way of saying electromotive force, and each is measured in volts. Thus, an
emf of 18 volts, a voltage of 18 volts, a difference in potential of 18 volts,
or a potential difference of 18 volts all mean the same thing.

Since the abbreviation V may be used in place of the longer term volts
it would seem logical that in an electronics formula dealing with voltage, V
would be employed. Unfortunately however, this practice is not followed.
Instead, the symbol E is used to represent voltage in formulas. In this
case, the E is an abbreviation of thel term electromotive force. To illustrate
this fact, let us suppose that you saw the electronics formula E —= I X R.
In this case, the E stands for the electromotive force in volts.

Since the unit of electromotive force is the volt, the amount of electro-
motive force is measured with a voltmeter. The arrangement employed is
illustrated in Figure 4. Figure 4(A) shows a pictorial diagram in which a
voltmeter is connected to the dry cell to measure the amount of voltage
produced. Figure 4(B) shows a schematic diagram of this same circuit.
Notice that there are two leads on a voltmeter and to use a voltmeter to
measure the voltage output of a dry cell, one of these leads is connected
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to the positive terminal of the cell and the other lead is connected to the
negative terminal of the cell.

Voltmeters are manufactured in a wide variety of ranges so that a suita-
able meter can be used for measuring most any voltage value. For ex-
ample, in measuring a cell as in Figure 4 which delivers approximately
1.5 volts a voltmeter having a full scale reading in excess of 1.5 volts
would be employed. For example, a meter with a full scale reading of
215 volts, 3 volts, 5 volts or possibly 10 volts would be employed. If a
voltmeter is to be used to measure the output of the power supply which is
illustrated in Figure 2(B) the full scale reading must be equal to or in
excess of the voltage output of the supply. In this case a voltmeter with a
full scale reading of 300, 400 or perhaps 500 volts would normally be em-
ployed. Voltmeters are also available for use in measuring values of voltage
in the thousands of volts. These meters are commonly called kilovoltmeters.
Voltmeters may also be obtained for measuring very small values of voltage.
For example, a millivoltmeter would be employed if it were desired to measure
voltages in the range of a few thousandths of a volt. Some typical voltmeters
are shown in Figure 4(C).

To summarize this discussion on voltage it can be stated that the
electromotive force in a circuit is measured in volts. It is this electromotive
force or voltage which is the force in an electric circuit which can cause
the various actions of the circuit to take place. It is the voltage which
causes the current to flow in an electric circuit. Notice, however, that volt-
age and current are two entirely different things. The voltage is the force
which causes current to flow in a circuit.

Current

When an emf is applied to a complete electrical circuit there is a
motion of the electrical energy through the circuit. As explained in the
previous assignment the condition which actually occurs is that the free
electrons move through the circuit from the negative terminal of the voltage
source toward the positive terminal. In other words, the electrons flow
through the circuit. This motion of free electrons in an electrical circuit is
called the current. The motion of the electrons in the circuit, or in other
words, the current flowing through the circuit, cannot be seen. However, the
effects of this current can be noted. It is the current flowing through the
circuit which enables an electric motor to operate, which causes an electric
stove to heat, which enables a loudspeaker to produce sound waves when it is
connected to a radio receiver and which makes it possible for a television
receiver to produce a picture of a scene taking place many miles away.

In a water system the flow of water, or in other words the current
of water, is measured in gallons per minute. In an electrical circuit, current
is measured in amperes.

The ampere is a rather large unit of current. To illustrate, when an
electric iron is connected to an ordinary house wiring circuit only 6 to 10

Assignment 6 Page 4



amperes of current will flow through the iron, approximately one ampere of
current will flow through a 100 watt light bulb when connected to the normal
lighting circuit, and approximately 2/10 ampere flows through the bulb in a
normal two-cell flashlight when the flashlight is turned on. The current which
flows from the power supply to the various circuits in a radio receiver will
range between .015 of an ampere and .075 of an ampere, and the current
supplied by the power supply in a television receiver will range from approxi-
mately .075 of an ampere to .300 of an ampere. From this it can be seen that
current in the order of amperes will seldom be encountered in electronics
circuits. For this reason the prefixes milli and micro are used in conjunction
with the term ampere quite often. As mentioned previously the prefix milli
means ‘“‘one thousandth part of,”” and micro means ‘““one millionth part of.”
To illustrate the use of these terms let us suppose that one thousandth of
an ampere (.001 ampere) of current flows from the power supply in an
electronics unit through a particular vacuum tube circuit. In this case a
technician would normally state that 1 milliampere of current is flowing in
the circuit. Similarly if 15/1000 of an ampere of current flows through the
circuit connected to an industrial electronics power supply a technician would
normally state that 15 milliamperes of current flows in the circuit. Similarly,
if 10/1,000,000 of an ampere of current flows through the base circuit of a
particular transistor in a missile guidance system, a technician would state
that 10 microamperes of current flows in the circuit.

Thus 5/1000 ampere or .005 ampere — 5 milliamperes (5 mA).
30/1000 ampere or .03 ampere = 30 milliamperes (30 mA).
20/1,000,000 ampere or .000020 ampere = 20 microamperes (20

wA).

It will be noted in the above, that to eliminate the necessity of writing
out the word ampere in full, the abbreviation A is commonly used for the
longer term ampere.

When current is to be used in an electronics formula the letter I is used
to indicate it. Thus, in the formula E = I X R, the I stands for current in
amperes. The letter I is used for current since current is a measure of the
intensity of the electron flow in a circuit.

The current which flows in a circuit can be measured by means of an
ammeter or milliammeter. Figure 5 shows the manner in which this could
be done. Notice that it is desired to determine how much current is flowing
in the circuit. Thus the ammeter or milliammeter must be connected so that
the current from the battery flows through the meter at the same time it is
flowing through the remaining portion of the circuit. Notice in the circuit
of Figure 5 that the current would flow from the negative terminal of the
dry cell, through the resistor, through the meter and return to the positive
terminal of the dry cell. Thus, the current which flows through the resistor
will also flow through the meter, and the meter will indicate the amount of
current flowing in the circuit.

Assignment 6 Page 5



Current measuring meters are manufactured in a wide variety of ranges
so that a suitable meter can be used with most any circuit. For example,
if it is desired to measure the exact amount of the current flowing in a circuit
in which the current is in the order of several amperes, an ammeter which
has a higher full scale reading than that which is flowing in the circuit would
be employed. If, however, the circuit consists of a computer logic circuit in
which a few milliamperes of current are flowing the current indicating meter
employed will normally be a milliammeter. To illustrate; if approximately 3
milliamperes of current were flowing in the circuit, a milliammeter with a full
scale reading of 5 milliamperes or perhaps 10 milliamperes would be used, and
a partial deflection would be obtained on the meter. The calibrated scale
on the meter would then be read to determine the exact amount of current
flowing in the circuit.

To briefly summarize this portion of the discussion it can be said that
current is the progressive flow of the free electrons around a circuit. Current
will flow only when the electrons are being pushed, or forced, around the
circuit by the electromotive force (voltage) which is applied to the circuit.
Current is measured in amperes, milliamperes or microamperes.

Resistance

Resistance is a measure of the opposition the electrons encounter in
flowing through a circuit. If a voltage is applied to the two ends of a piece
of wire, current will flow through the wire. This current is made up of many
free electrons bounding from one atom to another in a steady procession as
explained previously. Instead of skipping neatly from one atom to the next,
however, the electrons follow irregular paths as they “drift” along a piece of
wire. If a piece of wire with a very small diameter is used the electrons
encounter a ‘‘congested traffic condition” within the small wire. In other
words, a considerable amount of opposition is offered to the flow of the free
electrons. If a piece of special resistance material, carbon for example, is
connected in the circuit, the opposition offered to the free electron flow
(current) is high because most of the atoms in the carbon are holding their
electrons tightly in their orbits and there are few free electrons present. In
this case, we might consider our “congested traffic conditions” due to so many
“parked” electrons.

Another analogy which illustrates the subject of resistance quite well
is a bucket brigade fighting a fire. A person at the head of the line in the
bucket brigade dips buckets of water out of a well and starts passing them
along the line. The man at the other end of the line, of course, throws the
water on the fire. If the line is working efficiently, the buckets of water are
passed down the line rapidly and easily and the volume of water thrown on
the fire is considerable. This might be compared in an electrical sense to
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a circuit with very low resistance since the current is passed through the
circuit very efficiently.

To illustrate an analogy similar to a circuit containing resistance, let us
assume that the fire had been set by a mob which, after the bucket brigade
had been set up, did not wish the fire to be extinguished. In this case the
rioters would interfere with the persons attempting to pass the buckets
of water down the line, and the result would be that only a small amount
of water would ever be applied to the fire. In other words, the passage
of the water along the bucket brigade encounters a lot of cpposition. This
is equivalent in an electrical circuit to resistance which opposes the flow of
electrons.

It should be borne in mind at all times when considering d-c¢ circuits
that resistance is the opposition offered to the flow of current. Notice that
voltage causes current to flow, whereas resistance opposes the flow of current.
It might seem that it would always be desirable to have a circuit with as low
a value of resistance in it as possible. However, this is not the case. In
the great majority of the circuits used in electronics equipment, resistors are
inserted in the circuit for the particular purpose of opposing current flow.
In other words when properly used, resistances are very necessary circuit
components. Figure 6 illustrates some typical fixed resistors used in elec-
tronics equipment.

The unit of resistance is the ohm. Resistors normally encountered in
electronics circuits range in value from a few ohms to several million ohms.
To make it possible to handle the large values of resistance more easily the
terms kilohm and megohm are employed. The term kilohm is seldom used
to show a value of resistance although its abbreviation is often used. For
example a schematic diagram might show a 10k resistor, this is of course ten
kilohms, but would normally be read ‘“ten thousand.” Resistors in the megohm
range are often encountered in electronics circuits. One megohm is equal to
one million ohms and (capitol) M is its correct abbreviation, although the
abbreviation Meg is often used. Generally, when speaking of these large value
resistors, a technician will say ‘“‘a 5-megohm resistor” or ‘“a 10-megohm re-
sistor,” rather than a 5-million ohm or a 10-million ohm resistor.

The Greek letter omega (Q) is very often used in place of the word
ohms. To illustrate: 100Q means 100 ohms; 5,000Q means 5,000 ohms; 5kQ
means 5,000 ohms; 100kQ means 100,000 ohms; and 3.8MQ means 3.3 meg-
ohms, which is 8.8 million ohms, or 3,300,000 ohms.

In electronics formulas the letter R is used to indicate resistance. Thus,
in the equation E = I x R, the R stands for resistance in ohms.

To briefly summarize this portion of the discussion it can be said that
resistance is the opposition offered to the flow of an electric current in a
circuit. The unit of resistance is the ohm, and the values encountered in
electronics equipment range from a few ohms to several million ohms. The
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Greek letter omega (Q) is often used as an abbreviation for the term ohm,
the prefix k indicates 1000 and the term megohm (M) indicates one million
ohms. The letter R stands for resistance in electronics formulas,

Ohm’s Law

In his experiments dealing with simple electrical circuits, about 140
years ago, the German scientist, George Simon Ohm discovered that a definite
relationship exists between the voltage applied to a circuit, and the resistance
in the circuit. This relationship is now called Ohm’s Law. Since the under-
standing of all d-¢ circuits requires the intelligent use of Ohm’s Law, the
remaining portion of this assignment will consist of an explanation of this
law and its uses. You will use Ohm’s Law from time to time as you progress
in the training program and you will soon have a thorough understanding
of it.

Before actually considering Ohm’s Law let us consider a simple d-c
circuit once more. As pointed out, the voltage applied to the circuit exerts
a force on the electrons present in the circuit and will cause a movement
of free electrons around the circuit if a complete circuit exists. In other
words, the voltage causes current to flow in the circuit. However, the re-
sistance present in the circuit opposes the flow of the current. Thus, the
voltage attempts to cause the current to flow while the resistance attempts to
keep it from flowing. It should be obvious that there is some relationship
which exists between the amount of current which flows, the applied voltage,
and the resistance present in the circuit. This simple relationship is Ohm’s
Law.

To illustrate the use of Ohm’s Law a number of circuits will be shown
in this assignment and problems associated with these circuits will be worked.
It should be emphasized however, that the answers to the problems in this
assignment are not important in themselves. The important thing in this
assignment is that each and every answer must seem reasonable to you.
The entire value of this assignment lies in the interest you take in finding
out what happens and why it happens in an electrical circuit.

To illustrate Ohm’s Law let us consider the simple circuits shown in
Figure 7. George Ohm found that if he connected a simple circuit as shown
in Figure 7(A), with a 1 volt battery and a 1 ohm resistor, 1 ampere of
current would flow through the circuit. (Note that a calibrated scale is
shown on the current meters in the various circuits of Figure 7 and the
pointer on the meter indicates the current flowing in the circuit under the
various conditions.) The schematic diagram of each of the various circuits
is illustrated directly below the circuit. Notice in the circuit of Figure 7(A)
that the 1 volt battery furnishes the electromotive force, or voltage, for the
circuit. This emf exerts an electrical pressure on the electrons causing a cur-
rent flow to occur. The path of this current flow is from the negative
terminal of the battery, through the resistor, through the ammeter back to
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the positive terminal of the battery. Under the conditions illustrated in
Figure 7(A) 1 ampere of current flows.

Now examine the circuit of Figure 7(B). Notice that the only difference
between this circuit and the circuit of Figure 7(A) is the fact that a 12 ohm
resistor has been installed in place of the one ohm resistor of the previous
circuit. Notice, however, that changing the resistor in the circuit has changed
the current which flows in the circuit. With the % ohm resistor in the
circuit more current (2 amperes) flows in the circuit. Notice that the cur-
rent flowing in the circuit is increased when the resistor is made smaller.
Doesn’t this seem logical to you when it is recalled that the resistance is the
opposition offered to the current low? With less opposition one would expect
more current to flow in the circuit and that is exactly what happens. If
this particular point is not clear, you should stop at this point and review
the previous material before proceeding.

Figure 7(C) shows the condition which occurs when a 2 ohm resistor is
used in the circuit, and the voltage is being produced by the same 1 volt
battery as was done previously. Under these conditions only 12 ampere of
current flows as illustrated by the calibrated scale on the meter shown in
this figure.

Examine the circuits of Figure 7(A), (B) and (C) very carefully and
then see if you agree with the following summary of the action taking place.
For a given voltage applied to the circuit, the larger the resistance present
in the circuit the smaller will be the amount of current flowing and, con-
versely, the smaller the resistance present in the circuit, the larger will be
the current which flows.

Figure 7(A), (B) and (C) illustrate the action which occurs in a simple
circuit when the value of resistance in the circuit is changed. To determine
the effect produced by changing the value of voltage applied to the circuit
compare Figure 7(A) and (D). The circuit of Figure 7(A) consists of a1
volt battery and a 1 ohm resistor. However, in Figure 7(D) a 2 volt
battery has been installed in the circuit in place of the 1 volt battery of the
previous circuit. Notice that under these conditions a current of 2 amperes
flows as illustrated by the meter in Figure 7(D). Note particularly, in
comparing Figure 7(A) and (D), that the same resistance is employed in each
case, but that a larger voltage is applied to the circuit of Figure 7(D).
Under these conditions notice also that more current flows. Let us briefly
summarize this action. For a given resistance in a circuit, more current will
flow if the voltage is increased. This also seems quite logical when we
recall that voltage is the electrical force or pressure in the circuit. If the
pressure is increased with a constant opposition, (resistance) the current
flow should, logically, increase.

Ohm wrote these conclusions in a simple mathematical formula which
is written below.

Applied voltage
Resistance

Current —
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Let us now write this formula using the symbols mentioned previously.
The formula would then appear as follows:

" I stands for current in amperes
I = =~ (Formula A) E stands for electromotive force in volts
R . .
R stands for resistance in ohms

This formula may be used in electronics circuits to determine the amount
of current flowing in a circuit if the voltage and the resistance are known.
By applying this formula the current which flows in a circuit can be deter-
mined without using a milliammeter or ammeter.

It is sometimes desirable to determine the amount of resistance present
in a circuit if the voltage and the current are known. In this case the
following formula, which we shall call Formula B, may be employed.

E The symbols of this formula
R = T (Formula B) have the same meaning as
in (Formula A).

Under certain circumstances it is desirable to be able to determine the
amount of voltage applied to a circuit if the current flowing in the circuit
and the resistance of the cireuit are known. In this case the following
formula may be employed.

E—=1XR (Formula C).

It should be emphasized that these .three formulas are not three separate
formulas but are merely the same formula rearranged in three different
manners so that the quantity which it is desired to determine is on the left
side of the equation. Formula A may be used to find the amount of current
flowing when the voltage and amount of resistance of the circuit are known
and the value of current is unknown. Formula B may be used to find the
amount of resistance in a circuit when the voltage and current are known,
and Formula C may be used to find the applied voltage when the current
and resistance are known.

Let us apply these formulas to some specific circuits to illustrate their
use. For example let us apply Formula A to the circuits of Figure 7(A),
(B) and (C) assuming in each that the amount of voltage produced by the
battery is known and the size of the resistor is as shown, but that for some
reason or other the ammeter in each circuit could not be read.

In Figure 7(A) we have 1 ohm of resistance and a 1 volt battery. Let
us solve to find the amount of current which would be flowing in this circuit.
Remember:

I stands for current in amperes
E stands for electromotive force in volts
R stands for resistance in ohms

To solve this problem, we first write down the correct formula, then we
substitute the known quantities in the equation and solve for the unknown.
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value of the battery voltage is assumed to be unknown. Formula C can
be applied to determine the battery voltage.

E — I X R (I equals 1 ampere, R equals 2Q)
E= 1% X 2
E — 1 volt (Answer)

You are strongly advised to work several more problems for yourself
using the circuits shown in Figure 7(A), (B), (C) and (D). For example,
assume that the voltage is unknown in the circuit of Figure 7(D) and de-
termine the value of this voltage by applying the appropriate Ohm’s Law
formula when the values of resistance and current are known. Check your
answer against the value of voltage indicated in the circuit of Figure 7(D).
By making similar assumptions work several problems concerning these four
circuits until you are certain that you understand the use of the various Ohm’s
Law formulas. To provide you with added practice in the application of
Ohm’s Law, three circuits are shown in Figure 8. Apply the appropriate
Ohm’s Law formula to each one of these circuits to find the unknown
guantity. Be sure and work these problems to the best of your ability
before checking your answers with those given at the end of the assignment.

Circuit Terminology

We will ind as we progress in the subject of circuits that a number of
different arrangements may be employed. There are three general circuit
arrangements and these are called; series circuits, parallel circuits, and series-
parallel circuits. However, before considering the various types of circuits,
let us consider just what a circuit is, and what is meant by the terms closed
circuit, open circuit, and short circuit.

By definition, a closed circuit or complete circuit is a complete path
over which electrons can flow from the negative terminal of the voltage
source through the parts and wires to the positive terminal of the same voltage
source. Thus, any of the arrangements of Figures 7 or 8 would form a closed
circuit or complete circuit. Note that for the circuit to be closed, or complete,
a path must be provided for the electrons to flow from the negative terminal
of the voltage source to the positive terminal of the same source.

An open circuit is a circuit which does not provide a continuous path
for the electrons. Such a circuit is shown in Figure 9. Notice that the
switch in this circuit is open. Under these conditions a complete path from
the negative terminal of the voltage source is not provided through the parts
and components to the positive terminal of the voltage source because the
open switch will not pass electrons. Since a complete path is not provided in
the circuit of Figure 9, no current will flow in the circuit. It is for this
purpose that switches are connected in circuits. For example, in a normal
house wiring circuit, switches are connected in series with the various lights.
Thus in the day time the switch is turned off, or in other words, the switch
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is placed in an open position, and the electric light is not illuminated. How-
ever, when it is desired to have the light illuminated it is only necesssary to
close the switch which completes the circuit, thereby enabling the electric
current to flow through the filament of the light bulb and produce the desired
illumination,

There is one peint which should be made clear concerning an open
circuit. If a switch is connected in the circuit and is in the open position,
an open circuit will be formed. However, open circuits may be formed by
other means, for anything which will cause the path of the electrons to be
broken, will form an open circuit. For example, in the simple circuit of
Figure b, if one of the leads were to become disconnected from the terminal
on the dry cell an open circuit would be formed. Similarly an open circuit
might be formed in the circuit of Figure 5 by a defective ammeter, or per-
haps by a lead breaking off the resistor. Thus, it should be borne in mind
that an open circuit may result from a number of different causes.

The third circuit characteristic mentioned previously is the short circuit.
By definition, a short circuit is a low resistance connection across a voltage
source or between both sides of a circuit, usually accidental, which in most
cases, results in excessive current flow that may cause damage. A short
circuit is illustrated in Figure 10. Notice that in this case the lead coming
from the positive terminal and the one from the negative terminal of the
battery are accidentally touching. Thus a low resistance path is provided
from the negative terminal of the battery around to the positive terminal
and the current may follow this path instead of flowing through the resistor
and meter as it should. The touching of the two wires is called a short
circuit, or in some cases just a “short”. Such a condition would in this
case ruin the battery in very short order. In other circuits a short circuit may
ruin other components such as meters, etc. Since short circuits are very
undesirable, insulated wire is employed in most electrical circuits. For
example, insulated wire is used in electronics units, insulated wire is used
in house wiring circuits, in automobile ignition circuits, etc.

Now that the characteristics of circuits have been considered let us an-
alyze the three fundamental types of circuits, the series circuit, the parallel
circuit and series-parallel circuit.

Series Circuits

A series circuit is a circuit which is so arranged that all of the current
which flows from the negative terminal of the voltage source passes through
each component in the circuit and returns to the positive terminal of the
voltage source. Two simple series circuits are illustrated in Figure 11. The
path followed by the current in each case is illustrated by the dotted line.
Notice in Figure 11(A) that the current leaves the negative terminal of
the battery, flows through the resistor, through the meter, and finally returns
to the positive terminal of the battery. The schematic diagram of the circuit
is also shown. Thus, in the circuit of Figure 11(A) the resistor and meter
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are connected in series across the battery as all of the current flows through
"each of these components. Similarly in Figure 11(B) the current path
indicates that the electrons flow through the meter and then through the
resistor to return to the battery. Thus, the meter and the resistor are in
series in this case. These circuits also illustrate the proper way to use a
milliammeter to measure current in a circuit. The milliammeter is con-
nected in series with the circuit.

Another factor which is illustrated by the circuits of Figure 11 is the
fact that the milliammeter can be connected at any point in a series circuit.
If the same size battery and resistor are employed in the circuits of Figure
11(A) and (B) the current flow as indicated by the meter in the two cases
will be the same. The reason for this is that the current is the same at all
points in a series circuit. The same amount of current that leaves the nega-
tive terminal of the battery re-enters the positive terminal of the battery.
In the circuits of Figure 11 the same amount of current flows through the
conductor connecting the negative terminal of the battery to the resistor as
flows through the resistor. This current is also equal to the current flowing
through the meter. By following this line of reasoning it should become
clear to you that the meter can be connected either as shown in Figure 11 (A)
or (B) to indicate the amount of current flowing in the circuit.

To further illustrate the action of a series circuit consider the circuit
illustrated in Figure 12(A). This circuit consists of a 115 volt battery, a
switch, a 500 ohm resistor and a milliammeter. In this circuit four meters
are illustrated. The milliammeter is connected in series with the circuit
to indicate the current which flows. In addition, a voltmeter is shown
connected across the battery, another voltmeter is shown connected across
the switch and a third voltmeter is connected across the resistor.

This circuit illustrates several points. One of the points illustrated is
the proper way to connect meters. As may be noted the milliammeter is
connected in series with the circuit as illustrated in Figure 11 and should
require no further explanation. The manner in which the three voltmeters
are connected illustrates the proper way to use such an instrument. One
voltmeter is connected across the battery. That is, one lead of the voltmeter
is connected to the positive terminal of the battery and the other lead of the
voltmeter is connected to the negative terminal. When connected in this
manner the voltmeter will indicate the emf of the battery in volts. The
voltmeter to measure the voltage applied to the switeh is connected across
the switch, and the voltmeter to measure the voltage applied to the resistor
is connnected across the resistor.

The following summarizes the proper manner in which meters should
be connected: An ammeter or milliammeter should be connected in series
with the circuit; Voltmeters should be connected across a component.

Let us look at the circuit of Figure 12(A) carefully, noting particularly
the reading on the meters. The voltmeter connected across the battery
reads the emf produced by this battery which is 1.5 volts. Notice also that
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although the milliammeter is connected properly, (in series with the circuit),
there is no currrent flow indicated by the meter. The reason for this is the
fact that the switch is open. As mentioned previously the open switch forms
an open circuit and there is no complete path from the negative terminal of
the battery around to the positive terminal. Since there is nc complete
path, current cannot flow.

Now notice the readings of the voltmeters at the various points in the
circuit of Figure 12(A). The voltmeter connected across the battery indi-
cates 115 volts which is the emf produced by the battery. The voltmeter
connected across the switch also indicates 1% volts whereas the voltmeter
across the resistor indicates zero. As mentioned the switch forms an open
circuit and the entire voltage present in the circuit is applied across this
switch attempting to force current through the switch. This aecounts for
the 1% volt reading obtained on the voltmeter connected across the switch.
However, since no current flows in the circuit there will be zero voltage across
the resistor in the circuit.

Now examine Figure 12(B). It will be noted that this is the same as the
circuit of Figure 12 (A) except that the switch has been closed. When the
switch is closed a complete circuit is formed, current flows in the circuit,
and an entirely different condition exists from that of Figure 12(A). In the
circuit of Figure 12(B) the milliammeter tells us that 3 milliamperes (.003
amperes) of current is flowing through the circuit. The voltmeter across the
500 ohm resistor now reads 1% volts. This meter tells us that 116 volts
of electrical pressure are being used to force the 3 milliamperes of current
through the 500 ohm resistor.

The voltmeter connected across the switch now reads zero. There is
practically no resistance between the two terminals of the switch when the
blade is closed. No voltag