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PREFACE 

The first edition of Hoase/wld Physic. ,vas published in '1 

'le second in 1946. '.l :s third edition has been writ· "le 

,lme group of students - college students in home lmics. 
Some topics have been omitted, some added, arid some re-

I. written; but in general it covers the same subject matter as the 
orevious editions . 

. usehold Physics is a text in applied physics in which the appli
cations have been chosen from the daily household life and from 
lhe various commercial fields which home-economics students 
utero The rapid development of various kinds of equipment for 

use in the home has made it imperative that the housewife under
stand the principles underlying their operation. The aim has 
been to present the fundamentals of physics in a manner which 
will show their close relationship to the problems of the home, 
and also to treat the subject in such a way as to form a back
ground for those students 'vho intend to enter the commercial 
field. Subject matter has been selected which has proved to be 
valuable and interesting to the thousands of young women who 
have taken the course at this institution. 

The mathematics has been kept as simple as possible. Prob
lems have been included in order that the student may make 
actual calculations to establish relationships between the theory 
and the practical applications. The problems have been ar
ranged in pairs; the answers are given for the odd-numbered 
problems only, with the idea that the teacher may choose the 
'lroblems with 'swers, those without answers, or both sets. 
- he study y' , '~T}clude those for which the answers may 

,1.,. r J those for which the student will have 
"0 apply what she has learned. 

'-'ork should be accompanied by a .. 
"\ the student may have an oppor-

-atory technique, and to study 
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at first hand the operation of household equipment. As give~ 
at Kansas State College the course consists of three credit houri 
in lecture-recitation and o:r).e credit hour in laboratory per wed 
for one semester. 

The author wishes to acl,::nowledge the assistance of all of he 
colleagues. Many commercial concerns have furnished photo 
graphs - these have been acknowledged individually in th( 
text. The line drawings for the previous editions were mad! 
by Mr. Keith Underwood. Additional ones for this editiOl 
were made by Mr. Leon Armantrout. 

The suggestions and criticisms of those who use the book wi} 
be appreciated by the author. 

MADALYN AVERY 

Manhattan, Kansas 
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INTRODUCTION 

Since the beginning of time man has come in contact with the 
physical world in almost everything he has undertaken to do; and 
he has been forced to observe physical phenomena and to obey 
physical laws. For years the study of these phenomena and laws 
was known as natural philosophy, but now we use the name physics. 
At first little thought was given to answering the questions "why" 
or "how much," but since man is compelled to obey the laws of 
nature it is only.as he can answer these questions that he can 
intelligently use or oppose the forces of nature. 

In early times scientific learning did not advance ·as rapidly 
as it might have because the scholars of that time were inclined 
to theorize as to the probable cause of certain phenomena, and 
their theories were not subjected to experimental tests. The ex-, 
peri men tal approach was first introduced ~y GaIileo, a young 
Italian scientist, about the beginning of the seventeenth century. 
It was Galileo, supposedly, who first demonstrated that freely 
falling objects all fall at the same rate. He dropped two metal 
balls, one of which was much heavier than the other, from the 
top of the Leaning Tower of Pisa, and the two balls reached the 
ground at the same time. For hundreds of years it had been sup
posed that the velocity of a falling body depended upon the mass 
of the body, but no one had performed an experiment to prove 
that it did. Even after this demonstration many people did not 
accept the results; Galileo later was forced to resign his position 
at the University of Pisa, and during his whole lifetime he was 
criticized for not accepting the theories which had been handed 
down since the days of Aristotle. But after the experimental 
method had been introduced by GaIileo, physics developed 

\ rapidly. It became a more exact science because the experimental 
approach required quantitative measurements. In recent years 
its growth has been remarkable. 

A century or more ago most of those who pursued a college 
education were prepa~ing to enter some one of the professions -

I xiii 



xiv INTRODUCTION 

medicine, law, or the ministry. Others who attended college did 
so chiefly for the satisfaction that came from obtaining a broader, 
knowledge of philospphy, art, or languages, with little or no 
thought of applyingl the knowledge in a productive manner. 
Today, in addition to the satisfaction which always comes with 
mastery of any subject, more and more value is being attached 
to training which carries with it some practical applications 
that help one to use intelligently the inventions of the modern 
world, and that contributes to one's ability to earn a living. 

Edison in referring to the educated housewife once applied to 
'her the term "household engineer." When one considers the 
number and variety of appliances that have been invented and 
placed at her control the term is a very apt one. In order that 
she may use her equipment efficiently, as well as with ease and 
without fear, the housewife should understand the physical laws 
which govern the operation of these devices. 

Household Physics is a text for a course in applied physics for 
the "household engineer." The classical divisions of the subject 
have been retained. The fundamentals are the same as for any 
course in physics, but they have been applied to the work of the 
household or to that of institutions doing the work of the house
hold. The course is intended to lay a broad enough and sound 
enough foundation that any student of home economics may 
approach with greater confidence some of the problems which 
arise in home management, institutional management, dietetics, 
textiles, or any of the other rapidly developing fields of home 
economics. 

, As a science, physics has developed a vocabulary which the 
student must master. The student must also learn to define terms - , 

and state laws. These definitions and laws should be stated con-
cisely and accurately. Many of the laws may be expressed as 
simple mathematical formulas which are but "shorthand" state
ments of the laws. Formulas aid in solving problems which give 
concrete illustrations of the laws. 



MECHANICS 





INTRODUCTION TO MECHANICS 

In order to study mechanics certain terms must be under
s~ood &s the physicist uses them. Matter, force, mass, weight, 
speed, velocity, and acceleration are words which are a part of 
our general vocabulary; but in physics, since it is an exact sci
ence, these words and many others must be used with greater 
accuracy than is sometimes necessary in everyday life. 

Also if we are to answer the question "how much" we must 
have systems of measurement with definitely established units. 
The ancient Chinese, Hebrews, Egyptians, and Romans each 
had systems of units but there was no correlation between the 
units of the various nations. When trade began to take place 
between people who were located at points some distance apart 
money was used as a medium of exchange, and it became in
creasingly important for certain units to mean the same quantity 
to all people; then the need for international units was recog-

I nized. 
1. Systems of Units. The two chief systems of units in use 

today are the English ~stem which had its beginning in about the 
thirteenth century and the metric ~stem which was devised in 
the latter part of the eighteenth century. 

Among the earliest relationships established by the English 
people were the following: 3 grains of barleycorn laid end to 
end'; or 8 grains laid side by side, equal 1 inch; 12 inches equal 
1 foot; 3 feet equal 1 yard. We have the survival of the 3 barley
cor,ps in our present shoe sizes - a number 6 shoe is 1/3 inch 
longer than a numb~r 5 shoe. The division of the inch into 
eighths had its origin in the 8 barleycorns. !t is also said that 
during the reign of King James I the length of his foot was the 
official standard for length. 
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Government standards for these units were eventually made 
and kept in the Parliament buildings. But when the Parliament 
buildings were burned in 1834, all of the standards were de-

I 
stroyed. In 1855 new standards were constructed and adopted. 
The standard mass,. bade of platinum, is known as a pound, and 
the imperial yard is Idefined as the distance between two marks 
on a special bronze ~od. These standards are kept in the office 
of the Exchequer in London. The unit of time is the second; it is 

______ 1 INCH 

___ 1 CENTlMHER 

D 
1 SQ IN. 1 SQ CM 

1000 cu eM 946 cu eM D GJ GJ 
I L I QT I KG lKG ILB 

Fig. 1.1. Comparison of English and metric weights and measures. 

defined as the 1/86,400 part of the mean solar day (24 hr per 
day X 60 min per hr X 60 sec per min = 86,400 sec per day). 
The English system is awkward to use when a change from one 
size of unit to another is necessary, because there are no simple 
relationships between tne'units. For example, 231 cubic inches 
equal 1 gallon, and 16 1/2 feet equal 1 rod. The only reason 
for its widespread usage is that it is familiar to English-speaking' , 
people. 

The metric system was devised about 1791 in France. At that 
time the weights and measures 'in use in that country were far 
from uniform, and the lack of standardization caused more 
trouble there than in England; so a commission was appointed 
to devise a new system. The aim of this commission was to devise 
simple units based on standards which could never be destroyed. 
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The unit for length was chosen as one ten~millionth of the length 
of the earth's quadrant from the equator to the pole, and was 
named a meter. It was found later that an error had been made 
in measuring the earth's quadrant, but it was decided to keep 
the meter as it had been determined. The standard meter is 
therefore defined as the distance between two marks on a plati
num-iridium bar, which is kept at the International Bureau of 
Standards at Sevres, France. The standard mass, <made of plati
num, is known as a kilogram. It has the same mass as 1000 cubic 
centimeters of water at 4 DC. A gram is equal to the mass of 
1 cubic centimeter of water at 4DC. The second is the unit of time, 
just as it is in the English system, because all time units in any 
system are subdivisions of the time required for the earth to 
make one complete rotation on its. axis. 

The adv"lntages of the metric system are (1) it is a decimal 
system, (2) there are simple relations between the units for 
length, area, volume, and mass, (3) it is used by most of the 
important nations of the world.1 

CONVERSION FACTORS FOR ENGLISH AND METRIC UNITS 

1 lb = 454 g 
2.2 lb = 1 kg 

1 in. = 2.54 cm 
39.37 in. = 1 m (meter) 

1.06 liquid qt = 1 I (liter) 
1000 eu em = 1 I (liter) 

Other English and metric units and conversion factors are given in the Appendix. 

2. Standardization of Weights and Measures. The Consti
tution of the United States provides "that Congress shall have 
the power to fix the standards of weights and measures." Since 
the states were formerly colonies of England, they adopted the 
English system of units, and although the system was uniform 

1 Bv adding the following prefixes to the metric units (gram, meter, and liter) 
units of various sizes are obtained. 

micro- = one millionth 
milli- = one thousandth 
eenti- = ·one hundredth 
deei- = one tenth 
deea- = ten 
hectc- ='one hundred 
kilo- = one thousand 
mega- = one million 

0.000001 
0.001 
0.01 
0.1 

10. 
100. 

1,000. 
1,000,000. 
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the standards used by the various states differed considerably. 
It was not until 1830 that the matter received anv attention , . 
from Congress. At that time standard weights and measures 
were made and sent to the governor of each state and to the 
various custom houses. In 1866 the metric system was made 
legal in the United States. 

In 1875, seventeen of the leading countries of the world signed 
an agreement to establish the International Bureau of Weights 
and Measures at Sevres, France. A committee was appointed to 
provide copies of the international standards for each of the con
tributing countries. The work was completed in 1889, and the 
copies which were sent to the United States were adopted in 
1893 as the official standards of the United States. They are now 
kept in Washington, D. C., in the Bureau of Standards, which 
was established in 1899 as a part of the Department of Com
merce. The bureau keeps copies of all standard weights and 
measures, tests the accuracy of any weights and measures which 
may be sent to it for inspection, furnishes the states with stand
ards, carries on research of a physical nature, and does much 
good work in urging all states to adopt uniform requirements 
in respect to all measurements. 

Provision has been made by national law for furnishing each 
state with standards, but it is the function of each state to en
force the use of accurate weights and measures. Practically all 
of the states have adopted the standards provided by the national 
government and a few states have very comprehensive laws in 
regard to inspection of weights and measures. 

For hundreds of years housewives did not use any standard 
measuring devices. Recipes contained such vague directions as 
"a pinch of salt," "a dash of pepper," "sweeten to taste," "a 
handful of flour," or "enough flour for a thick batter." No won
der if two cooks, using the same recipe, made cakes of entirely 
different size and quality, even though the original ingredients 
were of the same grade. 

Modern recipes read "1 / 2 teaspoon salt," "1 / 4 teaspoon pep
per," "2/ 3 cup sugar," or "3/ 4 cup flour (measured after sift
ing)." There is also a trend toward replacing the capacity method 
with the weight method, especially in quantity cookery. The 
up-to-date housewife con!>iders a measuring cup, a set of meas~ 



Fig. 1.2. View in the vault at the National Bureau of Standards, showing 
the standards of length and mass of the United States. (Courtesy National 
Bureau of Standards, U.S. Department of Commerce) 

7 
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uring spoons, and a household scale the minimum essentials for 
standards. Practically everything that comes into the kitchen has 
been weighed or measured and the amount stamped on the 
container; the housewife should check these amounts, at least 
occasionally. The number of liquid ounces, pints, or quarts is 
stamped on the labels on vinegar bottles, flavoring bottles, and 
cans of fruit juice. Milk is delivered in standard size bottles. 

Fig. 1.3. Household measuring devices. (Courtesy Wilma Hilt Crawford, 
Kansas State College) 

Canned fruits and vegetables are in standard size cans, and the 
weights are given in pounds and ounces. 1 Not only is the food 
which is brought into the home measured, but also the quan
tities of water, gas, and electricity, the temperature of the air, 
and the temperature of the oven are measured. Recently people 
have learned to measure the relative humidity and the intensity 
of illumination in their homes. Each of these measurements will 
be explained in this book. 

3. Fundamental and Derived Units. Some quantities such 
as length, mass, and time are so fundamental that they cannot 
be analyzed into more elementary concepts. Therefo:re length, 

1 See Appendix for tables of dry and liquid measures, standard sizes of cans, anr! 
weights per bushel of foods used in large quantities in the home. 
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mass, and time are known as the fundamental quantities, and all 
units for these fundamental quantities are known as jundamental 
JJnits. Examples of fundamental units are: 

Length - foot, inch, meter, centimeter 
Mass - pound, ounce, gram, milligram 
Time - second, minute, hour 

Other quantities cannot be measured without using two or 
more fundamental units, or using one fundamental unit more 
than once. For example, the amount of work required to lift a 
body a given distance depends upon the weight of the body and 
upon the distance it is lifted. The density of a body can be cal
culated if the mass and the volume of the body are known. The 
speed of a car involves the distance traveled and the time re
quired. If a uni t for length is squared or cubed, units for area 
or for volume are obtained. Units which are obtained by com
bining fundamental units are known as derived units Examples 
of derived units are foot-pound, gram-centimeter, pounds per 
cubic inch, miles per hour, square inch, and cubic centimeter. 

4. Matter. All material things are composed of one or more 
kinds of matter. Matter is anything which occupies space and offers re

sistance to change in its condition of rest or motion. Water, sugar, iron, 
and cloth are a few kinds of matter. All matter is made up of very 
small particles - either atoms or molecules. If the material is an 
element - such as sodium, chlorine, or iron - it is composed of 
particles called atoms, all of which are of the same type even 
though they may differ in mass. There are over ninety elements 
which occur in nature. Others are produced artificially. If the 
material is a compound, it is composed of particles called mole
cules which in turn are composed of atoms. For example, ordinary 
salt (sodium chloride) is a compound of sodium and chlorine. A 
molecule of salt may be separated into atoms of sodium and 
chlorine, but these atoms have entirely different properties from 
those of the compound sodium chloride. 

Matter may occur in three states: solid, liquid, and gas. A solid 
has a definite volume and shape, and offers resistance to a change 
in either. A liquid has a definite volume and offers resistance to 
any change in its volume, but it takes the shape of the contain-

. ing ves~el except at the free surface of the liquid. A gas takes the 
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volume and shape of the container, and offers but slight resist
ance to a change in either its volume or its shape. 

The molecules of which matter is composed do not fill all of 
. I 

the space occupIed by th~ body. The space between the mole-
cules is known as intermolecular space. The amount of intermolecu
lar space differs for diffet~nt materials. In all matter the mole
cules are thought to be in constant motion. In solids the molecules 
are held in fixed positions with respect to each other, and the 
motion is limited to vibrations within the intermolecular space. 
The molecules in a liquid are in general farther apart than in a 
solid, and they are free to change their relative positions. Their 
range is limited only by the walls of the vessel and the surface 
of the liquid. The molecules in a gas are much farther apart 
than in· a liquid, and their range of" motion is limited only by 
the walls of the containing vessel. 

We describe matter in terms of its properties, but many of 
these properties are changeable. A given kind of matter may be 
hard at lower temperatures and soft at higher temperatures. For 
example, a glass rod is brittle at ordinary temperatures and 
breaks when it is bent, but if it is heated, it becomes quite 
ductile. Also, even though the temperature of a given mass of 
gas is held constant, if the pressure on the gas is increased the 
volume of the gas is decreased. The question arises, "Is there 
any property of matter which is unchangeable?" At first thought 
it might be answered that the weight of a given amount of mat
ter does not change, but if the weight is measured at different 
altitudes, it is found that the weight also changes. (See Sec. 6.) 

There is one property of matter, however, which does not 
change when other properties change - this property is known 
as inertia. To understand more fully the nature of inertia we must 
realize that matter has no ability within itself to change its state 
of rest or motion, and that it resists any outside force that tends 
to change it. If a ball is resting on a table, it will continue to 
rest there, unless disturbed by some outside force. If a ball is 
put in motion, it will come to rest, not because of itself, but 
because friction and gravity are acting on it. The resistance offered 
by matter to any change in its condition if rest or motion is called inertia. 
The inertia of a given body is proportional to the amount of 
matter which the body contains. 
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5. Force. Our first ideas about force come from the muscular 
efforts we exert in order to move some body or to change its 
motion. If we lift a rock, throw a ball, or stop a ball which 
someone else has thrown, we are conscious of exerting a push 
or a pull. A jorce is a push or a pull which tends to cause motion or to 
change the motion oj an object. A horse exerts a force on a wagon 
in order to move it. A car is moved by the force exerted by the 
engine. Sometimes a force does not cause motion. If you try to 
lift a 200-pound object and can exert a force of only 40 pounds, 
the object will not move - and while you have exerted a force 
it only tended,' to cause motion. Sometimes a force causes a 
change in the size or shape of a body as when a rubber band j5. 

stretched or a spring is compressed. A force which is always 
acting on us is the force of gravity or the attraction of the earth 
for bodies on or nearits surface. 

6. Mass and Weight. It is important to dIstinguish between 
the mass and the weight of a body. The mass of a body refers to 
the amount of matter in it and is the same wherever the body may 
be. If a housewife is ordering groceries she is concerned with the 
amount of food she will need for dinner. If she orders three 
pounds of meat she considers whether that much meat will make 
the required number of servings. 

The weight of a body is a measure of the pull of the earth on the 
body. This pull varies from place to place because the attraction 
Of the earth for a bvdy changes when the distance between the 
body and the center of the earth changes. If the distance is in
creased the attraction of the earth for the object is decreased. For 
example, if a body is carried up a mountain it weighs less than 
at sea level. If it is moved to either the North or the South Pole 
it weighs more than at the equator because the polar diameter 
of the earth is less (about 27 miles less) than the equatorial diam
eter - this increase in weight is about one-third of one per cent. 
The standard weight of a body is its weight at sea level at 45 0 lati
tude. Therefore one must remember that mass refers to, the quantity of 
matter in a body, while weight refers to a jorce acting on the body. 

In practice the weight of a body, even though it does vary 
slightly at different places on the surface of the ear-th,-is-used to 
determine th~ mass of a body. Various kinds of balances are 
used. An equal arm balance consists of a bar supported on a 
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knife edge at its mid-point and with a pan at either end. The 
object which is to be weighed (or for which the mass is to be 
found) is placed in one pan and standard masses are added to 

• 

Fig. 1.4. An equal arm balance. 

the other pan until a balance 
is obtained. If this scale is 
balanced in one place, it will 
be balanced in any other place . 
(This weight neglects the buoy
ant effect of the air which is 
usually negligible.) An unequal 
arm balance consists of a bar 

supported near one end. The object to be weighed is placed on 
the short arm and the position of a rider is adjusted on the long 
arm until a balance is obtained. This long arm is graduated 
and the reading where the rider 
rests gives the weight of the 
object. 

A spring balance consists of 
a spring mounted in a suitable 
framework. When the object is 
placed on the balance the spring 
stretches and moves a pointer 
along a graduated scale. Theo
retically this balance does not 
give the same reading at allioca
tions because the pull of the 
earth varies with altitude and 
latitude, but the variation is 

Fig. 1.5. An equal arm balance. 
(Courtesy Central Scientific Com
pany) 

slight for points on the earth's surface and in general is 
negligible. 

It has been found by experiment that the elongation of a 
ipring is directly proportional to the force applied, up to the 

6 7 8 9 10 

Fig. 1.6. An unequal arm balance. 
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elastic limit. The elastic limit oj a material is the largest force which 
may be applied without causing a permanent distortion. The action of 
a spring balance is in accord with Hooke's law which states that 
"within the elastic limit, all elastic distortions (elongations, compressions, 

bends, and twists) are proportional to the forces 
which cause the distortions." The stretch of a 
hair, a thread, or a metal rod, the com
pression of a pillar which is supporting a 
load, the bending of a beam which has a 
load suspended between its supports, and 
the twist of a drive shaft in a piece of 
machinery are all distortions which take 
place in accord with Hooke's law. 

Fig. 1.7. An unequal arm balance. 
(Courtesy Central Scientific Com
pany) 

7. Speed and Velocity. Speed and 
velocity are terms often used in conversa
tions about trips in cars. If a car travels 
400 miles in 10 hours, the average speed 
is 40 miles per hour. Speed is the rate at 
which a body moves through space. Velocity 
differs from speed only in that the direction 
as well as the rate of the motion must be 
known. A speedometer registers the rate 
of motion but tells nothing of the direc
tion. But if we say a car is traveling 
40 miles an hour to the east then we 

Fig. 1.8. Two types of 
spring balance. (Cour
tesy Central Scientific 
Company) 

are giving its velocity. Velocity is the rate of 

direction. If the velocity varies, the average 
found by 

motion in a given 

velocity may be 
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I • Distance 
Average VelOCity = 'T' 

Ime 

iVa =,~ 
I 

or, if there has been a steady increase or decrease in the velocity 

where 

Va = Vmax + Vm1n 

2 
Vmax = maximum velocity 
Vmln = minimum velocity· 

Since velocity is distance divided by time suitable units for 
velocity are feet per second, miles per hour, or centimeters per 
second. 

8. Acceleration. If the velocity of a body is steadily increased 
or decreased, there is a definite rate of change in the velocity. 
Acceleration is the rate of change in the velocity. 

A 1
· Change in velocity 

cce eratlOn = T' -
Ime 

A = Vma" - Vmln 

T 

The units for acceleration should be noted carefully. Since 
acceleration is change in velocity divided by time, suitable units 
are feet per second ;per second, or centimeters per second per 
second. These units' are often abbreviated to ft per sec2 or cm 
per sec2• ' 

# 

If a body is allowed to faIlJreely, it is found that it falls faster' 
and faster, because it is being accelerated by the force of gravity. 
The acceleration due to gravity is equal' to 32 feet per second per second, 
or 980 centimeters per second per second. (These are average values. 
The actual values vary slightly at different locations.) 

If a ball is dropped from a balloon, how fast will it be going 
a t the end of 10 seconds? 

A 

32 

Vmax - Vm1n 

T 
Vma" - 0 

10 
V max = 320 ft per sec 
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What was its average velocity? 

Vmax + Vm1n 

2 
320 + 0 

= 
2 

160 ft per sec 

How far did it fall during the 10 seconds? 

D 
Va = T 

D 
160 = 10 

D = 1600 ft 

15 

The ideas of speed and acceleration have various applications 
in the household, but in general it is not easy to obtain definite 
data. A car is equipped with a speedometer, and a freely fqlling 
body has a known acceleration, but household devices are not 
provided with speed registering devices, and the acceleration is 
usually not known. If a vacuum cleaner is pushed across the 
floor more rapidly or if an egg beater is turned more rapidly 
one is immediately conscious of the increased force required; but 
as to how much or at what rate the speed is increased, or how 
much more force is required, there are few definite data. A 
greater force will be required to cause a given change of velocity 
for a large mass than for a small mass; moreover a larger force 
will be required to cause a given change of velocity in a short 
time than will be if a longer time is allowed. Thus we see that the 
force required is proportional to both the mass and the acceleration. 

STUDY Q.UESTIONS 

1. Which is the older system of weights and measures - the English 
or the metric? 

2. If you are ordering _ milk in France and want approximately 
2 quarts, how do you state your order? 

3. If you wish to measure out 50 cubic centimeters of orange juice 
and have no metric measure, how can you measure it to get 
approximately the right amount? 

4. How many millimeters are equivalent to a kilometer? 
5. Which is the larger amount - 100 cubic centimeters or 1/2 cup? 
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6. In this country we haye the ton, which is 2000 pounds and the 
"long ton," which is :1200 pounds. The latter is used in foreign 
trade. What is its metnc equivalent? 

7. What are the three fundamental quantities? ~ .i" ~ ~,t ~, 
8. What are the three sta:i~s in which matter may exist? 
9. What is intermolecular ~pace? 

10. What is force? 
11. Distinguish between the mass and the weight of a. body. 
12. If an equal arm balance is balanced at sea level, will it still bal

ance if it is carried to the top of Pike's Peak? 
13. If a spring balance reads 10 pounds when a given object is placed 

on it, will it read more or less as it is carried to a higher altitude? 
Will it read more or less as it is carried from the equator toward 
either pole? 

14. What is Hooke's law? 
15. What is the difference in the meaning of the terms "speed" and 

"velocity"? 
16. Does t~e speedometer of a car register speed or velocity? 
17. If a car travels· at a constant speed, does it have an acceleration? 
18. How may the acceleration of an object dropped from an airplane 

be decreaseq to less than 32 feet per second per second? 

PROBLEMS 

1. If your waist measure is 24 inches, what is it in centimeters? 
Ans. 6i cm 

2. If a girl is 170 centimeters tall, what is her height in feet? 
3. If a rug is 3 by 4 meters, what are its approximate dimensions 

in feet? Ans. 9.8 by 13.1 ft 
4. If a room is 15 by 22 feet, what are its dimensions in meters? 
5. If you buy 5 kilograms of sugar, how many pounds do you have? 

Ans. 11 lb 
6. If you weigh 110 pounds, what is your weight in kilograms? 
7. If the speed limit is 80 kilometers per hour, what is the approximate 

speed limit in miles per hour? _ Ans. 50 mph 
8. If you drive at a speed of 60 miles per hour, what is your speed 

in kilometers per hour? 
9. In a foods experiment nine 300-gram portions of meat are needed. 

How many pounds of meat should he purchased? Ans. 6 lb 
10. If a can contains 795 grams of peaches, how many pounds does 

it contain? . 
11. If you want to buy approximately 10 gallons of gasoline in Mexico 

you will probably ask for 40 liters. How many gallons will you 
have? Ans. 10.6 gal 

12. If your pressure saucepan holds 4 quarts, approximately how 
many liters does it hold? 
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13. If you are buying drapery material in France and need 16 lengths 
of material, each one 90 inches long, how many meters do you 
purchase? Ans. 37 m 

14. If you buy 4 meters of cloth for a dress in Italy, how many yards 
do you have? . 

15. What is the average speed of a car if it travels 400 miles in 8 hours? 
Ans. 50 mph 

16. How long will it take to travel 300 miles at an average speed of 
40 miles per hour? . 

17. How far will a plane travel in 6 hours jf it has an average speed 
of 200 miles per hour? Ans. 1200 mi 

18. What is the average speed of a person who walks a mile in 
8 minutes? 

19. The speed of a ball changes from 160 feet per second to 90 feet 
per second in 5 seconds. What is its average speed? What is its 
acceleration? Ans. 125 ft per sec; 14 ft per sec2 

20. A car speeds up from 15 miles per hour (22 feet per second) to 
60 miles per hour (88 feet per second) in 12 seconds. What is its 
average speed? What is its acceleration? 

21. A box is dropped from an airplane and strikes the ground 10 sec
onds later. What is its velocity when it strikes the ground? What is 
its average velocity? How high is the plane above the earth? 
(Neglect the friction of the air.) 

Ans. 320 ft per sec; 160 ft per sec; 1600 ft 
22. A ball is dropped from the top of a building and strikes the ground 

3 seconds later. How high is the building? (Neglect the friction of 
the air.) 

23. How long does it take an object to fall a mile? (Neglect the friction 
of the air.) Ans. 18.2 sec 

24. How high will a ball rise if it is thrown up with a velocity of 
48 feet per second? 
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FORCE 

No one has ever seen a force but everyone has seen and feit 
the effects of forces. If a body is at rest, a force is required to 
start it moving or to keep it mO\ling. If the body is already in 
motion, a force is required to change its motion either in amount 
or direction. A force may also change the shape of a body - it 
may stretch, compress, twist, or bend the body. Some forces 
act on matter constantly - for example, gravity, cohesion, and 
adhesion. Other forces may be applied by man wherever and 
whenever he chooses. Moving a table, compressing a spring, 
stretching a rubber band, and stopping a baseball are examples 
of forces applied by man according to his wishes at any particular 
time in order to accomplish some desired result. A force is a 
push or a pull which tends either to change the state of rest or motion 
of a body, or to cause distortion of the body. (Review Sec. S.) 

Suitable units for measuring force are the pound and the gram. 
A force of 1 pound is equal to the pull exerted by the earth on 
a mass of 1 pound. Likewise a force of 1 gram is equal to the 
pull exerted by the earth on a mass of 1 gram. 

9. Graphical Solutions of Force Problems. A force "may be 
represented graphically by means of an arrow. The length of 

~------------NW-----------~ 

k----- 20 LB ----~,.~I 
Fig. 2.1. Graphical representation of a force with an arrow. 

the arrow is determined by the amount of the force. The line 
along which the force acts and its direction along that line are 
indicated by the direction of the arrow. For example, a force 

18 
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of 20 pounds acting horizontally to the right may be repre
sented by an arrow as in Figure 2.1. If drawn to a scale of 
1 inch = 5 pounds, the arrow will be 4 inches long; if drawn 
to a scale of 1 inch = 10 pounds, the arrow will be 2 inches 
long. 

Often two or more forces may be replaced by a single force 
called the resultant, which will produce the same effect as the 

HO lHS I. _____. + _______ -;~ = 17 LB 

13 LB 9 LB 
= 

Fig; 2.2. Vector addition of forces. 

several forces acting together. The original forces are known as 
the components of the resultant. If two forces act along the same 
line and in the same direction, the resultant is equal to the sum 
of the components, as shown in Figure 2.2a. If two forces act 
along the same line but in opposite directions, the resultant is 
equal to the difference between the two forces, and its direction 
is that of the larger force, as shown in Figure 2.2b. If two forces 

B 0 

J-7: 
~ 
A C 

10--0 

I 5 
I 3 
I 4 
A C 

B 0 

o/~7I 
~II 

A C 

B D 

,- 3-:/', 
J~ 

A C 

Fig. 2.3. Graphical composition of forces. 

act at an angle· with each other, the resultant may be found 
graphically by completing a parallelogram, the sides of which 
are proportional to the forces, and drawing the diagonal from 
the point of applicati~n of the forces to the opposite corner of 
the parallelogram. This line gives both the size and the direc
tion of the resultant force. For example, jf forces AB and AC act 
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at right angles to each other, the resultant will be AD. See 
Figure 2.3a. If forces AB and AC act at some angle other than 
90°, the same meth-od is followed. See Figures 2.3b and c. Fig
ures 2.3d, e, and J show corresponding solutions by the triangle 
method. After the arrow representing one force has been drawn, 
an arrow representing the s~cond force is joined to the head of 
the first arrow. The resultant force is the arrow drawn from the 

a 

Fig. 2.4. Two orders of combining 
forces by the polygon, method. 

tail of the first arrow to the head 
.of the second arrow. The idea 
of the triangle method may be 
extended for more than two 
forces; the figure then becomes 
a polygon but the arrow drawn 
from the tail of the first arrow 
to the head of the last arrow is 
the resultant force. Moreover it 
makes no difference as to the 

order in which the forces are joined. Figure 2.4 shows two 
orders of combining a series of the same forces, and the size and 
direction of the resultant is the same in both cases. 

A given force may also be resolved into two or more com
ponents. The directions of the desired components must be 
stated. For example, the force on a vacuum-cleaner handle 
may be resolved into vertical 
and horizontal components 
as shown in Figure 2.5. If a 
force of 8 pounds is applied 
along the handle it may be 
represented by an arrow AB 
drawn parallel to the handle. 
If then a vertical line is drawn 
through one end of AB and 

Fig. 2~5. Resolving a force into horizon-
a horizontal line through tal and vertical components. 
the other end of AB" these 
lines will cross at C. BC represents the vertical component ~nd 
AC the horizontal component of AB. In this case AC is the useful 
component of AB which moves the cleaner along the floor, but 
it is more convenient to apply ,a larger force AB at an angle 
than it is to apply a horizontal force AC. The component Be is 
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ineffective in moving the cleaner along the floor except that it 
enters into the force required to overcome friction. (See Sec. 12.) 

If an object rests on an inclined plane, the force due to its 
weight which is a vertical downward force may be resolved into 
two components - one parallel to the plane and the other nor
mal (at right angles) to the plane. If a car is on an inclined 
plane (a hill) as shown in Figure 2.6, its weight W may be 

w 

Fig. 2.6. A force may be resolved into components normal to and parallel to 
an inclined plane. 

resolved into the' components N, normal to the'road and P, 
parallel to the road. N represents the force which the car exerts 
on the road and, neglecting friction, P is the force which must 
be exerted by the brakes to keep the car from rolling down the 
hill. Neglecting friction, this is also the force which pmst be 
exerted by the engine to make the car travel up the hill at con
stant speed. The actual force which must be exerted by the 
engine is this force plus the force required to overcome the fric
tion, and if the speed of the car is increased, still more force 
must be supplied by the engine to cause this acceleration. 

10. Torque. If a force is used to produce rcitation the turn-
, ing effect of the force depends on two factors - the amount of 

the force and the perpendicular distance from the line of action 
of the force to the point about which the force is acting. This 
perpendicular distance is known as the lever arm of the force. 
The product of the jorce F and its lever arm L is the torque of the jorce. 

T= FL 

The torque exerted by a 75-pound child who sits 4 feet from 
the pivot of a teeter-totter is 
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T= FL 
= 7S X 4 
= 300 ft-Ib 

(Ch.2 

The torque exerted 
from the pivot is 

by this same child when he sits 6 feet 

75 La 

I! 
7i = FL 
1= 75 X 6 

= 450 ft-Ib 

50 LB 

~---6n--~-~~I+-------9n------~ 
Fig. 2.7. The two torques balance each other. 

In this last case how far from the pivot must a 50-pound child 
sit in order to balance the torque of 450 foot-pounds? 

T= FL 
450 = 50 L 
9 ft = L 

11. Pressure. Often It IS Important not only to know the 
force but also to know over how much area that force is dis
tributed so that we may judge the intensity of the force. Pressure 
is the force per unit area. For example, if a force of 20 pounds acts 
on an area of 5 square inches, the pressure is 

I 
I F 

P=/i 
20 

=-5 
= 4 Ib per sq in. 

But if the same force of 20 pounds acts on an area of 10 square 
inches, the pressure is 

P=!! 
. A 

20 
10 

= 2 Ib per sq in. 
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12. Friction. Is friction useful or wasteful? On first thought 
the answer is "wasteful." The useful work done by the engine 
of a car is decreased if there is friction in the gears and trans
mission, or in the engine itself. It takes more force to slide a 
heavy box on a cement sidewalk than on a waxed floor. A floor 
is waxed for dancing to decrease friction. But on the other hand, 
without friction, walking would be impossible. Friction holds 
the shoe in place on the floor while the body is moved ahead 
in the next step. It is difficult to walk on an icy sidewalk because 
the friction is so slight. If the friction between the tires and the 
wet road is not great enough, the wheels spin and the car will 
not move ahead. Were it not for friction, nails would not hold 
boards together, pencils would not write on paper, and brakes 
on cars would not stop the wheels. There are probably more 
examples of useful than of wasteful friction. 

Friction is the resisting jorce which opposes any effort to roll or slide 
one body over or through another. It is a retarding force. If a chair 
is moved across the floor or a book pushed across the table, the 
frictional force tends to hinder the motion. The friction is due 
to irregularities in the surface, and to cohesive and adhesive 
forces. Two surfaces rubbing together may look smooth to the 
eye and feel smooth to the hand but still be quite rough if exam
ined microscopically. All surfaces are rough to some extent and, 
as one surface slides or rolls over the other, the projections on 
one move up and down over the projections on the other. As 
the surfaces are smoothed, these projections are decreased and 
the friction becomes less. Planing, sandpapering, grinding, oil
ing, and waxing reduce the friction either by removing the pro
jections or by filling the cavities between the projections. Starting 
friction is always greater than moving friction, and in general 
sliding friction is greater than rolling friction. It is harder to 
start a car rolling along a pavement than it is to keep it rolling, 
because force is required to give the car an acceleration, or as 
we sometimes say, "to give it a start." Moreover, it is far easier 
to roll a car than it is to slide it. Probably one man can move 
a car if the brakes are released so that it can roll, but if the 
brakes are set, he ~annot possibly slide the car. It is also easier 
to move a piano on rollers than it is to slide it. 

The force required to balance or overcome the retarding 
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force of friction depends on the nature of the surfaces in con
tact and on the magnitude of the force holding the objects 
together. If the force required to move an object with uniform 
velocity on a given surface lis determined, and then the weight 
of the object is doubled but all other conditions are kept the 
same, it will be found that' in the second case twice as much 
force is required to move file object. For any given pair of sur
faces there is a constant ratio between the force required to 
overcome friction and the force holding the two surfaces together. 

N =150 LB 

F =30 LB 

The force holding the sur
faces together acts at right 
angles' to the surfaces; that 
is, it is a normal force. On a 
horizontal plane the normal 
force is equal to the weight 
of the body. If the body is 

Fig. 2.8. Finding the coefficient of on an inclined plane, the 
friction. 

normal force may be deter-
mined graphica~ly. (See Fig. 2.6.) This ratio between the jorce 
required to overcome jriction and the normal jorce is known as the coefficient 
of friction. 

C ffi · f f" force required to overcome friction 
oe Clent a nctlOn = 1 £' 

c= F 
N 

norma lorce 

For example, if a force of 30 pounds is required to move (with 
uniform velocity) a ISO-pound body which is resting on a hori-
zontal surface, , 

C = 30 
150-

= 0.2 

If a 300-pound body of the same material is to be moved over 
the same surface 

F 
0.2 = 300 

F = 60lb 

Within wide limits the coefficient of sliding friction is inde
pendent of the areas in contact. For example, the same force is 
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required to move a brick along a horizontal table top, regard
less of which of its surfaces the brick is resting on, provided the 
nature of the surfaces is the same. At first it might seem that 
the force would be greater when a larger area is in contact, but 
if the brick is resting on one of its largest surfaces, the amount 
of force per square inch of bearing surface is less. If it rests on 
one of its smallest surfaces, the force per square inch is more 
but there are fewer square inches in contact. Experiments show 
that the area of the surface does not influence the amount of 
force required w overcome the friction. 

In rolling friction, as the roller moves forward it compresses 
the surface directly under it. This makes a ridge ahead of the 

r 

~~~~~ 
SUDING 

Fig. 2.9. Showing the causes for sliding and for rolling friction. 

roller or wheel; consequently it is always climbing out of a 
depression. The smaller -the wheel the steeper are the sides of 
the depression. One piano may be harder to move than another 
which is no heavier, because the first piano has smaller rollers. 
The smaller' rollers mar the floor more than larger ones do, 
because the total weight of the piano is supported on the rollers 
and if they are small, the force per unit area is increased. 

Oil on metal surfaces decreases friction. Instead of metal 
moving on metal a film of oil covers -the metal surfaces and as a 
result the moving surfaces become metal on oil or even oil on 
oil. Friction of solids on solids is independent of the speed within 
wide limits, but if a solid moves through a liquid or a gas, the 
friction increases rapidly as the speed increases. The friction of 
a car moving through air increases approximately as the cube 
of the speed. That is, if the speed increases from 10 to 20 miles 
an hour the resistance will be eight times as great. If one tries 
to increase the speed of a rowboat, the increased effort required 
is very noticeable. In the case of cars, airplanes, and motor
boats, the amount of gasoline required for a given distance, • 
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covered at various speeds, is an indication of the varying resist
ance. This is one of the tests that enter into calculating the 
most efficient speed at which to drive a car or motorboat. Stream
lining decreases the frictiohal force. 

1\ 
COEFFICIENTS OF FRICTION 

I 

Sliding 

Oak on oak - fibers parallel 
Oak on oak - fibers crossed 
Leather on metal, lubricated 
Steel on ice 
Rubber on concrete 
Leather on waxed wood 
Rope on wood 
Steel on steel, dry 

Rolling 

0.4 
0.3 
0.1 
0.02 
0.5 
0.2 
0.4 
0.03 

to 0.5 
to 0.4 
to 0.2 
to 0.03 
to 0.8 
to 0.4 
to 0.5 
to 0.09 

Steel on steel 
Wood on' wood 

0.0004 to 0.008 
0.02 to 0.03 

STUDY QUESTIONS 

1. How do we know that there are forces? 
2. Suggest several things that might happen if the forces of gravity, 

cohesion, and adhesion ceased to act. 
3. What information about a force can be shown with an arrow? 
4. How does an arrow which represents a south wind differ from one 

representing a north wind? An east wind? 
5. How would an arrow representing an upward pull of 20 pounds 

differ from one representing an upward pull of 60 pounds? 
6. How may the 'torque of a given force be increased? 
7. What is the difference between pressure and force? 
8. What causes sliding friction? Rolling friction? 
9. Why do people put glass gliders under pieces of furniture? 

10. Why does the engine of a ca;-become too hot if the oil supply is 
low? 

11. Does air, or water, offer the greater resistance to the movement 
of a body? 

t2. If a heavy box is dragged along a horizontal sidewaJk, and then 
up an inclined sidewalk, in which case is the greater force required? 

is. If a 50-pound box is to be placed at a point 20 feet higher than 
it now is, would you rather carry it up a vertical ladder or dwg 
it up an inclined plane? Why?, 

14. What is the purpose of streamlining? 

• 

\ 
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PROBLEMS 

1. Solve the following problems graphically and analytically. 
a. If a force of 3 pounds and a force of 4 pounds act along the same 

line and in the same direction (east), what is the size and direc
tion of the resultant? Ans. 7 lb east 

h. If the above forces act along the same line but in opposite 
directions (3 pounds east and 4 pounds west), what is the size 
and direction of the resultant? Ans. 1 lb west 

c. If the 3-pound force acts to the east and the 4-pound force acts 
to the north, what is the size and direction of the resultant? 

. Ans. 5 lb at an angle 53° north of east 
2. Solve the following problems graphically and analytically. 

a. If a force of 6 grams and a force of 8 grams act along the same 
line and in the same direction (up), what is the size and direction 
of the resultant? 

h. If the above forces act along the same line but in opposite direc
tions (6 grams up and 8 grams down), what is the size and 
direction of the resultant? 

c. If the 6-gram force acts horizontally and to the left and the 
8-gram force acts vertically downwards, what is the size and 
direction of the resultant? 

3. A force of 4 pounds is applied along the handle of a vacuum 
cleaner, which makes an angle of 30 degrees with the horizontal. 
'What is the horizontal component of the force? Ans. 3.5 lb 

4. If a sled is pulled by means of a rope, what force must be exerted 
on the rope which makes an angle of 30 degrees with the horizontal 
in order to exert a horizontal force of 26 pounds on the sled? 

5. A box which weighs 300 pounds rests on an inclined plane which is 
10 feet long and 6 feet high. What is the force parallel to the plane? 
What is the force normal to the plane? Ans. 180 lb; 240 Ib 

6. A car which weighs 4000 pounds is on a hill which rises 10 feet in 
a distance of 100 feet along the road. What is the force parallel 
to the road? What is the force normal to the road? 

7. What is the torque of a child who weighs 60 pounds and sits 5 feet 
from the pivot of a teeter-totter? How far from the pivot must a 
50-pound child sit in order to balance the torque of the first child? 

Ans. 300 ft-Ib; 6 ft 
8. A load of 30 pounds is placed on an unequal arm balance. The 

lever arm for the load is 4 inches. The counterweight weighs 
6 pounds. How far from the pivot must it be placed in order to 
balance the load? 

9. If a 20-pound piece of iron rests on an area which is 2 by 2 inches, 
what is the resulting pressure? Ans. 5 lb per sq in. 

10. If a 2000"gram weight rests on an area of 40 square centimeters, 
what is the resulting pressure? 
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11. 

12. 

13. 

14. 

15. 

16. 

FORCE [Ch.2 

What is the coefficient of'friction if a force of30 pounds is required 
to slide a 200-pound object across a waxed floor? Ans. O.lS 
What force will be required to slide a box of books weighing 
60 pounds across a cemept floor if the coefficient of friction is O.3? 
What force will be required to roll a 200-pound truck across the 
floor if the coefficient of I\friction is O.04? Ans. 8 lb 
What is the coefficient of rolling friction if a force of 15 pounds will 
roll a ISO-pound washing machine on a cement floor? 
In Prob. S what is the force required to overcome the friction as 
the box is moved up the plane if the coefficient of friction is O.OS? 
What is the total force required to move the box up the plane 
at a constant speed? Ans. 12 lb; 192 Ib 
In Prob. 6 what is the force required to overcome the friction as 
the car is moved up the hill if the coefficient of rolling friction is 
O.OS? What is the total force required to move the car up the hill 
at a constant speed? 
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WORK, ENERGY, AND POWER 

Work, energy, and power, like force and velocity, are words 
which are used with various meanings in everyday life. They are 
often used with reference to mental as well as physical efforts, 
and we must recognize that they are often used with other than 
their scientific meanings. But the language of a scientist must 
be exact and definite, and any term he uses must have only one 
meaning, so that when he uses that term he will not be misin
terpreted or misunderstood. 

According to everyday usage, a student works when he sits 
quietly puzzling over a physics problem. We say that the fire 
was the work of an incendiary, and that holding a heavy weight 
all day is hard work. But in the physical sense no work was done 
in any of these cases. We must, therefore, learn what the scientist 
means by work; he limits work to processes involving motion or 
displacement produced by a force. 

We say energy is· needed to climb a hill, certain foods are rich 
in energy, the earth receives energy from the sun, some people 
are "full of energy." But what is energy? Energy is not work
it is ability to do work. You can neither play, see, speak, nor 

/' 

eat without the use of some kind of energy. Energy is one of the 
most important ideas in physics. In this chapter we shall study 
mechanical energy but in later chapters we shall study other 
forms of energy such as heat, electricity, light, and sound; hence 
we begin to realize the many-sided nature of energy. In our 
daily lives we are constantly concerned with changing one form 
of energy into another, and much of our enjoyment of life is 
due to the fact that energy can be changed from one form to 
another. For example, the energy in the food we eat keeps our 
bodies warm and enables us to cia work. The electrical energy 

C~9 
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which we use in our homes may be converted into heat or 
light, or used to operate the vacuum cleaner, the radio, or the 
telephone. 

We speak of electric power and horsepower, and of a king of 
great power. We use high-power telescopes and microscopes. 
We read of a powerful magnet that is used in a factory. But in 
physics "power" means rate of working. It is often important 
not only to know the total amount of work done but to know 
the amount of work done in one second, one minute, or one 
hour. Some devices can do work faster than others - many 
machines can work faster .than a man. If a load of 500 pounds 
of paper is to be carried from the basement to the tenth floor 
of a building a man can carry it up if he is given enough time 
to make several trips, but it can all be carried up in one trip on 
an elevator, and in a fraction of the time required by the man. 

13. Work. Work has a definite meaning involving two physi-
cal concepts which have already been studied - force and dis

r---, I \ WORK TO LIFT OSJECT=F x D=IO LB x 5 FT= 50 FT-LB 

I / I WORK TO SLIDE OBJECT=F x D=3 LB x 5 FT=15 FHB 

I I 

I I 

T 
L ___ _J 

! FT' ! 

1'" D~(~-T---l ~ _____ L ___ J 

Fig. 3.1. The amount of work is determined by the force and the distance 
through which it moves. 

tance. If a jorce acts on a body and causes the body to move, the amount 
oJwork done is equal to the product oj the jorce and the distance through 
which the Jorce moves. 

W=FD 

If the direction of the force is not the same as that of the motion, 
then only that component of the force which is effective in the 
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direction of the motion is considered in calculating the amount 
of work done. 

Work is done when a book is lifted, when a chair is pushed 
across a fioor, when a spring is stretched, or when a gas is com
pressed. In each of these cases a force has acted, and has caused 
a change in the position, tension, or volume of the material on 
which it acted. If a man lifts one end of a heavy plank from the 
ground and then stands supporting it for some time, he has 
done work in lifting it, but is not doing work while he sim.ply 
supports the plank. He is exerting himself, that is, he is 3pplying 
force, but he is not causing any change in the position of the 
plank. If a force is applied to a vacuum-cleaner handle, the 
force may act at an angle with the fioor. But the cleaner moves 
along the horizontal, and only the horizontal component of the 
force which acts is used in calculating the amount of work done 
on the cleaner. If a body is on an inclined plane, the component 
of the force parallel to the plane is the force which, neglecting 
friction, enters into the work required to move the object up 
the plane. The component normal to the plane is used in cal
culating the force required to overcome friction. The total force 
required to move the object must also include the force required 
to overcome the friction. I 

Since the amount of work is dependent on both the force 
and the distance through which the body moves, the unit in 
which work is measured must combine these two factors. The 
foot-pound and the gram-centimeter are two common units for work. 
A foot-pound is the amount of work done when a force of 1 pound 
acts through a distance of 1 foot. A gram-centimeter of work is 
~he amount of work done when a force of 1 gram acts through a 
distance of 1 centimeter. It must be remembel·ed that it is the 
force exerted and not the mass of the object which is used in 
determining the amount of work done. -

14. Energy. Energy is the ability which a body has to do work. 
Inanimate bodies possess energy only because work has been 
done upon them. If a spring is compressed, a body lifted, or a 
ball thrown, the amount of work which the object is capable of 
doing in returning to its original state or position is equal to the 
work which has been done on it. 

Work is done on the spring of a watch when it is wound and 
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as a result the spring is capable of moving the hands of the 
watch. If a 10-pound body is lifted 5 feet off the ground, 50 foot
pounds of work have been done on it .and now because of its 
position the body has'50 fdot-pounds of energy stored in it. The 
energy which a body has because of its position is called potential energy. 
A body is not necessarily given potential energy just because it 
is moved to a new position1but only when it is able to do more 
work in its new position. If an object is lifted, it is thereby given 
potential energy; but if it is just moved along a level surface 
from one position to another, its potential energy is not increased. 

Whenever a body is in motion it is able to exert a force and 
to do work in coming to rest. For example, when the catcher 
stops a baseball, the ball does work on his hands. When an 
automobile runs into a tree, it does work on the tree. A moving 
body always possesses energy, the amount of which deperlds on 
both the mass and the velocity of the body, but the amount of 
wor!.}. it can do before coming to rest is exactly equal to the 
work which has been done upon it. The energy which a body has 
because it is in motion is called kinetic energy. 

15. Conservation of Energy. Since the amount of energ), 
which a body possesses is equal to the amount of work which 
it can do, it is evident that after the body has done some work its 
supply of energy is decreased. But in doing work the energy which 
the body loses is transferred to the object on which work is done. 
When a man does 20 foot-pounds of work in throwing a ball, he 
gives up that much energy to the ball. As the ball travels through 
the air, a small part of the. energy is used to do work against the 
friction of the air and is converted into heat. The remaining 
energy is used to do work on whatever stops the ball- either the 
catcher's hand or the ground. ~ 

Experiments with objects whieh receive, store, and deliver 
energy lead to the general law that energy cannot be created or 
destroyed but it may be traniformed from one form to. another. In our 
everyday lives we are repeatedly concerned with methods of 
changing one form of energy into another. For example, the 
chemical energy in coal is changed into heat energy when the 
coal is burned and electrical energy is changed into light and 
heat energy in an electric lamp. 

At this time we should also recall the law of conservation of 
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mass. If the masses of several materials which are to enter into a 
chemical reaction are added, and this total mass compared with 
the total of the masses of the resulting materials, it will be found' 
that the two totals are equal. That is, in a chemical reaction 
materials may be recombined, but the total mass before the reaction 
is equal to the total mass after the reaction. 

For many years these two laws - conservation of energy and 
conservation of J!lass - were regarded as two separate and indis
putable laws. But in the twentieth century scientists have learned 
that under special conditiom. it is possible to convert mass into 
energy; in 1945 the whole world became aware of the result of 
this discovery when the atomic bomb was first used. In an atomic 
bomb, changes in the nuclei of atoms are made to occur, with 
the result that small amounts of mass are converted int6 large 
amounts of energy. Thus, when measured in suitable units, the 
total oj the mass and the energy before the reaction is equal to the total oj 
the mass and the energy after the reaction. Therefore a combination 
of the two laws is necessary when extraordinary means are used 
in combining the materials, while each law holds separately 
under ordinary conditions. "" .... '-;'" ,.; ..... i 
. Up to the present time much of the research on nuclear energy 
has been devoted to its destructive uses. But nuclear energy can 
be used to benefit mankind. The great quantities of heat liberated 
in the reactions between nuclei may be used to heat water and 
produce steam at high pressure, which in turn may be used to 
heat buildings or to operate turbines to generate electri~ity. 
Power plants utilizing nuclear energy are now in use to operate 
submarines. Other uses are being developed. 

Another important use of nuclear energy is in the field of 
medicine, where radioactive isotopes resulting from nuclear re
actions are used in research and in the treatment of patients. 
These isotopes are also used in plant and animal research, and 
it is hoped that their use will be the key to the answer for many 
questi.ons concerning growth and nutrition. 

16. Power. When work is done, the amount of work is not 
the only important consideration, for the time required to do the 
work is also of interest. Uusually a machine, an engine, or a 
motor is chosen not on the basis of the total amount of work to 
be done, but on the basis of the rate at which the work is to be 
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done. Power is rate if doing Iwork. The power P may be found by 
dividing the total amount. of work W by the time T required 
to do the work. 

Since power is obtained byl dividing work by time, units jor power 
may be any work unit divided by a~y time unit. Some common units are 
foot-pounds per second, foot-pounds per minute, and gram
centimeters per second. Power is also frequently expressed in 
terms of horsepower. The term came into use at the time the first 
steam engines were made and it was of interest to know how 
many horses the engine could replace. The accepted numerical 
~alues for 1 horsepower are 550 foot-pounds per second or 
33,000 foot-pounds per minute. 

Horsepower 
Work (ft-Ib) 

I ft-Ib 
Work (ft-lb) 

or 
33 000 ft-~b X T (min) 550 - X T (sec) 

sec , min 

A man can work at an average rate of about 1/10 horsepower 
and a woman at about 1/15 horsepower. For short periods of time 
these rates may be increased considerably. 

STUDY QUESTIONS 

1. Define work. (:: 
2. !fyou try for 10 minutes to move a heavy box and cannot move it, 

how much work nave you done on the box? 
3. As a clock pendulum swings, what kind of energy does it have 

when passing through the central position? When it is at the end 
of a swing? , 

4. Account for the energy posse~ed py the water above a dam. 
5. What is the law of conservation of energy? 
6. What is the law of conservation of mass? 
7. What is the law of conservation of mass and energy? 
8. What are some peace-time uses for nuclear energy? 
9. Name several uses for radioactive isotopes. 

10. Is the amount of energy available for use by man increasing or 
decreasing? 

11. What is the origin of the term "horsepower"? 
12. Is the power of a car engine greater at 50 miles per hour or at 

20 miles per hour? Why? 
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PROBLEMS 

1. How much work is required to lift a load of 120 pounds a vertical 
distance of 8 feet? Ans. 960 ft-Ib 

2. How much. work is required to lift a SOO-gram weight a vertical 
distance of 30 centimeters? 

3. How much force is required to slide a 400-gram box along a table 
top if the coefficient of friction is 0.2? How much work is required 
to move the box 30 centimeters? Ans. 80 g; 2400 g-cm 

4. How much work is required to slide a 4-pound book a horizontal 
distance of 3 feet if the coefficient of friction is 0.2? 

5. How much force is required to move a car which weighs 3600 pounds 
up a road which rises 3 feet in 100 feet along the road if there is 
no friction? If the normal force is 3598 pounds, how much force is 
required to overcome friction if the coefficient of friction is 0.3? 
What is the total force required? How much work is required to 
move the car at a constant speed for 100 feet? 

Ans. 108 lb; 1079 lb; 1187 Ib; 118,700 ft-Ib 
6. How much force is required to move a 300-pound refrigerator 

onto a truck if it is pushed up an incline which is P feet long and 
the floor of the truck is 3 feet above the ground? The coefficient 
of friction is 0.2. How much work is required to put the refrigerator 
into the truck? 

7. A book which weighs 2 pounds is carried to the third floor of a 
building (elevation 30 feet). How much work is done on it? How 
much potential energy does it have with respect to the ground? 

. Ans. 60 ft-Ib 
S. An airplane which weighs 3 tons is flying at an altitude of 1 mile. 

What is its potential energy? 
9. A box which weighs 40 pounds is dropped from a plane at an 

altitude of 5000 feet. How much kinetic energy does it have just 
as it strikes the ground? Ans. 200,000 ft-Ib 

10. A 2-kilogram weight fails from a table which is 90 centimeters high. 
How much kinetic energy does it have just as it strikes the floor? 

11. What power is required for a 110-pound woman to climb a stair
way in her home (elevation 8 feet) in 4 seconds? What horsepower 
is required? Should she climb the stairs this fast? 

Ans. 220 ft-Ib per sec; 0.4 hp 
12. A motor has 165,000 foot-pounds of work to do in 10 minutes. 

What horsepower is required? 
13. A 1/4 horsepower motor works for 8 hours. How much work has 

it done? Ans. 3,960,000 ft-Ib 
14. If a woman can work at the rate of 1/15 horsepower, how much 

work can she do in 4 hours? (An electric motor could do this work 
for about 1 cent.) 
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SIMPLE MACHINES 

Since so much of the work in homes, on farms, in shops, and 
in factories is done with machines, it is sometimes said that we 
are living in the machine age. Some of these machines are quite 
simple, and others are very complicated; but the complicated 
machines when studied are always found to be combinations of 
simple machines. A machine is a device jar traniferring or jar trans
jorming energy. In this chapter only the simple machines which 
are used to tran,ifert'mechanical energy will be explained. Later 
some of the devices which are used to tran,iform one kind of 
energy into another will be explained - for example, an elec
tric generator; is a machine for changing mechanical energy into 
electrical energy, and an electric motor is a machine for chang
ing electrical energy into mechanical energy. In a gasoline engine 
the chemical energy of the gasoline is changed into heat energy 
which in turn is changed into mechanical energy. 

Many examples of simple machines which are used to transfer 
mechanical energy are familiar to everyone. When force is 
applied to a pump handle to lift water or to a steering wheel 
to change the directi~n of a car, the result is that energy is 
transferred from one place to another. When force is applied to 
the treadle of a sewing machine the. motion of the treadle causes 
various levers and wheels to move, and as a result energy is 
transferred from the treadle to the needle, the shuttle, and the 
feed. When a key on a typewrite'r is struck, a system of levers 
transfers the energy from the key bar to the type bar. If one 
tries to crack a hard-shelled nut without a nutcracker, open a 
tin can without a can opener or take the cap off a bottle with
out a bottle opener he soon decides that it is much easier to do 
the work if he uses a simple machine. It is easier because the 

36 
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work is done by exerting a smaller force through a larger dis
tance. The force applied to the handle of the nutcracker is much 
less than the force required to break the nut. The handle of the 
can opener moves through a greater distance than the cutting 
blade but the force applied to the handle is less than the force 
exerted on the can. 

Sometimes a machine is used when the chief aim is not to 
decrease the force required but to increase the speed. The force 
required to move the blades of a rotary cream whipper through 
the cream is very small, but the geared wheels which transfer 
the energy from the drive wheel to the beater blades increase 
the speed of the blades so that the cream can be whipped in a 
very short time. However, the force applied to- the drive wheel 
is greater than the force required to move the beater blades 
through the cream. 

17. Laws of Machines. Since a machine is a device for trans
ferring work or energy from one place to another, it is evident 
that work must be put into the machine and that work will be 
delivered by the machine. However, the useful output of work 
is never so large as the input because some work must always 
be done in overcoming friction. If the frictional force is made 
as small as possible, the efficiency of the machine is increased. 
The fundamental principle underlying all machines is 

Work input X efficiency = work output 
F. X D. X efficiency = Fo 0 Do 

where F. = input force 
Fo = useful output force 
D. = distance input force moves 
Do = distance output force moves 

From the above equation it is evident that the efficiency if a machine 
is the ratio if the useful work output to the work input. Efficiency is 
expressed as Ii percentage. ' 

I t might seem, since the work input is greater than the useful 
work output, that it is a disadvantage to use a machine, but a 
machine enables one to control the two factors which determine 
the amount of work - the force and the distance through which 
the force moves. The force may be applied more advantageously 
by th.e machine or a small force put into the machine may make; 
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it possible to exert a large output force. Sometimes the only 
reason for using a machine IS to increase the speed of the motion. 
It should be recognized that a machine can give either a force advantage 
or a speed advantage, but not 80th. An increase in force results in a 
decrease in speed; an increase in speed results in a decrease in 
force; a gain in one is secu~~d at the· expense of the other. 

Since it is often desirable to know the relationship between 
the useful output force and the input force, it has been arbi
trarily agreed that the mechanical advantage of a machine is the ratio 
of the useful output force to the input force. 

MA = Fo 
Fi 

If this ratio has a value of more than 1, there is an increase in 
force but a decrease in speed; if it is less than 1, there is a decrease 
in the force but an increase in the speed. If this ratio is equal 
to 1, it indicates that there has been no increase or decrease in 
either the force or/the speed; however, it still may be advan
tageous to use the machine in order to change the direction of 
the force and the resulting motion. This method of obtaining the 
mechanical advantage gives the actual mechanical advantage for it 
involves the actual forces, since the force required to balance 
the friction is included in F i • The theoretical mechanical advantage 
may be obtained from the ratio of the distanc~s the forces move, 
but this value will always be higher than the actual mechanical 
advantage because measurement of these distances gives no indi
cation of the amount of friction in the machine. 

Theoretical M A = Di 
Do 

!F; ~ =;iF. 1-. '----L,·----4--Lo :~ _0: Th . 1 h· ~ e SImp e mac lnes 
f : which are used for trans-

ferring energy are described 
in this chapter. These are 
(1) the lever, (2) .the inclined 

_ J plane, (3) the wheel and axle, 
\l,,",~f,---_L_c=r_.L..F; ______ .....Ito (4) the screw, and (5) the pulley. 

~--------Lo·---------~ 18. The Lever. A lever 

Fig. 4.1. Showing all possible arrange- is a rigid bar on which a 
rnents for F i , Fo, and the :fulcrum. force Pi is applied at one 
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point in order to exert a force Fo at some other point. The 
point about which the lever pivots is the fulcrum, j. The 
fulcrum may be between the two forces, or it may be at one 
end of the bar. Figure 4.1 shows all of the possible arrange-

,~ ) 

., Fig. 4.2. Lever machines. 

ments for Fi , Fo and the fulcrum. Figure 4.2 shows several 
simple lever machines. 

It is often more convenient to measure the length of the lever 
arms than 1:0 measure the distances the forces move when one 
is studying a lever machine. If the force and its lever arm L are 
known, the torque may be calculated. (See Sec. 10.) It is found 
by experiment that -

Torque of Fi X efficiency = torque of Fo 
FiLi X efficiency = FoLD 
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Likewise the theoretical mechanical advantage of a lever 
machine may be obtained from the ratio of the lever arms. 

Theorhical MA = £: 
19. The Inclined PlanJ An inclined plane enables one to 

move an object from one level to another by sliding or rolling 

D,/ r 
~ ____________ ~1° 

Fig. 4.3. An inclined plane. 

it along a surface which gradually 
rises. A heavy object is often loaded 
into a. truck by sliding it up a plank 
used as an inclined plane. Any side
walk or road which is not horizontal is 
an inclined plane. A road which winds 
back and forth in climbing a moun
tain is easier to travel than one which 

is too steep. In the fir:st case the ratio of the length of the incline 
to the vertical climb .ls greater than in the second case, or in other 
words the mechanical advantage is greater. A good road should 
not average more than a 6 per 
cent grade, that is, it should 
not climb more than 6 feet in 
a distance of 100 feet. Roads 
sometimes have a grade of as 
much as 20 per cent for a 
short distance but a car could 
not continue to climb such a 
sharp grade because ,the en
gine soon would become over
heated. 

On an inclined plane Fi is _ 
the force applied to the object 
parallel to the incline and Fo 
is the weight of the object -to 
be lifted. Di is obtained by 
measuring the length of the in

PIN HATCHET KNIFE NEEDlE 

Fig. 4.4. Wedges. 

cline and Do is the vertical distance the object is lifted, or the 
height of the plane. Figure 4.3 shows an inclined-plane machine. 
In Figure 4.4 are several doubl_e inclined planes or wedges. 
Knife blades or any sharp cutting edge, pins, and needles are 
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wedges. The sharper the wedge, the greater IS its mechanical 
advantage. 

20. The Wheel and Axle. The usual wheel-and-axle machine 
consists of two wheels on the same axis, or often one wheel is 
replaced by a crank which is really one of the spokes of the 
wheel with a handle at the end. Figure 4.5 shows several wheel
and-axle machines. When the wheel or the crank makes one 

WHEEL AND AXLE CLOTHES WRINGER 

STEERING WHEEL DOORKNOB 

Fig. 4.5. Wheel and axle machines. 

revolution, the axle also makes one revolution. Therefore the 
distances involved are the circumferences of the two circles. 1 

Usually the input force is applied to the wheel or crank and the 
output force is applied by the axle. In that case the mechanical 
advantage is more than one, or in other words the force is in
creased and the speed is decreased. A small force on the rim of 
the steering wheel of a car results in a large force applied by 
the steering rod to turn the front wheels of the car. A small force 
on the handle of the clothes wringer results in a larger force 
exerted by the rollers on the clothes. But sometimes the input 
force is applied to the small wheel and the output force is applied 
by the large wheel. I~ this case Fo moves rapidly. 

1 The circumference of a circle is either 1T X the diameter or 21T X the radius. 
Therefore, either the diameters or '!pe radii may be used for the distances, since 
the ratio of either the diameters 9f"'The radii is the same as the ratio of the circum
ferences. 
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In a modified form of the wheel-and-axle machine the two 
wheels are on separate axe~; sometimes they are geared together 
at their perimeters with cogs and sometimes they are connected 
by means of an endless ch~in or belt. Since the wheels differ in 
size the smaller ,wheel willi rotate more rapidly than the larger 
wheel. Sometimes this type of machine is used to increase the 

, I 

I 

EGG BEAm 

BAND AND BAlANCE WHEEL 
OF SEWING MACHINE 

GEARS 

Fig. 4.6. Modified wheel and axle machines. 

force and sometimes to increase the speed. In a rotary egg beater 
the speed is increased. The band and balance wheel of a sewing 
machine are also designed t'O 'incr~ase the speed. Clocks and 
watches have cogwheels which revolve in the ratios of 60:1 and 
12:1. The cogwheels which turn the pointers on the dials of 
water, gas, and electric meters are made with a 10:1 ratio so 
that ten revolutions of one wheel will cause one revolution of 
the next wheel. 

An important use of geared wheels is found in the automo
bile. Energy must be transferr~d frorr. the crank shaft of the 
engine at the front of ,the or ,to the differential at the rear of 
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the car. The transmission case contains gears which make pos
sible three speeds forward and one in reverse. For high speed 
the engine is connected directly to the drive shaft. Intermediate 
speed may have a gear ratio of 2:1; that is, the torgue is doubled. 
For low and reverse the ratio may be 4:1. In the differential 
there is a further speed reduction of from 3: 1 to 5: 1 in passenger 
cars. 

21. The Screw. A screw machine is used when a large me
chanical advantage is needed in order to lift a heavy load. A 
jackscrew is shown in Figure 4.7. When the handle of a ~crew 

FOOD GRINDER 

Fig. 4.7. Screw machines. 

marhine makes one complete revolution the load is lifted a dis
tance equal to the pitch of the screw, or the distance between 
the centers of two successive threads. A food grinder is a screw 
machine, but one in which the pitch is variable. The pitch 
decreases as the food travels ahead in the grinder so that the 
food will be cut into' smaller and smaller pieces. The average 
pitch is obtained by dividing the length of the screw by the 
number .C?f threads. Since, in any screw machine, the distance 
the input force travels is large compared to the pitch, the theo
retical mechanical advantage is very large. The actual mechani
cal advantage is usually much less because of the large amount 
of friction, but even after allowing for the loss due to friction, 
the actual mechanical advantage is still large. 

22. The Pulley. A pulley is a wheel with a grooved rim, 
which is free to rotate on its axis. The wheel, or sheave as it is 
usually called, is supported in a framework called a block. Over 
this sheave passes a rope, a cable, or a chain, one end of which 
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is attached either directly to the load or else to another block 
which is attached to the load. The input force is applied at the 

other end of the rope or cable. If the pulley is 
attacHed to a stationary support, it is known 

BLOCK as a fixed pulley, and if attached to the object 
SHEAVE whid~ \ is being moved, it is a movable pulley. 

When Iheavy loads are to be lifted, combina
tions of fixed and movable pulleys are used. 

Only simple pulley combinations are used 
in the home. The cords which connect the 
window sash to the window weights run over 

Fig. 4.8. A pulley. I fix I 
sing e ed pul eys. The cords on Venetian 

blinds also pass over single fixed pulleys; the pulleys simply 
change the direction of the force - the blind is raised by pulling 
down on the cord. 

A SINGLE FIXED PUllEY A SINGLE MOVABLE PULLEY 

Fig. 4.9: Various pulley combinations. 



§ 22] THE PULLEY 

When heavier loads are to be lifted more pulleys are used. 
Figure 4.9 shows several combinations which might be used in 
a factory or in a machine shop. When at rest the tension in all 
parts of the rope is the same. If 9ix ropes are used to support a 
load of 1200 pounds, the tension in the rope is 200 pounds. 
When the load is moved enough extra force must be applied to 
overcome the friction in the system. As is true in all machines 
the actual mechanical advantage is Fol Fi . In general, the easiest 
way to find the theoretical mechanical advantage is to count the 
number of ropes which support the load. The theoretical me
chanical advantage for a single fixed pulley is 1 and for.a single 
movable pulley is 2. 

STUDY Q,UESTIONS 

1. How does the actual mechanical advantage of a machine differ 
from the theoretical 'mechanical advantage? Which is larger? 

2. If the mechanical advantage of a machine is large, will the out
put force move rapidly or slowly as compared with the input 
force? In general, how does the speed advantage of a machine 
vary with the mechanical advantage? 

3. Why do you place something which is hard to cut near the hinge 
of a pair of scissors? 

4. Is it easier to guide a car with a large steering wheel than it 
would be to guide one wtth a small wheel? 

5. If a workman is trying to lift the corner of a house with a jack
screw and finds he cannot exert enough force, what would you 
suggest that he do? 

6 .. How does the weight of a window sash compare with the weight 
of the "weights" in the window casing? Then why do you have 
to "push" the window up or down? 

7. How may the efficiency of a machine be increased? 

PROBLEMS 

1. If a force of 10 pounds is used to iilt the handles of a garden wheel
barrow a distance of 15 inches and the load is lifted 5 inches, how 
heavy is the load? What is the mechanical advantage? (Neglect 
friction.) Ans. 30 lb; 3 

2. If a 50-pound child on one end of a seesaw moves up and down 
2 feet, how far does a 40-pound child on the other end move? What 
is the mechanical advantage? (The second question has 2 answers. 
Neglect friction.) . 

3. A force of 40 pounds is needed to pull a large nail. The nail fits 
into the claws of the hammer 2 inches from the fulcrum and force 
is applied on the handle 12 inches from the fulcrum. What theoreti-
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cal force is required? What is the theoretical mechanical advantage? 
Ans. 6.67 lb; 6 

4. If a force of.6 .pounds 'is applied on the handles of a potato ricer 
10 inches from the hinge, what theoretical force is exerted on the 
potatoes which are 2 inches from the hinge? What is the theoretical 
mechanical' advantage?l 

5. A force of 5 pounds is applied to a pump handle 2 feet from the ful
crum. The piston and wl:tter weigh 15 pounds and are 6 inches from 
the fulcrum. What is the actual mechanical advantage? What 
is the theoretical mechanical advantage? What is the efficiency 
of the machine? Ans. 3; 4; 75 per cent 

6. A force of 2 pounds is ~pplied on the handles of a pair of shears 
3 inches from the hinge. If the efficiency is 90 per cent, what force 
can be exerted to cut a cord at a point 1.5 inches from the hinge? 

7. If the forearm is held in a horizontal position, what force in the 
muscle of the upper arm is required to lift a 2-pound object in the 
hand? The distance from the elbow. to the object is 12 inches and 
the distance from the elbow to the point where the tendon from 
the muscle is attached is 1.5 inches. (Assume 100 per cent effi
ciency.) What jis the theoretical mechanical advantage? 

Ans. 16 lb; 1/8 
8. Tweezers are used to place weights on a balance. The length of the 

tweezers is' 10 centimeters. Force is applied with the fingers 
7 centimeters from the fulcrum. What theoretical force is required 
to lift a 100-gram weight? (Assume 100 per cent efficiency.) What 
is the theoretical mechanical advantage? 

9. A 300-pound refrigerator is to be moved up an incline which is 
2 feet high and 5 feet long. The efficiency of the inclined ,plane is 
80 per cent. What input force is required? Find the actual and the 
theoretical mechanical advantage. Ans. 150 lb; 2; 2 Yz 

10. The diameter of a l steering wheel is 15 inches and the diameter of 
the steering rod is 1 inch. If a force of 4 pounds is applied on the rim 
of the wheel, what 'force can be exerted with the rod if the efficiency 
is 90 per cent? Find the actual and the theoretical mechanical 
advantage. . . ~ 

11. The diameter of a door knob is2 inches and the diameter of the axle 
is 0.5 inch. If a force of 0.9 pound is applied on the knob, the force 
exerted with the axle is 3 pounds. What is the efficiency? Find the 
actual and the theoretical mechanical advantage? 

Ans. 83.3 per cent; 3.33; 4 
12. An inclined plane is 8 feet long and 3 feet high. A force of 50 pounds 

is required to move a load of 100 pounds up the plane. What is the 
efficiency? Find the actual and the theoretical mechanical ad
vantage. 

H. A jackscrew has a pitch of 0.5' inch and the load to be lifted is 
800 pounds. The efficiency is 40 per cent. What force is required 
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on the turning rod if it is 30 inches long? What is the actual mechan
ical advantage? What is the theoretical mechanical advantage? 

Ans. 5.311b; 151; 377 
14. A food grinder has an averagt pitch of 1 inch and the handle is 

10 inches long. ''\That is the theoretical force on the food if the force 
on the handle is 6 pounds? What is the theoretical mechanical 
advantage? 

15. A load of 225 pounds is to be lifted with a system of pulleys. The 
tension in the rope is not to exceed 60 pounds. The efficiency is 
75 per cent. How many ropes are required? Make a sketch of the 
pulley system. '''hat is the actual mechanical advantage? ''\That is 
the theoretical mechanical advantage? Ans. 5; 3.75; 5 

16. A load is to be lifted with a system of pulleys which has 3 supporting 
ropes in which the tension is not to exceed 40 pounds. The efficiency 
is 90 per cent. Make a sketch of the pulley system. What is the 
theoretical mechanical advantage? What is the actual mechanical 
advantage? How large is the load? 

17. The diameter of the band wheel on a treadle sewing machine is 
12 inches, and the diameter of the balance sheel is 3 inches. What 
is the speed advantage? Ans. 4 

18. The' crank of a rotary can opener is 6 inches long and the wheel 
which rotates the can has a radius of 1/4 inch. What is, the mechan
ical advantage? 

19. A radio tuning knob has a diameter of 1 inch and the spindle has a 
diameter of 1/4 inch. What is the mechanical advantage? Ans. 4 

20. If a rotary egg beater has 72 cogs on the large wheel and 9 cogs on 
the small wheel, how many revolutions of the blades occur when 
the operator's hand makes one revolution? 
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DENSITY AND SPECIFIC GRAVITY 

If asked to explain the ·chief difference between iron and cork, 
many people would reply that iron is heavier than cork. But 
when they are reminded that a large cork is much heavier than a 
small nail, then these people may qualify their statements by 
saying that iron is I heavier than cork "according to its size." 
It is true that one. of the most obvious differences between sub
stances is that for equal volumes some are heavier than others. 
Hut this statement is not definite or exact and therefore does not 
satisfy the scientist. 

23. Density. The density qf a substance is the mass per unit 
volume. 

D=M 
V 

The units for expressing density depend up~n the units in which 
the mass and the volume are measured. Among the units which 
may be used for density ilre pounds per cubic foot, pounds per 
cubic inch, and grams per cubic centimeter. The density of water 
in these units is 

62.4 lb per cu ft 
0.036 lb per cu in. 
1.0 . ~g'per ~u cm 

Since the density of a substance is the mass per unit volume, 
both the mass and the volume must be known before the density 
can be calculated. The mass may always be obtained by weigh
ing the material. If the material is in some regular geometric 
form such as a parallelopiped, a cylinder, or a sphere, the 
volume may be computed from the linear dimensions. But often 
the material is irregular in shape and some other method of 
obtaining the. volume Jllust be used. 

48 
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24. Voiume of Irregular Solids. The volume of an irregular 
body may be found in various ways. 

1. If the body is insoluble in a given liquid it may be im
mersed in that liquid in a graduate\vhich is calibrated either in 
cubic centimeters or in cubic inches. The liquid level is read 
before and after the body is immersed. The difference between 
the two readings is equal to the volume of the object. Water is 
the liquid generally used. (See Fig. 5.1.) 

-=-30 

= 20 

= 10 

a. OBJECT HEAVIER THAN WATER 
VOLUME = 5 CU CM 

-= 10 

b. OBJECT LIGHTER THAN WATER 
VOLUME" 8 CU CM 

Fig. 5.1. Finding the vol.ume of an irregul.ar solid. 
, 

2. The,"overflow" method may be used. (See Fig. 5.2.) A 
container of suitable size, equipped with an overflow spout, is 
filled with liquid until the cbntainer overflows. Then the object 
is lowered into the liquid, and the overflow caused by the object 
is caught in a suitable container. If a graduate IS used the volume 
is obtained from the calibration on the graduate, otherwise the 
liquid must be weighed and its volume calculated. Water is 
generally used because it is plentiful, and easy to use, but any 
liquid in which the material will not dissolve may be used. 

3. The object may be weighed in air and then when it is sus
pended in a liquid. It apparently weighs less when suspended in a 
liquid because of the buoyant effect of the liquid. Archim~des 
discovered this buoyant effect of liquids about 250 B.C. He was 
confronted with the problem of determining whether a new 
crown which had been made for the king of Syracuse was of 
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pure gold. It was irregular in shape, and the volume was difficult 
to determine. One day, while bathing, he noticed the buoyant 
effect of the water on his body, and he suddenly realized that 
here was the key to'his problem. He weighed the crown first in 
air and then when it wa:1 immersed in a liquid, and determined 

Fig. 5.2. Fin~ing the 
volume of an ol;>ject from 
the liquid which over
flows. 

I 

Fig. 5.3. Finding the volume of 
an object from the buoyant effect of 
a liquid. 

the apparent loss of weight. This apparent loss of weight he knew 
was due to the weight of the liquid displaced by the crown, and 
knowing the density of the liquid, he foun'd the vo.lume of the 
object. 

V 1 f b· t _ loss of weight in the liquid 
o ume 0 0 ~ec - d . f h 1· ·d enslty 0 t e lqUl 

Then he calculatedl the density of the crown and compared his 
result with the value for pure gold. Archimedes' law of buoyancy 
states that a body which is wholly or partially immersed in a liquid is 
buoyed up by a Jorce equal to th; Weight oj the displaced liquid. 

25. Volume of Bodies Lighter Than the Liquid. If the 
body is lighter than the liquid in which it is suspended it floats, 
and therefore in order to find its volume a suitable_sinker must be 
attached below the object to pull it into the liquid. Any of the 
methods explained in the preceding section may then be used to 
find the volume. In each case only the change caused by the 
flbject itself (not the object and the sinker) is considered in cal
culating the volume ~f the oqject. 
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26. Specific Gravity. It was observed at the beginning of 
this chapter that some materials are heavier than others. Iron is 
heavier than cork - it is also heavier than aluminum and 
heavier than water. Copper is heavier than iron, but not so 
heavy as silver or gold. Cork is lighter than water. It would 
seem to be an advantage to have some means of comparing the 
density of a material with the density of some other material 
chosen as a standard. Water has been chosen as a standard for 
comparisoa, and the ratio oj the density oj a material to the density oj 
water is the specific ,gravity of that material. 

S 'fi 't density of material peCl c gravi y = . 
densIty of water 

or, what amounts to the same thing, 

S 'fi' weight of body peCl c gravIty = --. ----"""-------'-----
weIght of an equal volume of water 

If a body is weighed and then is immersed in water and weighed 
again the apparent loss of weight is, according to Archimedes' 
law of buoyancy, equal to the weight of the displaced liquid. 
This liquid has the same volume as the object. Therefore 

S 'fi't weight of body peci c gravi y = . . 
loss of weIght of body III water 

The specific gravity of a body lighter than water can also be 
found by noting how much of the body sinks into the water. If 
it sinks half way into the water it is one-half as heavy as water 
and the specific gravity is 0.5. Likewise if it sinks until three
fourths of the body is below the surface of the water its specific 
gravity is 0.75. 

The specific gravity of a material always has the same numeri
cal value regardless of the units from which it is obtained, and 
since it is a ratio between two like units it has no unit. For ex
ample, the density of mercury is 

849 lb per cu ft 
0.49 lb per cu in. 

13.6 g per cu cm 
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SPECIFIC GRAVITY TABLE 

Solids Platinum 21.4 
Gold I 19.3 
Silver 10.5 
Copper 

" \ 

8.9 
Iron 7.0 to 7.8 
Tin 7.3 
Aluminum \ 2.7 
Lead 11.3 
Concrete 2.7 to 3.0 
Glass 2.4 to 2.8 
Diamond 3.0 to 3.5 
Cork 0.24 
Ice 0.917 
Sugar 1.6 
Wood 

Seasoned oak 0.6 to 0.9 
Walnut 0.64 to 0.7 
Mahogany 0.66 to 0.85 
Bamboo 0.3 to 0.4 
Gumwood 0.52 to 0.56 

Liquids 
at O°C Water 1.0 

Sea water 1.025 
Mercury 13.6 
Milk 1.028 to 1.035 
Olive oil 0.92 
Alcohol 0.81 
Ether 0.736 
Turpentine 0.87 
Kerosene 0.81 
Gasoline 0.66 to 0.69 
Salt solution 10% 1.07 

25% 1.9 
Sugar solution 10% 1.04 

25% 1.1 
H 2SO4 5% 1.03 

100% 1.83 
HNOa 5% 1.03 

100% 1.51 
._____~ 

Gases Air 0.001293 
at O°C Carbon dioxide 0.001977 
760mm Hydrogen 0.0000899 

Oxygen 0.001429 
Ammonia 0.06077 
Chlorine 0.003214 
Helium 0.000178 
Sulphur dioxide 0.002927 
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When the ratio of the density of mercury to the density of water 
is computed in corresponding units we find that 

849 lb per cu ft = 136 
62.4 lb per cu ft . 

0.49 lb per cu in. = 13 6 
0.036 lb per cu in. . 

13.6 g per cu cm = 13.6 
1 g per cu cm 

27. Density and Specific Gravity of Liquids. The density 
and specific gravity of a liquid are found according to the same 
fundamental principles outlined above. To find the mass the 
liquid may be weighed in a suitable container and the weight 

.600 1.000 1.200 1.400 20 ··········1.020 

30···········1.030 

1.000 1.200 1.400 1.600 40······'···1.040 

LACTOMETER 

Fig. 5.4. Hydrometers. 

of the container subtracted. If the container is a graduate the 
volume of the liquid .may be read directly. If the container is 
of a regular geometric shape the volume of the liquid may be 
calculated from the Inside measurements of the container. 

The specific gravity of a liquid. may be obtained by using a 
hydrometer, which is a cylindrical glass instrument with a weighted 
bulb to make it float upright, and a calibrated stem. The hydrom
eter is carefully lowered into the liquid which must be in a 
container which will allow the hydrometer to float freely. It will 
sink until it displaces a weight of liquid equal to its own weight. 
Then the reading at ~he surface of the liquid is the specific 
gravity of the liquid. In order to be absolutely accurate the 
temperature of the liquid must be the same as the calibration 
temperature of the hydrometer or else a correction must be 
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made for the differenfe in temperature. Since heavy liquids 
exert a greater buoyant force than light liquids, and since it is 
desirable to have a sho1;"t stem, hydrometers are made in various 
weights for various purposes. A hydrometer which is suitable for 
measuring the specific gravity of kerosene or alcohol is not heavy 
enough for milk, or for ~olutions of sugar or salt. 

I 
Hydrometers are used to test the concentration of sugar syrups, 

fruit juices, milk, alcohol, vinegar, oils, battery acid, and anti
freeze solutions. Often a special calibration is used instead of the 
regular specific gravity calibration if the hydrometer is to be 
used for some special purpose. A hydrometer for testing milk is 
a lactometer, and since the specific gravity of milk ranges from 
about 1.026 to 1.036 and the variation is in the last two num
bers the scale is marked from 20 to 40 meaning 1.020 to 1.040. 
The specific gravity of the syrup on canned fruits indicates the 
amount of sugar used and the specific gravity must not be 
below a given :qlinimum if the label is marked "in heavy syrup" 
or "in light syrup." When the attendant at the filling station 
tells you yo_ur car battery tests "twelve-fifty" he means the 
specific gravity of the battery acid is 1.250. (See Sec. 136.) 

28. Density and Specific Gravity of Gases. Pressure has 
only a negligible influence upon the volume of a solid or a liquid, 
but it has a great effect upon the volume of a gas. Temperature 
also has a decided effect upon the volume of a gas. Therefore 
both the pressure and the temperature of the gas must be known. 
It is customary to .find the volume at the existing pressure and 
temperature and then compute the volume at standard pressure 
and temperature before determining the density. (See Sec. 35, 
Boyle'S law and Sec. 58, Charles's law.) The specific gravity of 
a gas is sometimes given in r_el~tionship to air or to hydrogen 
instead of to water. 

STUDY QUESTIONS 

1. Why does oil float on water? 
2. Why does iron not sink in mercury? Name a material that will 

sink in mercury. 
3. Why can a balloon which is filled with hydrogen carry a heavier 

load than one which is filled with hot air? 
4. Where in a room would y~u expect to find the most carbon 

dioxide? 
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5. Why will a ship, which is made of materials that are heavier 
than water, float? 

6. Does chlorine gas stay close to the ground or rise rapidly? 
7. Will gumwood sink or float in water? 
8. Tomato juice or the syrup on canned fruit is sometimes checked 

with a hydrometer. Why? 
9. What change occurs in the specific gravity of a liquid as its tem

perature increases? 
10. Which is "heavier," aluminum or concrete? 

PROBLEMS 

1. If 4 cubic feet of aluminum weighs 674 pounds, what is the density 
of the aluminum? What is its specific gravity? 

Ans. 168.5 lb per cu ft; 2.7 
2. If a silver spoon weighs 56. grams and has a volume of 5.3 cubic 

centimeters, what is its density? What is its specific gravity? 
3. What is the weight of a piece of platinum which is 2 by 4 by 

5 inches? Ans. 30.8 lb 
4. What is the volume of a piece of glass which weighs 20 pounds? 
5. What is the weight of the air in a room which is 20 by 30 by 10 feet? 

(Assume standard conditions for temperature and pressure.) 
. Ans.486lb 

6. What is the weight of the water in a swimming pool which is 
100 feet long and 40 feet wide, if it is filled to an average depth 
of 9 feet? 

7. The information printed on the side of a boat reads, "Maximum 
displacement 50 cubic feet." The boat weighs 800 pounds. How 
large a load may be placed in it? Ans. 2320 lb 

8. A life preserver has a volume of 2 cubic feet and weighs 20 pounds. 
What buoyant force may it exert on the person using it? 

9. If a girl floats in water with about 77/80 of her volume below the 
surface of the water, what is her specific gravity? Ans. 0.96 

10. A bamboo pole floats with about 3/5 of its volume above the 
water. What is its specific gravity? 

11. A piece of gold weighs 300 pounds. Its apparent weight when sus
pended in water is 284.4 pounds. Find its volume, its specific 
gravity, and its density. 

Ans. 0.25 cu ft; 19.23; 1200 lb per cu ft 
12. A block of iron weighs 44 pounds. Its appar:ent weight when sus

pended in water is 38 pounds. Find its volume, its specific gravity, 
and its density. 

13. What is the weight of a gallon of gasoline? Ans. 5.7 Ib 
14. What is the weight of a cubic foot of ice? 
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I 
MECHANICS OF LIQUIDS AND GASES 

Many of the conveniences of the modern home involve appli
cations of the laws of liquids and gases. Water and gas are often 
forced to houses many miles from the source of supply. Water 
under pressure may be furnished to a house from a lake or from 
an elevated tank, either of which is above the level of the house. 
H it is not possible to secure water from an elevated source, 
water may be pumped into a pneumatic pressure tank and 
stored for future use; when it is needed it is forced by the com
pressed air to the level where it is to be used. Pumps operate 
because a difference in pressure is created by the pumping 
action. Air rushes into a vacuum cleaner because of the low 
pressure created in the body of the cleaner by a fan. Gasoline 
stoves must have air pumped into the fuel tank to force the 
gasoline to the burner where it is consumed. Liquids may be 
siphoned from one level to another and cream may be siphoned 
from the top of a bottle of milk, because of the pressure of the 
air. A drink may be sipped through a straw because the pres
sure inside of the straw is decreased below that of the atmos
phere by sucking on the upper end of the straw. 

,It will be remembered that solids offer resistance to change 
in both form and volume. Liquids offer little resistance to change 
in form but very great resistance to change in volume. An in
crease of pressure of 3000 pounds per square inch will decrease 
the volume of water only about 1 per cent. Gases offer little 
resistance to change in either form or volume. It will also be 
remembered that solids exert downward pressures only. Liquids 
exert downward and lateral pressures, and if enclosed may exert 
pressures in all directions. Gases always exert pressure in all 
directions. 

56 
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29. Pressure Due to Liquids. The downward force and pres
sure of a liquid may be found in the sa,me way as for solids. 
(See Sec. 11.) The downward force is equal to the total weight 
of the liquid. The pressure is obtained by dividing the force by 
the area on which it acts. 

F P=
A 

The pressure may also be calculated if the height and the 
density of the material are known. Since the force which the 
liquid exerts on a supporting surface is equal to the product of 
the volume and the density, then 

p = !!_ = volume X density = (area X height) X density 
A area area 

or P = RD 

If a column of water is 10 feet high, the pres~ure i.s 

P=RD 
= 10 X 62.4 
== 624 lb per sq ft 

It is apparent, however, since a liquid must be confined in a 
vessel in order to give ,it shape, that there are other forces and 
pressures to be considered - those 
on the sides of the container. At ____ _ 

---- --
any given point in a liquid which ===-=-,-_::-~-~ - - - -
is at rest the upward, downward, 
and lateral pressures are equal. -
If this were not true the liquid 
would flow from the region of -

--
greater pressure to the region of ~ ------

P=HD=O 

p=!1Jl 
2 

-P=HD 
less pressure. At any other point f 
in the liquid at the same depth P=HD 

the pressure is the same as at the Fig. 6.1. Lateral pressure due to 
first point, but points at different a liquid. 

depths are at pressures which vary with the depth. The pressure 
at any point may be found by P = RD. If the downward pres
sure at the bottom of the container is P = RD, then the lateral 
pressure right at the bottom is also P = RD, but the lateral 
pressure at the top is zero because R is zero. Therefore the 
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pressure increases from ,zero at the top to a maximum at the 
bottom of the liquid. The 
average pressure is 

P = HD + 0 = HD 
a 2 2 

or in other words the average 
pressure is equal to the pres

Fig. 6.2. Pressure varies as the depth. 
sure half way down. 

For example, if a dish 6 inches deep and 12 by 5 inches on 
the bottom is filled with water, the pressure on the bottom is 

P=HD 
= 6 X 0.036 
= 0.216 lb per sq in. 

The average pressure on a vertical wall is 

P = HD 
a 2 

6 X 0.036 
2 

= 0.108 lb per sq in. 

The force on the bottom of the dish is 

or 

F= PA 
= 0.216 X 12 X 5 
= 12.96 lb 

F == volume X density 
= (12 X 5 X 6) X 0.036 
= 12.96 lb 

The force on one of the 6 by 5-inch sides is 

F =-PaA 
= 0.10S X 6 X 5 
= 3.240 lb 

and on one of the 6 by 12-inch sides is 

= 0.10S.X 6 X 12 
= 7.776 lb 
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30. Pascal's Law. Suppose that a vessel fitted with two equal 
pistons A and B, as shown in Figure 6.3, is filled with some 
fluid. There is no tendency for either of these pistons to move. 
But if an extra weight is placed on one piston it will move down 
and the other piston will move up unless a like weight is placed 

Fig. 6 . .'3. The pistons 
do not move unless an 
extra force is applied to 
one of them; then it will 
move down and the 
other one wil.l move up. 

,~ 
o~1J- ;-=-=-~_~ 
~~~~~~~ 

ifF ~;-
Fig. 6.4. Pressure 

exerted on any part 
of an enclosed liquid 
is transmitted undi
minished in all di-
rections. 

on the second piston. This experiment illustrates the law dis
covered experimentally about three hundred years ago, by Pas
cal, a French scientist, who found that pressure applied to an 
enclosed gas or liquid is transmitted undiminished in all directions. The 
expansion of a rubber balloon when it is being inflated illus
trates this law. The air in an automobile tire exerts the same 
pressure on all parts of the tire. If force is applied to the 
piston in Figure 6.4, water is 
forced through the holes an 
equal distance in all directions. 

31. Multiplication of Force 
by Transmission of Pressure. 
Now let us consider two cylin
ders, a small one and a large 
one, which are connected as 

Fo 

t 

shown in Figure 6.5 and which Fig. 6.5. Multiplication of force due 
are filled with some liquid _ to the difference in the areas of the 

pistons. 
usually either water or oil. Each 
cylinder is fitted with a piston. If a force is applied to the small 
piston, the resulting pressure is transmitted to the large pist~n 
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in accordance with Pascal's law. Since the input pressure equals 
the output pressure 

then 
Ai 

, I 

For example, if the area df the small piston is 4 square inches 
I . 

and the area of the large piston is 100 square inches, the force 
which must be exerted on the small piston in order to lift a 
load of 1200 pounds is 

Fi 1200 -=--
4 100 
Fi = 48 lb 

Such a device is known as a hydraulic machine and as is the 
case with the simple mechanical machines discussed in Chap. 4, 
it is not 100 per cent efficient; actually a larger force than that 
calculated above, is rfXJ.uired to operate the machine. If the 
efficiency of the above machine is 80 per cent, then Fi is 

Fi X 0.80 ---'----'-- = 1200 
4 100 

Fi = 60lb 

If the small piston moves down 50 inches the volume of liquid 
pushed out of the small cylinder into the large cylinder is 
4 X 50 = 200 cubic inches. If 200 cubic inches of liquid enter 
the large cylinder the piston which has an area of 100 square 
inches'will be pushed up 2 inches. 

Work in X efficiency = work out 
FiDi X effici~cy = FoDo 

Fi X 50 X 0.80 = .1200 X 2 
Fi = 60lb 

a result which agrees with the answer obtained by use of Pascal's 
law. A very large mechanical advantage may be obtained with 
this type of machine. The actual mecnanical advantage is 

MA-= Fo ='= 1200 = 20 
Fi 60 
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The theoretical mechanical advantage is 

MA = Ao = 100 = ;5 
Ai 4 

elr 
MA = !!_i: = 50 = 25 

Do 2 

Pascal's law is applied in building hydraulic presses which 
are used for compressing cotton bales, for pressing oils from 
seeds, and for many other purposes. Hydraulic elevators are 
used in some places; the chief objection to them is that they 

Fig. 6.6. The hydraulic brake system of an automobile. 

operate very slowly. The small piston is c~nnected to the city 
water main, and the large piston is the platform on which the 
load is placed. To let the elevator descend, the water in the 
large cylinder is allowed to run out· by turning a stopcock. 
Most automobiles are equipped with hydraulic brakes. The 
advantage of hydraulic brakes over mechanical brakes is that 
all the wheels are retarded with the same., force. If mechanical 
brakes are out of adjustment and one band tightens sooner than 
another, the car tends to swerve sidewise. Many automobile 
filling stations are equipped with hydraulic lifts for elevating 
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cars while they are being greased or repaired. A hydraulic press 
in use by one large ste~l company is capable of producing a 
force of 14,000 tons, which is a force equal to the weight of 
about 250,000 people. I 

32. Barometers. Thel air surrounding the earth may be 
thought of as a sea of gasl with the surface of the land and water 
forming the floor of this sea. People speak of things being as 

"light as air," and are often surprised when con
fronted with calculations showing the weights 
of given volumes of air. The specific gravity of 
air is 0.001293. A cubic foot of air therefore 
weighs 62.4 X 0.001293 = 0.08 pound approxi
mately. If an average size room in the home 
is 14 by 16 by 8 feet it contains 1792 cubic 
feet of air. The weight of this air is then 
1792 X 0.08 = 143.36 pounds. 

As early as 1630, in the time of Galileo, it 
H 

; was believed that the air had weight and, as a _ 
result, exerted pressure. Galileo weighed a glass 
bulb full of air,. then pumped in more air and 
weighed again, and he found that the weight 
of the bulb had increased. Galileo believed that 
the surface of the earth was subject to the pres
sure of all the air resting on it. He also believed 
that the pressure exerted by the air should de
crease if one traveled up through it, because 
he knew from experiments that the pressure in 

Fig. 6.7. Torricel- lig' uids varied with th~ depth. In 1644 Torricelli., 
lian barometer. 

who had been a pupil of Galileo, made the first 
barometer. A barom~ter is a devicejor measuring the pressure qf the air. 
Torricelli closed one end of a glass tube, filled the tube with mer
cury, placed his finger over the open end, and inverted the tube. 
The open end was then dipped in a dish of mercury and when 
Torricelli removed his finger the height of the. mercury column 
dropped to 30 inches at sea level and to 29 inches at a higher 
elevation. J?ascal reasoned it should go even lower at still higher 
altitudes. So he asked a relative who lived near a high moun
tain to try the experiment at, various points up the mountain 
side. The mercury c?lumn fell lower and' lower as the altitude' 
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increased but rose again to its original height in descending the 
:mountain. In this way it was proved that the air does", exert 
pressure and that the amount of pressure decreases as the alti
tude increases. The same results can be shown by putting such 
.:l tube under a tall glass bell jar and pumping 
out the air with a vacuum pump. The mercury 
in the tube falls as the air is pumped out but 
when the air is turned in again the mercury rises 
to the original height. This tube of merc)lry in
verted in a dish of mercury is known as a Torri
cellian barometer. 

Since there is practically a vacuum above the 
mercury in the tube, the pressure due to the 
column of mercury must be the same as the pres
sure exerted by the air on the surface of the mer
cury in the dish. If the air pressure increases, more 
mercury will be forced into the tube; but if the 
air pressure decreases, the height of the mercury 
column will decrease. 

Since the mercury column stands at a height 
of 30 inches at sea level, the pressure of the air 
must be 

P=HD 
30 X 0.49 

14.7 lb per sq in. 

Since this pressure is approximately 15 pounds 
per square inch, that value may be used for 
standard atmospheric pressure in order to simplify 
mathematical calculations. In metric units the 
pressure of the air at sea level is equivalent to 
76 centimeters of mercury, or to 1033.6 grams 
per square centimeter (P = HD = 76 X 13.6 
= 1033.6 g per sq cm). 

If water is used in the barometer, the column 
stands 34 feet high at sea level. 

Fig. 6.8. A standard mercury barometer. (Courtesy Taylor 
Instrument Companies) 
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T' f inches of mercury X specific gravity of mercury reet 0 water = -
12 

30 X 13.6 
12 

34 ft 

Water barometers are too long and awkward to be usable, but 
the fact that the aIr pressure is sufficient to balance a column 

POINTER 

Fig. 6.9. Mechanism of an aneroid barometer. 

of water 34 feet high is of interest in connection with pumps and 
pressure tanks. (See Sees. 45 and 46.) 

An aneroid barometer is much more convenient than a mercury
in-glass barometer if the device is to be carried about. Aneroid 

Fig. 6.10. An aneroid barometer. 
(Courtesy Taylor Instrument Com
panies) 

means "without liquid" and 
the sensitive part of an aner
oid barometer is a thin cor
rugated metal box which is 
evacuated. This makes it 
sensitive to changes in pres
sure on the outside. As the 
air pressure increases, the 
box is flattened, but when 
the air pressure decreases, 
it expands. This motion is 
transmitted by a spring and 
levers to a needle which 
travels over a scale. The scale 
may be graduated to corre
spond to inches or centime
ters of mercury, or it may be 
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calibrated to give the approximate elevation in feet or meters. 
Aneroid barometers are used on airplanes and balloons and by 
meteorologists, geologists, surveyors, and explorers. 

A barograph is a recording aneroid barometer. The pointer 
which moves as the air pressure changes is equipped with a pen 
which rests against a chart on a revolving cylinder which is 

Fig. 6.11. A barograph. (Courtesy Julien P. Friez & Sons, Inc.) 

turned by means of a clock mechanism. It may revolve once a 
day or once a week. A special slow-drying ink is used on the 
pen so that one inking will last for several days. 

33. Surface Tension. It will be noticed that the top surface 
of the mercury in the barometer is curved as is shown in Fig
ure 6.7. The mercury surface is convex (curves up) but if the 
tube contains water the surface is concave (curves down). This 
curved top surface is called the meniscus. If the adhesion (attrac
tion between unlike molecules) between the liquid and the tube 
is greater than the cohesion (attraction between like molecules) 
between the molecules of the liquid, the liquid wets the tube 
and the surface is concave. If the cohesion of the liquid is greater 
than the adhesion of the liquid for the tube the liquid does not 
wet the tube and the surface is convex. The curved surfaces of 
liquids in small tubes are due to surface tension. 
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In order better to understand the nature of surface tension 
let us consider a number l of familiar illustrations. When a drop 
of water falls through ait it tend~ to draw itself into a sphere. 
·When water is sprinkled on an oily surface or when mercury i~ 
spilled on the floor, the J,mall drops are spherical in shape. In 
this form the surface areal is reduced to a minimum. The liquid 
acts as if its surface is an elastic membrane which contracts as 
much as possible. The surface of a liquid in a container acts the 
same way - as if it were under tension and constantly trying 
to contract. But it must be remembered that the molecules in 
the surface layer are no different than the molecules below the 
surface layer. The surface layer is not a film in the usual sense 
of the word; for example, the film which is formed on milk 
when it is heated without being stirred and which can be lifted 
:lff with a spoon is ,a real film. 

To explain this apparent elastic film it must be remembered 
that molecules are so extremely small that the attraction be
tween them IS not appreciable unless the molecules are close 

b 
.IV ~~. 
~~ 

together and the combined effect 
of large numbers of molecules is 
considered. The space around a 
molecule within which the attrac
tive force of the molecule for 
other molecules can be detected 
is known as the sphere oj influence of 

Fig. 6.12. Illustrating t~e cause of the molecule. Let us consider the 
surface tension. 

, molecules a and b in Figure 6.12. 
Molecule a is below the surface and thus is entirely surrounded by 
like molecules. Each molecule exerts attractive forces upon all of 
the surrounding molecules, tlierefore a is in a balanced condition 
because of these forces. But b, which is a molecule in the sur
face layer, is not in a balanced condition because there are no 
forces tending to pull it up to balance the downward pull of the 
molecules below it. This unbalanced force which tends to pull 
a surface molecule into the liquid accounts for the tendency of 
the surface to contract. Therefore surface tension is due to un
balanced molecular forces in the surface of the liquid. 

There are many illustrations of surface tensions that we may 
observe from day to day. A spoon or a cup may be filled a little 
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"more than full" of water and the surface tension film keeps the 
water from spilling over. A needle or a safety razor blade, if 
carefully placed on the surface of water, will float even though 
the steel of which they are made has a greater density than the 
water. Some insects which have a waxlike coating on their feet 
can walk on water. However, if they are pushed through the 
surface film, then the film tends to hold them under, and it is 
difficult for them to get on top of the film again. The surface 
tension of oil is less than that of cold water; hence if a drop of 
oil is placed on the surface of cold water it spreads out in a thin 
film. However, since the surface tension of hot water is much 
less than that of cold water, if a drop of oil is placed on the sur
face of hot water it shows less tendency to spread out. Globules 
of fat sometimes float on the surface of hot soup, but as the soup 
cools the fat spreads out over the surface. The spreading behavior 
of an oil on the surface of water depends on (1) the surface 
tension of the oil, (2) the surface tension of the water, and 
(3) the interfacial tension or the tension of the surface between 
the two liquids. 

Surface tension is or importance in beating eggs or cream. If 
the surface tension is decreased the materials whip better be
cause the films spread thinner, and have less tendency to shrink 
into droplets; consequently more air can be incorporated. The 
~ddition of salt or cream of tartar improves the whipping quality, 
but sugar decreases the whipping quality. Cold cream whips 
better than warm cream; this behavior may seem incompatible 
with the fact that surface tension increases with lower tempera
ture. But viscosity also increases with lower temperature, giving 
the whipped cream, with its incorporated air bubbles, a more 
mechanically stable structure. 

Often when a solvent is used to remove a grease spot from a 
dress the spot- disappears but a ring is left. This is because the 
solvent dissolves the grease, and since the surface tension of the 
solvent is low it spreads rapidly through the cloth, thus distrib
uting the grease spot ill a large circle around the original spot. 

34. Bourdon Pressure Gauge. A Bourdon pressure gauge 
contains a curved hollow tube the open end of which is con
nected to the container in which the pressure is to be measured, 
and the dosed end of which is attached to a lever system which 

/ 
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in tum is connected to a cogwheel. When this wheel rotates, it 
turns the pointer on the face of the scale. When the pressure 
increases, the tube ten,ds to straighten, and as a result, the 
pointer is moved to a higher reading. If the gauge is made so 
that the pointer reads zero at normal atmospheric pressure and 
moves up or down as the pressure goes either above or below 
atmospheric pressure, the readings indicate the difference in 
pressure between the unknown pressure and atmospheric pres
sure, and such readings are known as gauge pressures. The total 

Fig. 6.13. A Bourdon pressure gauge. 

or absolute pressure is obtained by adding the atmospheric pres
sure to the gauge reading. A gauge reading of 20 pounds per 
square inch is equivalent to an absolute pressure of 15 + 20 = 
35 pounds per square inch. A gauge pressure of - 5 pounds 
per square inch is equivalent to an absolute pressure of 15 - 5 = 
10 pounds per square inch. 

35. Boyle's Law. Robert Boyle in 1660 found when experi
menting with gases that if he held the temperature of a gas 
constant while he increased the pressure its volume decreased, 
but when he decreased the pressure the volume increased. 
Boyle's law is stated as follows: if the temperature rif a given mass 
rif a gas is held constant, its volume varies inversely with the absolute 

pressure to which it is subjected. 

PI V2 

P 2 VI 
or PIVI = P2V 2 

For example, if the volume of the gas was reduced to one half 
of its first value, the pressure was doubled, or if the volume was 
increased to three times its first value the pressure was reduced 
to 'Jne third of what it had been. When air is pumped into a 
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tire until the gauge reads 30 pounds per square inch the abso
lute pressure of the air has been changed from 15 pounds per 
square inch atmospheric pressure to 45 pounds per square inch 
(30 + 15 = 45). When oxygen is stored in tanks for use in hos
pitals, laboratories, and shops it is often under a gauge pressure 
of 2200 pounds per square inch or an absolute pressure of 
2215 pounds per square inch. 

36. Pressure Coffee Makers. Coffee makers of the type 
shown in Figure 6.14 depend in part on atmospheric pressure 
for their operation. The water 
is placed in the lower con
tainer' the top part is fitted 
snugly into the lower part (a 
rubber gasket makes an airtight 
joining possible), the filtering 
device is put in place, and the 
ground coffee is placed in the 
top container. Then the coffee 
maker is placed over a source 
of heat - or it may have a self
contained electric heating unit 
as shown in Figure 6.14. As the 
temperature increases, the air 
and water vapor in the lower 
container expand and force the Fig. 6.14. A pressure coffee maker. 

(Courtesy Sunbeam Corporation) 
hot water up the tube in to the 
upper container. In the automatic type all of the water is forced 
into the upper container; consequently, the temperature in the 
lower container rises high enough to operate a thermostat which 
turns the unit to low heat. Then the air and water vapor in the 
lower part cool and contract, thus reducing the pressure to less 
than atmospheric pressure, and the liquid (coffee) in the top 
container is forced back into the lower container. 

It is important not to loosen the upper part from the lower 
part while the liquid is in the upper part because the pull 
.:Jf gravity alone cannot force the liquid through the filter. 
The extra pressure required results from the difference be
tween atmospheric pressure and the decreased pressure in the 
lower container. 
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37. Manometers. Open Manometers. If a U-tube is partly filled 
with a liquid, the liquid will stand at the same level in both 
"'.nns when the U-tube if exposed to atmospheric pressure only. 
If, however, one side is sttbjected to a greater pressure, the liquid 
w}ll fall on that side andi rise on the opposite side. The pressure 
in excess of atmospheric: is found by multiplying the difference 
in height of the two columns of liquid by the density of the 
liquid. For example, if one side is connected to a gas cock and 
;r the liquid then stands at 2 inches on one side and at 9 inches 
on the other side, the gauge pressure of the gas is equivalent to 
7 inches of the liquid. If the liquid is water 

P=HD 
= 7 X 0.036 
= 0.252 lb per sq in. 

The total or absolute pressure is obtained by adding this amount 
to the atmospheric pressure. If the pressure to be measured is 

OPEN TUBE CLOSED TUBE 

Fig. 6.15. Open and closed lllanometers. 
i 

less than atmosphe~ic - for example, the pressure in a vacuum-
cleaner nozzle - the liquid will rise on the side subjected to the 
decreased pressure. The decrease in pressure is calculated from 
the difference in the height of . .the two columns; the absolute 
pressure is obtained by subtracting'ihis amount from the atmos
pheric pressure. For small differences in pressure water is the 
liquid generally used in the tube, but for larger pressures mer
cury is used - otherwise the tubes would be inconveniently 

long. 
Closed Manometers. A closed manometer is often used for meas-

uring large pressures. One end of the tube is closed and the 
space above the liquid is filled with seme gas - usually air. 
The volume and the pressure of this gas are measured when the 
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other side of the manometer is exposed to atmospheric pressure. 
Also the volume of the enclosed gas and the difference in level 
of the liquid columns is noted when the manometer is connected 
to the container in which the unknown pressure is to be meas·· 
ured. The pressure of the gas in the closed arm may be deter
mined by use of Boyle's law. The absolute pressure in the con
tainer is then equal to this pressure plus the pressure due to the 
difference in the two columns of liquid which is calculated by 
p = RD. For example, if, when the manometer is exposed to 
the unknown pressure, the volume of the gas in the closed .arm 
is reduced to one-quarter of the original amount then the pres
sure of the gas according to Boyle's law is 4 X 15 = 60 pounds 
per square inch. If the liquid (for example Hg) stands 10 inches 
higher on one side than on the other side of the manometer, the 
pressure due to the liquid is lOX 0.49 = 4.9 pounds per square 
inch.' Therefore the total abso
lute pressure is 60 + 4.9 = 64.9 
pounds per square inch, and 
the corresponding gauge pres
sure is 64.9 -15 = 49.9 pounds 
per square inch. 

38. The Siphon. A siphon 
is a bent tube with unequal 
arms which is used for trans
ferring liquids from a higher 
to a lower level. If the tube 
is filled with the liquid and 
placed as shown in Figure 6.16, 

B 

Fig. 6.16. A siphon. 

the liquid will flow from the upper container into the lower 
container. Since atmospheric pressure keeps the short arm full, 
the maximum distance from the top of the liquid at A to the top 
of the bend B will be determined by the kind of liquid and by the 
atmospheric pressure. For standard atmospheric pressure, this 
distance is -limited to 34 feet for water and to 30 inches for 
mercury. The upper surface of the liquid at A and the open end 
of the siphon.at C are both subject to atmospheric pressure. The 
pressure which makes the siphon operate is proportional to the 
difference in height between the points A and C and to the 
density of the liquid; i.e., the pressure is calculated by P = RD. 
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Siphons are used for a variety of purposes. Cream may be 
siphoned from the tOB of a bottle of milk, gasoline may be 
siphoned from the tank of a car, and water may be siphoned 
from a tank. Sometirr{es after sediment has settled out of a 
liquid the clear liquid I is siphoned off without disturbing the 
deposit in the bottom df the container. Water may be siphoned 
from a fish bowl witho~t disturbing the decorations and water 
plants which may be in it. In chemical laboratories glass siphons 
are used in removing liquids from reagent bottles. Siphons are 
used in aqueducts to carry--water over hills; the air bubbles 
which are carried along in the water tend to collect at the ~op 
of the siphon and small air pumps have to be installed to keep 
the pipe full of water. 

39. Vacuum Cleaners. The first vacuum cleaners were made 
very much like pumps, but they pumped air instead of water. 
The rush of air through the machine carried dust and' litter 
with it, and the air escaped through a cloth bag which trapped 
the dirt. 

In the vacuum cleaners in use today a decrease in pressure 
is produced in the body of the cleaner by a fan which is oper
ated by an electric mQtor. The fan and motor are enclosed in 
a case; on the intake side of the case is the nozzle which is 
shaped to fit closely to the surface to be cleaned; on the outlet 
side the air escapes through a cloth or fiber bag which traps the 
dirt. This principle has been used for years in removing grain 
from ships, sawdust from machinery, and ashes from ash pits. 
It is interesting to note that the process was'first used for lifting 
much heavier amounts of material than are lifted in house 
cleaning. One of the problellls in adapting the principle to 
vacuum cleaners was to build a machine which would get prac
tically all of thl dirt --:- thoroughness of cleaning was the impor
tant point, rather than the mass of material·moved. 

The general methods of assembling the essential parts of a 
vacuum cleaner are shown in Figures 6.17,6.18, and6.19. These 
parts include the motor, the fan, the dust bag, and the nozzle. 
Some machines depend entirely upon the rush of air thrqugh the 
nap of the carpet to do the cleaning. Other machines have brushes 
to aid in moving the nap and loosening the dirt. In cleaners of the 
types shown in Figures 6.18 and 6.19 the brushes are always 
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stationary, but in cleaners of the type shown in Figure 6.17 the 
brushes may be either stationary or revolving. However, they are 
usually connected by a belt to the drive shaft of the motor and 
consequeRtly revolve rapidly when the motor is running. 

FAN 

__:~ ___ --'''_ __ ----'=_-- NOZZlE 

Fig. 6.17. Showing the main parts of Fig. 6.18. Showing the main parts of 
an upright-type vacuum cleaner. a cylinder-type vacuum cleaner. . -
The material and the weave of the bag are important. If the 

weave is too open, dirt escapes with the air; and if it is too tight, 
the air does not escape easily and a back pressure develops which 
decreases the efficiency of the machine: The bag should be emp
tied often. It is not made large in order to hold a large amount of 
dirt, but to provide a large filtering area. If the bag has consider
able dirt in it, the filtering area is reduced and the incoming air 
has to pass through the accumulated dirt, which reduces the effi. 
ciency of the cleaner. Merely 
emptying the bag is not 
enough; it should be turned 
wrong side out and brushed 
or cleaned with the cleaner 
attachments, because the 
pores of the -cloth ,become 
filled with dirt and lint, and 
ravelings collect on the inner 
surface, and thus the air can
not escape at the normal 
rate. Fig. 6.19. Showing the main parts of a 

At the present time many canister-type vacuum cleaner. 

cleaners are equipped with t 

disposable paper bags. This eliminates the 'unpleasant task of 
emptying the bag, but the problem of making a paper bag that 
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will keep the dirt in and let the air out has not been entirely 
solved. Also some operators let too much dirt accumulate in the 
bag before it is discarded, and this reduces the efficiency of 
the machine. ' 

The operator should be careful not to pick up sharp-pointed 
objects, such as hairpins! and tacks, because they may nick the 

_/VCl EANING TOOL 

~. 
~ 

SUCTION PIPE 

..--BASEBOARD OUTLET 

" Kcm. DUST CONTAINER 

------ ' 

Fig. 6.20. A pt;rmanently installed vacuum-cleaning system. 
i 

fan blades or puncture the bag. If the machine is to be oiled by 
the operator, directions are furnished with the machine; but 
now most :Ilfachines: have the_bearings sealed in oil and a periodic 
checkup and oiling by a service-manjs all that is necessary. 

A permanently installed system of vacuum cleaning is espe
cially satisfactory for large buildings, such as hotels, office 
buildings, hospitals, and libraries. The White House in Washing
ton, D.C., is equipped with this type of cleaning system. In a 
permanent installation the motor and fan are installed in a cabi
net in the basement, and tubes lead from this cabinet to the 
various rooms in the building :where they are closed with tight
fitting caps. When 'l: room is to be cleaned, a flexible tube, 
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equipped with suitable metal extensions and a nozzle or a brush, 
is attached to one of these openings and the motor is then turned 
on by means of a conveniently located switch. The dirt is carried 
to the basement and deposited in a dust trap which is connected 
to the sewer. 

STUDY QUESTIONS 

1. Why are gases more compressible than liquids? 
2. Why do liquids exert sidewise forces? 
3. Name several practical applications of Pascal's law. 
4. If you travel up a mountain with a barometer, will its reading 

increase or decrease? 
5. Why does an aviator need an aneroid barometer on his instrument 

panel? 
6. What causes surface tension? 
7. Name several instances in which surface tension is of importance 

in baking. 
S. How is a gauge pressure changed to the corresponding absolute 

pressure? 
9. Are gauge or absolute pressures used in Boyle's law? 

10. Which is the better choice for measuring a high pressure - an open 
or a closed manometer? 

11. What will happen if a small hole is made in the top of a siphon 
while it is operating? 

12. How is the pressure reduced to less than atmospheric pressure in 
the nozzle of a vacuum deaner? 

13. What factors must be considered in choosing the cloth from which 
to make the dust bags for vacuum cleaners? 

14. What are the advantages and disadvantages of paper bags for 
vacuum cleaners? 

15. What are the advantages of a permanently installed vacuum 
cleaning system? 

PROBLEMS 

1. If olive oil fills a beaker to a depth of 5 centimeters, what is the 
pressure -on the bottom of the beaker? Ans. 4.6 g per sq cm 

2. If a beaker-is filled with mercury to a depth of 10 inches, what is 
the pressure on the bottom of the beaker? 

.'1. If a hot-water tank is 4 feet high and full of water, what is the pres
sure on the bottom? What is the average pressure on the side walls? 
What is the force on the bottom of the tank if the area is 2 square 
feet? Ans. 249.61b per sq ft; 124.81b per sq ft; 499.21b 

4. If the water in a swimming pool is 10 feet deep, what is the pressure 
on the bottom of the pool? What is the average pressure on the sides 
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of the pool? If the pool is 30 by 50 feet, what is the force on the 
bottom? What is the force on one end of the pool? 

5. A force of 15 pounds is exerted on the small piston of a hydraulic 
press, which has an area of 2 square inches. If it is assumed that 
there is no friction, how heavy a load may be lifted by the large , 
piston, which has an area of 24 square inches? What is the mechan
ical advantage of the press? If the small piston moves down 
6 inches, how far will the large piston move up? 

Ans. 180 lb; 12; 0.5 in. 
6. If a 2000 -pound load is to be lifted with a hydraulic press which is 

80 per cent efficient, what force will be required? The area of the 
large piston is 40 square inches and the area of the small piston is 
12 square inches. 

7. If the barometer reads 28 inches of mercury, find the pressure of 
the air in pounds per square inch. Find the equivalent water 
column. What will the barometer read in centimeters of mercury? 

Ans. 13 .72 lb per sq in.; 31.7 ft; 71.12 cm 
8. If the barometer reads 73 centimeters of mercury, find the equiva

lent number of inches of mercury. Find the equivalent number of 
feet of water. Find the air pressure in pounds per square inch. 

9 . Change a gauge reading of 10 pounds per square inch to the cor-
responding absolute pressure. Ans. 25 Ib per sq in. 

10. Change an absolute pressure of 20 pounds per square inch to the 
corresponding gauge reading. 

11. If 400 cubic feet of gas at a pressure of 28 inches of mercury are 
allowed to expand to 600 cubic feet, what is the new pressure? 

Ans. 18.7 in. of Hg 
12. If 2000 cubic centimeters of gas at a pressure of 75 centimeters of 

mercury are put under a pressure of 300 centimeters of mercury, 
what will be the resulting volume? 

13. When one side of an open manometer is attached to a gas outlet, 
the difference between the water levels in the two sides is 8 inches. 
What is the pressure of the gas in excess of the air pressure? 

Ans. 0.288 lb per sq in. 
14. When a given vacuum-cleaner nozzle is attached to one end of an 

open manometer, the difference between the water levels in the 
two sides is 15 inches. What is the decrease in pressure caused by the 
cleaner? 

15. If a tire is flat, how many cubic feet of air at normal pressure must 
be pumped into the tire to cause the gauge to read 28 pounds per 
square inch? The volume of the tire when it is pumped up is 
1.5 cubic feet. How much does the air in the tire weigh? 

Ans. 4.3 cu ft; 0.35 lb 
16. If the gauge on an oxygen tank reads 25 pounds per square inch 

and the volume of the tank is 2 cubic feet, how much space will 
the oxygen occupy if it expands until the pressure is normal? 
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GAS SUPPLY FOR THE HOUSE 

The gas used in the home may be either natural or artificial 
gas. In either case, pressure forces the gas through a piping 
system which consists of main lines, branches, and house service 

Fig. 7.1. Gas pressure regulator. (Courtesy The Sprague Meter Company) 

pipes. Coming from the mains into a building, the gas passes 
through a pressure regulator and from there to the gas meter 
where it is measured. Then it goes to the various gas burners in 
th~ house. 

40. The Pressure Regula- A 

tor. As indicated in Figure 7.2, 
gas from the service pipe 
enters the regulator at the 
inlet 1, passes through valve 
V, and then out tnrough 0 
to the gas meter. The valve 

Fig. 7.2. Cross section of a gas 
pressure regulator. 

V is controlled by the mechanism at the left. L is a leather 
diaphragm which separates this compartment into two parts. 

77 
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An iron weight W rests on this diaphragm but is partially sup
ported by the spring S. As gas enters through the valve V it 
fills the space below the ,leather diaphragm and, as the pressure 
increases, the diaphragm L and the weight Ware raised. This 
mechanism is attached to the left end of the lever ab which is 
pivoted at c. This action partially or entirely closes the valve V 
and thus decreases the rate at which gas may enter. As a result 
the pressure under L decreases and the weight W pushes the dia

phragm down again. Thus the 
pressure of the gas leaving the 
regulator at 0 is held constant. 
Except when sudden changes in 
pressure occur in the supply line . 
or when gas appliances are turned 
on or off in the house, there is 
very little motion in the mechan
ism of the pressure regulator. 
The upper side of the diaphragm 
is exposed to atmospheric pres
sure through th~ pipe A. If the 
regulator is installed in the house, 
this pipe extends out through the 
wall or foundation so that the 
small amount of gas which m ay 

Fig. 7.3. A gas meter. (Courtesy diffuse through the diaphragm 
The Sprague Meter Company) will not escape in the house. 

41. The Gas Meter. A gas meter is a mechanical device 
which is operated by the pressure of the gas passing through it 
and which measures the number of cubic feet of gas passing 
through it. The meter receives the gas from the pressure regu
lator and delivers it to the pipes which distribute it to the 
burners. The meter contains four gas compartments with flex
ible walls. (See Fig. 7.5.) Gas enters at C, and flows into B 
and B' and expands these compartments. At the same time gas 
is expelled from A and A' into 0 , which connects to the pipe 
leading away from the meter. The motions of these walls oper
ate levers which move the sliding valves Vand V' to the positions 
shown in Figure 7.Sb. Then A and A' fill and Band B' empty. 
In order to maintain. a constant flow one pair of compartments 
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fills as the other pair empties. The mechanism which operates 
the valves Vand V' also operates a set of geared wheels which 
in turn operate the pointers on the dials of the meter. 

Fig. 7.4. Interior of a gas meter. (Courtesy Pittsburgh 
Equitable Meter Company) 

42. Gas Meter Readings. On some of the dials the n'lmbers 
read clockwise and on others counterclockwise. This is due to 
the motion of the geared wheels - when one is driven clockwise 
the next is driven counterclockwise, the next clockwise, and so 
on for as many wheels as are geared together. When one pointer 
has made a complete revolution, the pointer on the next dial 
has moved from one number to the next; that is, 10 revolutions 
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on one dial result in one revolution on the next. Sometimes it is 
difficult to tell whether a hand is just reaching a certain number 
or has just passed it. T~is reading can always be determined by 
noting the next dial to the right. Therefore it is usually a saving 
in time to read the dia~~ from the right to the left. The number 
below the dial is the number of cubic feet which it records for 
one complete revolution. In Figure 7.6 the reading is 13,100 
cubic feet for the first set of dials. (Record the readings for the 

a b 

Fig. 7.5. Diagrammatic cross section of a gas meter. 

other sets.) The 1-cubic-foot dial is for calibration purposes only. 
Some meters have a recording device like the mileage indicator 
on a car which gives the. reading directly. 

The difference be,tween two consecutive readings is the num
ber of cubic feet of gas used during the intervening time. For 
example, if on January 1, the reading is 168,000 cubic feet and 
on February 1, it is 187,000 .cubic feet, the difference is 19,000 
cubic feet. If gas is sold at $1.00 per thousand cubic feet, the 
bill for the month would be $19.00. In many cities there is a 
lower rate for all gas used above a certain amount. The rate 
might be $1.00 per thousand cubic feet for the first thousand 
and only $0.50 per thousand for all above that amount. There is 
usually a minimum charge for each month, no matter how little 
gas is used during that month. 

43. Gas Burners. A common type of gas burner is shown in 
Figure 7.7. The gas enters the burner through a small orifice 
at a speed offrom 100 to 150 feet per second. This rapidly mov-



GAS BURNERS 

ing stream of gal', carries air with it into the mixing tube and, 
because of atmospheric pressure, more air is forced in through 
the air shutter. The amount of air which mixes with the gas in 

IW~\)\1\G IS 13,100 

10,000 1,000 100,000 10,000 

Fig. 7.6. Gas meter dials. 

the mixing tube may be regulated by changing the size of the 
opening in the air shutter, and the flow of gas may be regulated 
by adjusting the size of the gas orifice. The air which mixes 
with the gas in the mixing tube is known as primary air. This 

PURPlE 
_ .... ..A-'......s ... IlRtElt 

Fig. 7.7. A gas burner. 

air and gas mixture will not burn until it is supplied with more 
oxygen, but the air which surrounds the burner supplies the 
required oxygen and is known as secondary air. When the ratio 
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of gas to air is properly adjusted, the gas flame consists of two cones 
- an inner green one and an outer purple one. (See Fig. 7.7.) 

Most gas-stove burners are lighted from a pilot light centrally 
located with respect to the surface burners. When a burner is 
turned on, gas travels fr.om the burner through a tiny tube to the 
pilot light where it is ~gnited. The flame travels back through 
the tube and ignites the burner. 

If the burner is to be iighted with a match, one should turn the 
gas on and then hold the lighted match near the burner. If the 
lighted match is held near the burner before it is turned on, 
the burner may "pop" or "flash back" because the burner is full 
of air when the gas is turned on, and the ratio of air to gas is too 
great. The flame travels back from the openings in the burner 
faster than the mixture oEgas and air travels toward the burner, 
and combustion takes place in the mixing tube with a roaring 
noise; and, since there is not enough air for complete combustion, 
poisonous carbon monoxide is produced. 

A very high' flame rising above the grate indicates too much 
gas. A sputtering, roaring flame indicates too much air. A flame 
with a yellow tip indicates too little air. When the flame burns 
with the purple cones just reaching the bottom of the cooking 
utensil, the gas is being burned efficiently. 

"I To change the amount of air entering through the air shutter, 
loosen the screw which holds' the shutter in place, rotate the 

shutter the desired 
amount, and then 
tighten the screw. 
Figure 7.7 a shows a 
cross section of a gas 
valve. To increase 
the flow of gas, loosen 

Fig. 7.7a. A cross section of a gas valve. the cap C a trifle; and 
to decrease the flow, 

tighten C. Once adjusted, no further change should be necessary. 
An oven burner has a mixing tube similar to that of a surface 

unit. The oven pilot light burns constantly after the oven burner 
is lighted. If the oven burner goes out accidentally or is turned 
out by the oven thermostat,. the pilot light will relight the gas 
and thus prevent aI_l ~xplosibn. 
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44. Gas Oven The!'1l1ostats. There are two general types of 
thermostats for gas ovens. One is known as a liquid temperature 
control and the other is generally referred to as a rod-and-tube 
control. They differ chiefly in the device which is placed in the 
oven to respond to the temperature. 

The principal parts of the liquid temperature control are 
shown diagrammatically in Figure 7.8. The tube T, which is 
located in the oven, and the cylinder L are filled with a liquid. 
As the temperature in the oven increases, the liquid in T expands 

T 
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t GAS ENTERS 
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Fig. 7.S. A liquid thermostat. 
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Fig. 7.9. A rod-and-tube thermostat. 

and the resulting pressure is transmitted by the liquid to the 
flexible diaphragm D, which exerts a force on the lever ABG: 
at A. The fulcrum of the lever is at B; consequently when A is 
forced to the right, C is moved to the left, thus partially or en
tirely closing the gas valve V. As a result the oven cools, the 
pressure of the liquid decreases, and the force acting on A is 
reduced. A spring in the mechanism of the valve V causes it to 
open whenever the force at A is decreased. Thus the tempera
ture in the oven controls the flow of gas to the oven burner. 

The temperature to be maintained in the oven is determined 
by setting the temperature wheel W, which is really the head of a 
screw, the tip of which serves as the fulcrum for- the lever ABC. 
A slight change in the position of the fulcrum at B changes the 
force required at A to open or close the gas valve; This change of 
force results of course fr:om a change of temperature in the oven. 

The rod-and-tube control is shown in Figure 7.9. The tem
perature wheel W, the lever ABC, the valve V, and the outlet 
to the oven burner are similar to Figure 7.8, but the device for 



84 GAS S Ul'PL Y FOR THE HO USE [eh.7 

changing the pressure at A differs. The porcelain rod R is en~ 
closed in a copper tube T which is fastened to the oven wall 
at the right. As the temperature of the oven increases, the Copper 
tube increases in leng(h with the free end moving to the left. 
A spring S keeps the PlorcelaiI]. rod R pushed to the left as far as 
possible. Consequently\ as the oven temperature increases, the 
pressure of R at A decteases. A spring in the mechanism of the 
gas valve V closes the gas valve as the pressure at A decreases. 
Consequently the gas supply to the oven is decreased; then the 
oven cools slightly, the copper tube contracts, R is moved to the' 
right and exerts more force on A, which causes the gas valve. 
to open again. This type of temperature control is now used 
chiefly on heavy-duty equipment. 

It is interesting to note that in Figure 7.8 when the tempera
ture in the oven increases, A is moved to the right while in Fig
ure 7.9 when the temperature of the oven ihcreases, A is moved 
to the left. Consequently the details of the valve V are slightly 
different. 

STUDY QUESTIONS 

1. What is the purpose of the gas regulator? 
2. Who is responsible for making any needed adjustments on the gas 

regulator, the gas meter, or the burner in a gas furnace - the 
consumer 'or the gas company? 

.3. What is meant by primary and secondar~ air in connection with 
a gas burner? 

4. What makes a gas burner pop or flash back? 
5. How maya gas burner be adjusted to secure the proper mixture 

of gas and air? ; 
6. Describe an ideal gas flame. 
7. Why should a gas oven be equipped with a pilot light? 
8. Explain the liquid temperature control for a gas oven. 
9. Explain the rod-and-tlibe· teIQ.eerature control for a gas oven. 

PROBI'.EMS 

1. If on November 1 the gas meter reads 24,300 cubic feet and on 
December 1 it reads 29,900 cubic feet, what is the gas bill for the 
month of November according to the following schedule? 

First 1000 cu ft . . $1.00 
All over 1000 cu ft . 0.50 per MAns. $3.30 

2. If on February 1 the gas meter reads 37,600 cubic feet and on 
March 1 it reads 56,300 cubic feet, what is the gas bill for the 
month of February according to the above schedule? 



HOUSEHOLD WATER SUPPLY AND 
SEWAGE DISPO·SAL 

Water is so essential to our comfort and health that too much 
care cannot be devoted to the maintenance of a pure, adequate, 
and inexpensive supply. Primitive man placed his home near a 
spring or a river, and depended upon it to supply his needs_ 
Later he learned that a better and more dependable supply 
might be obtained by digging wells. Ancient wells were usually 
made in the form of a tunnel, the descent to the water level 
being by steps. ~ater the wells were dug vertically and buckets 
were lowered into the water and then lifted out by hand or by 
means of a wheel and axle. Naturally, most of these wells made 
use of water supplies as near the surface of the earth as possible; 
consequently the water was easily contaminated, and during 
dry seasons the supply was soon exhausted. The invention of the 
pump was a decided advance. When better pumps were built, 
and people came to understand their operation more fully, 
deeper sources of water were used. 

In order to secure an abundant supply of good water, it is 
often necessary to bring water from a long distance to the point 
where it is to be used. While water systems are considered a 
modern invention, many of the ancient cities had rather elabo
rate systems for furnishing an adequate water supply - water 
was brougtt in open ditches or aqueducts from great distances, 
carried through the streets, and piped into the homes. Our pres
ent idea of a central water plant for a community, though not 
a modern one, has been developed until the service is highly 
satisfactory. 

If the water can be obtained from mountain lakes or from 
deep wells, it will need very little purification, but if it is obtained 

85 _ 
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from shallow wells or from a river which passes through densely 
populated areas, it may have to be cleaned and purified before 
it can be used. Often it is pumped into settling basins, where 
the dirt settles out, anp. then it is transferred to other basins 
where it is aerated, sunned, and treated with chlorine and other 
chemicals. Sometimes i~ contains such large quantities of min
erals that it has to be "softened" - that is, treated with chemi
cals to remove these materials before it is satisfactory fm: use by 
the community. 

45. Pumps. One of the oldest hou_s~hQld GQ_nveniences_i~e 
lift pump - it is known to have been III use in the days of 

----

8 
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Fig. 8.1. A diagrammatic cross section of a lift pump. 

A~OiB.C. A_simpleJift pump qmsists of _aglil}der! 
a piston, a piston rod, a handle, and two valves - one_v_aJve in 
the-pi"ston and another at the bottom of the cylinder where- the 
piR.~leading_frgm the water supply enters the cyliI]aer:-These 
valves open upward when tne pres!mre below the val~e_is greater 
than that onthe top, but if the pressure on the top_oLthe valve 
is greater than that below, the valve closes. The pisJon _fits t_he 
wall of the cylinder tightly because the_l_eather ring,~ is 
placed__<l._roJJnd t~e metal part of the piston, swells slightly when 
it is wel-_ 

Suppos~ the handle of the pump in Figure 8.1 is being raised. 
This results in lowering the pi,ston P and tends to increase the 
pressure in the cylinder below P. The increased pressure will 
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close valve B tightly, but open valve A and the air in the cylinder 
will pass through it. When the handle is lowered, the piston is 
raised. This tends to decrease the pressure in the cylinder below 
P to les:; than atmospheric pressure. Therefore valve A will close 
because of the greater pressure on top of it, and valve B will 
open because the pressure on top of it is less than the pressure 
in pipe D, which is equal to the atmospheric pressure on the 
surface of the water in the well. Possibly, for several strokes, air 
only will pass through the valves, but soon water will enter the 
cylinder through valve B. Then on the downstroke of the piston 
the water will be trapped by B and will pass through A. The 
water will be lifted by the piston on its upstroke and forced out 
through the spout. 

Since the pressure of the 'lir is equivalent to that of a column 
of water 34 feet high, this pump could theoretically - if the 
piston fitted perfectly - be placed 34 feet above the surface of 
the water supply. Actually, lift pumps are seldom placed more 
than 20 feet above the water level because the pistons do not 
fit perfectly. If the pump has not been used for some time, the 
leather around the piston may have dried until it does not fit 
the cylinder closely enough to make the pump operate. If so, 
the pump must be primed; that is, water must be poured in at 
the top to complete the seal between the piston and the cylinder 
wall. 

If the water is more than about 20 feet (theoretically 34 feet) 
below the place where the pump is to be located the cylinder, 
instead of being placed in the pump standard, is placed near or 
even in the water, and a long delivery pipe connects ~he cylinder 
with the pump standard and the spout. The piston rod moves 
up and down in this pipe and the water is lifted mechanically, 
from the cylinder to the spout, by the piston on its upstroke. 

If the water is to be used at a level above the pump, a force 
pump must be used. A force pump may be made just like a lift 
pump except that it is closed at the top with a packing so that 
water can be forced up a delivery pipe to a level above the 
pump. Of course as the -distance to this level increases, the force 
required to operate the ·pump increases. 

Another type of force pump has no valve in the piston~ but 
instead there is a valve in the discharge pipe which opens out 
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of the lower part of the cylinder below the piston. (See Fig. 8.2.) 
On the upstroke of the piston, water enters the cylinder through 
valve B as in the lift pump, but on the downstroke the water is 

forced out valve A into the 
air chamber C and into the 
delivery pipe E. The air 
chamber helps to furnish a 
steadier stream of water, 
because the air in C is com
pressed as the piston forces 
water through valve A
then, when no water is com
ing through A, this air ex
pands and forces the water 
in Cup E. 

46. Water Supply for 
an Individual House. 

Fig. B.2. A diagrammatic cross 8~ction 
of a force pump, Water for an individual 

house may be piped from a 
lake or a stream which is at a level higher than the house, or it 
may be pumped from a lower level. Sometimes it is pumped 
into an elevated tank or reservoir from which it flows by gravity 
to the house. Sometimes it is 
pumped into a pneumatic pres
sure tank,where it is stored until 
needed, and then it is forced by 
the compressed air!in the tank to 
the place where it is to be used. 

The pressure on the water in 
the tank may be computed_by 
means of Boyle's law. For ex-' 
ample, if it is assumed, that the 
tank is full of air at normal atmos
pheric pressure before the water 
is pumped in, and then water is 
pumped in until the volume of 

TO·THE 
HOUSE 

WATER lEVEL GAUGE 

Fig. B.3. A pneumatic pressure 
tank. 

the air has been reduced to.one-third of the original amount the 
resulting absolute pressure will be three times the original pres
sure of one atmosphere or 3 X 15 = 45 pou'1.ds per square inch. 
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The gauge pressure will be equal to two times the atmospheric 
pressure or 2 X 15 = 30 pounds per square inch. (It will be 
recalled that absolute pressure minus atmospheric pressure equals 
gauge pressure.) Also since one atmosphere of pressure is equiva
lent to that of a column of water 34 feet high the pressure in the 
tank in this case has been increased enough to force water to a 
point 2 X 34- = 68 feet above the level of the water in the tank. 

47. Water Supply for a Community. In general there are 
tWO methods of providing water under pressure to groups of 
homes - the gravity system and the direct-pressure system. The 
gravity system provides pressure by using water from a supply 

STANO PIPE 

?lJMPIHG 
STATION 

1!lIP.KE 
Fig. 8.4. Cross section of a water system for a community. 

stored at a level higher than the houses. The water may be 
pumped from a lake or a running stream, or it may be pumped 
into an elevated reservoir from which it flows by gravity to the 
various houses. The direct-pressure system is used where con
ditions are not adapted to the gravity system. After the water has 
been cleaned and purified it is pumped directly into the mains, 
and the engines or motors which drive the pumps are equipped 
with automatic regulators controlled by the water pressure in the 
mains. Enough pumps must be installed so that the pressure can 
be maintained during periods when extra amounts of water are 
used - during fires or during hot, dry seasons. A combination 
system provides both for direct pumping and for a stored supply. 
The direct pumping takes care of the average demand and the 
elevated reservoirs furnish a uniform pressure and a reserve sup
ply for periods when larger amounts are needed. 

Regardless of the method of providing the water, it is dIstributed 
about~own through pipes with branches leading to the houses. 
These pipes must be placed underground below the frost line. At 
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the curb there is a cutoff valve which is used by the water com. 
pany employees to turn the water off or on for a particular house. 
Inside the house is a cutoff valve by means of which the occu
pant of the house may turn off the water if the house is not to be 
occupied for some time, or if repairs are to be made on the water 
system within the house. Som~times this valve is a cutoff drain 
valve (see Fig. 8.9c) so that the water can be cut off and all of 
the water pipes drained, or the drain valve may be at some other 
point in the system. (The individual fixtures in the house may be 

provided with cutoff valves 
also, so that repairs may be 
made without cutting off the 
water from the whole house.) 

After the water passes 
through the cutoff valve it 
goes through the water me tel 
where it is measured, unless 
the system does not use 
meters. Occasionally where 
an abundant supply is fur
nished by the gravity method 
it is cheaper to arrange a 
monthly or yearly rate for 
each home, based on the size 

Fig. 8.5. A water meter. (Courtesy of the house, the number of 
Neptune Meter Company) 

persons in the house, or the 
size of the lot, and the consumer is permitted to use all the 
water he wants. This plan saves the cost of installing the meter 
and the expense of monthly or quarterly readings. It encourages 
the use of plenty of water, but it also encourages the waste of 
water; if the supply is over-abundant, this does not matter, as 
th~ water would otherwise overflow at the reservoir, but if the 
water has to be pumped, the only equitable method of distribut
ing the cost among the consumers is to measure the water and 
charge according to the amount used. The rate is usually named 
at a given amount per thousand gallons or per thousand cubic 
feet, and usually there is a sliding scale, such as was explained in 
connection with gas bills. 
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48. The Water Meter. A disk type of water meter consists 
of a chamber with inlet and outlet openings, within which is a 
disk which is moved by the pressure of the water as it passes 
through. The disk does not rotate but goes through a motion 
similar to that which a wagon wheel would 
have if it were placed horizontally on the 
ground, and someone walked around the rim. 
This procedure would cause the hub to "nod." 
First, water from the inlet enters on top of the 
disk and the pressure of the water causes it to 
begin this nutating (nodding) motion, and then, 

Fig. 8.6. The 
"nodding" wheel 
of the water meter. 

as the opposite side of the disk is pushed down, water enters below 
the disk and the motion continues. When water enters above the 
disk the water below the disk is forced out, and when it enters 
below the disk the water above the disk is forced out. A spindle 

M =WATER METER 

y = CUTOFf DRAIN 
VALVE IN 
BASEMENT 

C = CUTOFF VALVE 
AT STREET 

Fig. 8.7. Water supply pipes for a house. 

fastened to the hub of the disk causes a small cogwheel to rot2.te, 
and this is geared to other wheels which move the pointers on 
the dials. The method of reading the dials has been explained in 
connection with gas meters. The small dial marked "1 eu ft," is 



92 WATER SUPPLY AND SEWAGE DISPOSAL [Ch.1I 

for use in testing the accuracy of the meters. Water isallowed to 
run from a faucet while the meter registers "1 cu ft," and this 
water is carefully measured in a cubic foot container. All meters 
should be tested when ins~alled, and may be rechecked whenever 
the consumer thinks the meter is inaccurate. 

49. Distribution of W~ter in the House. The term "plun:b. 
ing" is used to include aU: ~ipes and fixtures that carry water into 

the house and remove waste 
material from the house in the 
form of sewage. Rough plumb-

HOI 
WATER OUT ing includes all the pipes which 

should be inside the walls or 
between the floors, and which 
should be installed while the 
house is being constructed, after 
the studding and joists are in 
place, but before the plaster is 
put on and the floors are laid. 
The three chief rooms il' a 
house to be supplied with water 
are the laundry, the kitchen, 
and the bathroom. (If the house 

-; --:===-__ COLD is heated with hot water or 
-r;r- WATER IN h Ih . . 

~====~~~ill steam, t e eatmg system IS 
I also connected with the plumb· 

Fig. 8.8. A hot water tank with dec- ing system.) There should al-
tric heating coils. ways be provision for supplying 

hot water as weH as i cold water in the laundry, kitchen, and 
bathroom. 

A supply of hot water is provided by means of a hot water tank, 
which may be heated by either gas or electricity. Figure 8.8 
shows a cross section of an electrically heated tank. Cold water 
enters at the bottom and hot water leaves at the top. The heating 
unit is controlled by a thermostat. 

50. Faucets. The internal construction of an ordinary com· 
pression faucet is shown in Figure 8.9a. When the handle is 
turned to close the faucet a screw forces the disk A, which is faced 
with a fiber washer B, against a circular opening or seat C. This 
shuts off the water. When the handle is turned to open the faucet 

-, 
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,:he disk is raised, making an opening for the water to pass 
;hrough. There are two simple repairs which may sometimes be 
necessary. The fiber washer B or the packing D around the 
handle may wear out; replacements for either may be bought for 
a few cents. When the faucet is to be repaired the water supply is 
shut off, the screw cap E is removed with a suitable wrench, the 
valve stem is screwed out, and the old washer B is replaced with 
a new one. If the packing D is to be replaced the screw in the 

C 

a. COMPRESSION FAUCET b. GROUND KEY FAUCET 
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c. CUTOfF DRAIN VALVE 

Fig. 8.9. Faucets and a cutoff drain valve. 

top of the handle is taken out, the handle is removed, and the 
valve stem separated from the cap E. A new packing D is put in 
place and then the faucet is reassembled. 

In the grollnd-key type of faucet shown in Figure 8.9b there 
is a tapered key A which fits into an opening in part B. These 
parts are ground into place with emery and must fit tightly or 
the faucet will leak. There is a slot in the key- which allows the 
water to flow through when the handle is turned LO the proper 
position. As the faucet wears, the screw C is adjusted to keep the 
joint tight; the joint may be reground if the adjustment of the 
screw does not stop the leak. 
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Self-closing faucets are often used to prevent the waste of water 

where it may be left running because of carelessness. When the 
handles of the self-closing faucet are squeezed together, the valve 
is lifted from its seat and a spring is compressed. When the handle 
is released, the spring pushes the valve back in place. 

A cutoff valve is often placed in a pipe in order that the flow 
of water through it may be stopped or started at will. It may be a 
cutoff drain valve of th~ type shown in Figure 8.9c. This valve 
will cut off the supply and drain the water from the pipe on the 
delivery side. 

51. Removal of Waste, Water from the House. At each place 
where a water supply is provided in the home, provision is made 

55 

Fig:. 8.10. Sewage pipes for a house. 

also for removing waste water. As shown in Figure 8.10, the 
laundry tubs, kitchen sink, lavatories, bathtubs, and closets are 
connected by pipes to the main stack or soil pipe SP which is the 
large vertical pipe extending from below the basement floor to a 
point above the roof. At its lower end it joins the drain pipe which 
leads out to the street sewer SS. 

At each place in the house where waste water is to be removed 
a trap is provided to prevent the escape of sewer gas into the 
house. One type of trap is an S-shaped tube with one arm of the 
S connected to the source of impure water and the other ann 
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connected to the waste pipe leading to the soil pipe. From the 
diagram it may be seen that one bend of the S is filled with water 
which forms a seal and prevents sewer gas from rising through 
the pipes into the house. If the trap is made to connect through 
the wall instead of through the floor it is known as a P-trap. 
s- and P~traps are used on waste pipes from laundry tubs, 
kitchen sinks, and lavatories. If one of these traps becomes 
clogged with sediment and 
grease it may be cleaned by 
removing the screw plug in 
the lower bend of the trap. 
The cellar drain may be 
provided with a trap similar 
to the one shown in Fig
ure 8.11. Bathtubs are usu
ally provided with drum 
traps. The trap for the water 
closet is built into the bowl 
of the closet. 

In order to prevent the 
loss of the water seal in the 
trap due to siphon action 

1 I 
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CELlAR TRAP DRUM TRAP 

Fig. 8.11. Traps. 

it is sometimes necessary to use a vent pipe; this is a pipe 
connected to the waste-pipe side of the trap, through which 
air at atmospheric pressure may enter, thus preventing the 
possibility of siphonage. The vent pipes are all connected to 
a main vent pipe which is usually connected to the soil pipe 
just below the point where it passes through the roof. The 
vent pipes are shown with dotted lines in Figure 8.10. The cir
culating air in the pipes also oxidizes the decomposing waste 
material which adheres to the sides of the waste pipes. Any trap 
may lose its seal through evaporation, and if a drain is used infre
quently, it should have water poured into it occasionally. After a 
house has been closed for some time, it is often fqund to contain 
sewer gas unless a caretaker has filled the traps occasionally: 

A garbage disposal unit is now an acce'pted part of the plumbing 
system of a house. It is essentially a motor-driven grinding device 
attached to the drain of the kitchen sink in place of the usual trap. 
Its outlet is connected to the house sewer pipe. (See Fig. 8.12.) 
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Fruit and vegetable peelings, small bones, and other normal 
kitchen wastes are dropped into the hopper and are ground in to 

Sink Flange small particles by being whirled 

Power Supply Flywheel 

Fig. 8. 12. A garbage disposal unit. 
(Courtesy Consumers' R esearch, Inc.) 

hollow rim, enters the bowl 
through small holes distrib 
uted around the rim, and 
thus cleans the sides of the 
bowl. The greater part of 
the water enters the bowl 
through a small opening 
called the jet - which is in 
the lower part of the bowl. 
This water starts the siphon 
action, which empties the 
bowl quickly. After the si 
phon action stops, enough 
water runs into the bowl to 
fill the trap. 

rapidly by the impeller blades 
on the flywheel, and conse
quently thrown out by centrif
ugal force (force away from the 
center) against the shredder 
blades. Cold water running 
through the unit while it is in 
operation washes the ground 
material down the waste outlet. 

There are several types of 
closets, but in general the 
si phon -je t shown in Figure 8.1 3 
is considered the most sati s
factory because it operates 
quietly, has a large water sur
face in the bowl, and hence is 
easier to keep clean. When the 
closet is flushed, water enters 
either from a flush tank or a 
flush valve. A small part of 
this water flows through the 

Fig. 8.13. Cross section of a siphon-jet 
closet. (Courtesy Kohler Co.) 
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Fig . 8.14. A A u~'1 l'ink. (Courtesv Cran t' Co. ) 

The parts of the flu sh tank are shown in Figure 8.14. There 
are two lever systems in its mechanism. One controls the inlet 
valve by means of the Hoat valve, and the other controls the outlet 
by means of the handle on the ou tside of the tank and the hollow 
rubber ball which fits into the outlet. Figure 8.14a shows the tank 
filled with water. When the handle on the ou tside of the tank is 
turned, the lever to which it is attached lifts the hollow rubber 
ball which has closed the opening to the bowl, and the water 
rushes into the bowL Figure 8.14b shows the flush tank in the 
process of discharging. As the last of the water leaves the tank, 

Fig. 8.15. Plumbing fixtu res for the bathroom. (Courtesy Crane Co.) 
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the hollow rubber ball which has been floating in the water just 
above the outlet is sucked back into position. As the tank empties, 
the hollow copper or pla,stic float valve is lowered and the inlet 
valve at the other end of the lever is opened. The tank now 
gradually refills, the float valve is lifted, the inlet valve is closed, 
and the tank is ready for the next flushing action. 

A flush valve may be used instead of a flush tank. The water 
for the flushing action is not stored in the valve, as it i.s in the 
flush tank, but enters directly from the source of supply when the 
handle on the valve is tripped. The valve is so constructed that it 
automatically closes after a suitable amount of water has passed 
through the closet. Flush valves sometimes cannot be used in 
homes because the water pressure is not high enough to make 
them operate satisfactorily. The pressure may be too low either 

Fig. 8.16. Plumbing fixtures for the kitchen . Water is supplied to the sink, 
the dishwasher and the garbage disposal unit. (Courtesy General Electric 
Company) 
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because the pressure in the mains is too low or because the supply 
pipes to the house are too small. They are often noisy in operation 
also. Advantages of the flush valve over the flush tank are that 
it takes less room and it cannot be opened and tampered with 
by inexperienced persons. 

52. Disposal of Sewage. In some localities sewag<" flows by 
gravity to some point where it may be discharged - possibly 
into a river. In other places, where the contour of the land is such 
that sewage cannot be taken care of by gravity flow, pumps must 

Fig. 8.17. Plumbing fixtures for the laundry include the automatic washer 
and hot water tank. Note also the dryer and ironer. (Courtesy General Electric 
Company) 

be installed. Sewage is chiefly water, but it contains organic 
matter, and it is a: dangerous practice in densely populated areas 
to discharge it on the surface of the earth or into a stream. Disease 
germs may be spread, and often epidemics of typhoid, dysentery, 
and infantile paralysis break out at successive towns down the 
stream, leaving no doubt as to how the germs were transmitted. 
If the towns are more scattered, the water may be purified before 
it reaches the next town, because it is greatly diluted when it 
mixes with the water in the stream and the solid materials settle 
to the bed of the "ceam and gradually dccom~, "' the 
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stream flows along, the water is exposed to the sunlight and the 
air, and the organic mat~r;ials are gradually reduced to inorganic 
materials. If a city does not empty its sewage into a stream or 
lake, it must take care ofl,it with an extensive sewage treatment 
plant consisting of settlin~ basins, digesters, and drying beds. 

If the sewage from a Jiouse cannot be emptied into a central 
sewage system, it may be emptied into a septic tank, which is a 
tile or cement receptacle placed in the ground. The sewage enters 
the first compartment at A and is acted on by anaerobic (without 
air) bacteria. Here it is partly oxidized, and most of the solid 
material is liquefied. Then it flows into the second compartment, 
where the bacterial action is continued. The outlet of the septic 
tank connects to a pipe which empties into a stream or into an 
absorption system. 

~ 

A J .... ' ..... j 
Fig. 8.18. A septic tank. 

The absorption system is an area built up of layers of crushed 
rock and gravel, and covered with a layer of sand. A tile dis
tribution system is installed just below the surface as shown in 
Figure 8.19. Here ae~obic (with air) bacteria further oxidize the 

Fig. 8.19. A septic tank and absorption system. 

material, and it is finally reduced to water and inorganic mate
~ial. As the sewage drains away, air circulates through the spaces 
between the sand and gravel particles, and the aerobic bacteria 
are resupplied with oxygen and are ready to attack the next flow 
of sewage from the septic tank. 
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1. Which valve in a lift pump is open when the piston is descending? 
When the piston is ascending? Are both valves ever open at the 
same time? 

2. If the water level is 38 feet below the surface of the ground, what 
kind of pump must be installed? • 

3. Name severa(agencies that help to purify wate~ 
4. How may water under pressure be provided for country houses? 
5. What are the methods of supplying water to groups of houses? 

What are the advantages and disadvantages of each method? 
6. How does a water meter measure the water which passes through-it? 
7. When should the rough plumbing be installed in a hous<e? 
8. Tell how to repair a compression faucet that drips. 
9. What is wrong if the faucet leaks around the valve stem? 

10. Where may cutoff drain valves be installed to advantage? 
11. What is the purpose of a trap? 
12. Tell how a garbage disposal unit operates. 
13. Why is a siphon-jet closet considered the best type? 
14. What is wrong if the water continues to run from the flush tank 

after the normal flushing period? 
15. Does a flush valve have any advantages or disadvantages over a 

flush tank? 
16. What is the purpose of the soil pipe? 
17. Why is the problem of sewage disposal being discussed so widely 

at present? 
18. Will the increase in the use of garbage disposal units increase the 

sewage disposal problem? 
19. What special sewage disposal problems exist in your community? 
20. What is being done in your community to improve sewage disposal 

methods? 
21. What changes occur in sewage in the septic tank? 
22. What changes occur in sewage in the absorption system? 

PROBLEMS 

1. If a pneumatic pressure tank which holds 40 gallons is full of air 
at atmospheric pressure and then water is pumped in until the 
air volume is reduced to 10 gallons, what is the absolute pressure 
inside of the lank? What is the gauge pressure in the tank? How far 
can water be forced up the delivery pipe? 

Ans. 60 lb per sq in.; 45 lb per sq in.; 102 ft 
2. If a pressure tank which holds 80 gallons is full of air at atmospheric 

pressure and then water is pumped in until the air volume is re
duced to 20 gallons, what is the absolute pressure inside of the 
tank? What is the gauge pressure in the tank? How far can water 
be forced up the delivery pipe? 



102 
WATER SUPPLY AND SEWAGE DISPOSAL [Ch.8 

3. In Prob. 1 above, what is the gauge reading after 15 gallons of 
water have been drawn from the tank? Ans. 9 lb per sq in. 

4. In Prob. 2 above, what is the gauge reading after 15 gallons of 
water have been drawn from the tank? 

5. How much pressure is required to force water from a tank in the 
utility room to the bathroom on the second floor - a distance of 
8 feet? Ans. 3.53 lb per sq in. 

6. How much pressure is required to force water from a tank in the 
basement to the bathroom on the second floor, which is 17 feet 
above the tank? , 

/' 
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INTRODUCTION TO HEAT 

In prehistoric times man accepted the sun and fire as sources 
of heat and light. Instead of wondering about what caused heat, 
he thought of the sun and of fire as gods; "sun worship" and 
"fire worship" played an important part in several ancient re
ligions. As civiiization advanced, however, man began to ponder 
about the nature of heat, and developed various theories in an 
attempt to provide an answer. 

Until the early part of the nineteenth century, heat was be
lieved to be a fluid. This fluid was thought to have' no weight, 
since the body weighed the same regardless of its temperature. 
It could not be separated from a body, but it could pass from one 
body to another the same as any other fluid, and if one body was 
hotter than another it was because it had more of this fluid in it. 
When two bodies which contained different amounts of the fluid 
were placed together, the fluid would flow from the one with the 
greater amount to the one with the smaller amount, until the 
two contained equal quantities of caloric, as the fluid was called. 
We see the effect of this theory in the terms we use today in dis· 
cussing heat. We speak of heat as flowing from one body tc 
another; the term "caloric" survives in our term "calorie"; and 
the term "latent heat" (the heat involved in changes of state 
from solid to li'quid and' from liquid to gas) results from the early 
theory that the heat involved in these changes was hidden be
tween the molecules and thus did not cause a temperature 
change. 

53. Kinetic Theory of Heat. During the latter part of the 
eighteenth century, a number of experiments were performed 
which led to a new theory regarding heat. In 1798 Count Rum
,ford in Germany was engaged in boring a cannon and was much 

1M 
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concerned with the large amount of heat which resulted. Water 
was used to cool the iron? and the faster the boring was done, the 
faster the water was heated. He d~cided there was a definite 
relationship between thd amount of work done and the amount 
of heat developed. Sir Humphry Davy, director- of the Royal 
Institution in England, ~as so impressed by Rumford's ideas that 
he tried various experiments of his own. In 1799 he rubbed two 
pieces of ice together, and they melted, even though the experi
ment was carried on in a room in which the temperature was 
below the melting point of ice. All agreed that heat was required 
to melt the ice, but they did not all agree as to the source of the 
heat. However, they observed that the faster the pieces were 
rubbed together, the faster the ice melted; and so they decided 
there must be some relation between the amount of work done 
and the amount of heat furnished to the ice. Other investigators 
in England and in Germany, and later in the United States, 
arrived at the same conclusion. Joule in 1843 proved definitely by 
experiment thai the amount of heat energy developed was 
proportional to the amount of work, dnd calculated the amount 
of work which was equivalent to one unit of heat. 

For over 20 centuries the fluid theory of heat had been ac
cepted, but within the last 150 years scientists have learned. far 
more about heat energy than had been le<:trned in all the time 
previous to this period. As a result the old fluid theory of heat 
has been discarded. Now it is known that in addition to mechan
ical energy there are other forms of energy that can be trans
formed into heat e~ergy, and also that heat energy can be trans
formed into other kinds of energy. Heat is energy which is associated 
with molecular motion. One of the fundamental concepts of matter 
is that it is composed of mol~cules which are in constant motion. 
When heat is added to a body the velocity of the molecules is 
increased or, in other words, the kinetic energy of the molecules 
is increased. Adding heat to a body may produce one or more of 
the following physical changes: 

1. An increase in temperature which results from an increase 
in the average kinetic energy of the molecules. 

2. Expansion which results from increasing the average dis
tance between II)olecules. 
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3. Change of state from solid to liquid (melting), from liquid 
to vapor (vaporization), or from solid to vapor (sublima
tion). 

4. Change in pressure exerted by an enclosed gas or liquid due 
to increased bombardment of th~ container by the mole
cules. 

5. Change in physical characteristics such as hardness, tough-
ness, plasticity, malleability, and ductility. 

Heat may also cause or accelerate certain chemical changes, it 
may cause certain electrical effects, and if a body is heated. to a 
high temperature, light may be given out. 

54. Sources of Heat. The sun is the original source of almost 
all of the energy which is available to man. Energy from the sun 
warms the earth and its atmosphere. Water is evaporated, clouds 
are formed, rain falls and soaks into the ground or runs into 
rivers and lakes. Some of this water may be used to furnish 
power to operate machinery. Coal and oil represent stored solar 
energy since they were formed from plant and animal life which 
in turn were made possible because of the energy received from 
the sun. The earth is receiving additional energy from the sun 
every day. The chief sources of heat which man can control and 
use are (1) chemical reactions, which include the burning of 
fuels, (2) electrical energy, and (3) mechanical energy.' 

STUDY QUESTIONS 

1. If heat is added to a body, what effect does it have on the motion 
of the molecules? 

2. What is the original source of almost all of the heat available to 
man? 

3. What sources of heat does man have at his control? 
4. What physical and chemical changes in a material may result from 

the addition of heat energy? 
5. Who did 'the experimental work which proved that the amount of 

heat energy developed is proportional to the amount of work done" 
6. How old is the kinetic theory of heat? 
7. Explain how the caloric theory of heat still influences our everyday 

conversation about heat. 
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THERMOMETERS 

A thermometer is a device jor measuring temperature. This definition 
then raises a question. What is temperature? In everyday lan
guage temperature is a measure of how hot or how cold a body 
is and usually the comparison is made with the human body. 
But the temperature sense is n0t very reliable as the following 
examples will show. (1). A person may be sitting in a room in 
which he feels chilly, but to one coming in from outdoors on a 
cold day the room may seem quite warm. (2) If the right hand is 
put into hot water and the left hand in cold water, and then both 
hands are placed in warm water, the water in the third dish will 
feel cold to the right hand but warm to the left hand, and yet it 'is 
at the same temperature for both hands. (3) An outdoor tempera
ture of 70°F feels warm in the winter and, cool in the summer. 
Thus we see that the terms "hot" and "cold" are relative terms 
and that our judgments of temperatures are influenced by the 
conditioning which we have just experienced. It is evident that 
we need some means of measuring temperature which is inde
pendent of our temperature sense. 

In general, when heat is added to a body its temperature in
creases, and at the same t:me)ts length, its volume, or some other 
physical property changes. The change in anyone of these 
properties may be used .as a means of meas.uri~~,~ ch~nge in 
temperature. The materIal may be a gas, a hqUld"or a sohd; but 
a material must be selected for which this change is gfeat enough 
that it can be measured easily and accurately. 7 

55. Early History of Thermometers. Galileo is c.re~jted with 
making the first thermometer in 1592. It was a gas th~rmometer, 
i.e., he judged the change in temperature by noting the change 
in volume of an enc1os~d quantity of gas. Galileo insert~.a long 

108 ,/ 
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glass tube in a cork which was then inserted in the neck of a flask. 
The flask was inverted and mounted so that the end of the tube 
dipped into a dish of water. Then the flask was 
heated, and as the air expanded, part of it was 
driven out. When the flask cooled, the air con
tracted, and since the pressure inside of the 
flask was less than atmospheric pressure, water 
was forced up the tube. Care was taken not to 
heat the flask too much; otherwise the water 
would rise too high in the tube or even into 
the flask. 

As the temperature of the medium around 
the flask changed, the air in the flask contracted 
or expanded, and the water level in the tube 

Fig. 10.2. A 
liquid - in - glass 
thermometer. 

rose or fell. A rise indicated a 
decrease in temperature and a 
fall an increase in temperature. 
The greatest difficulty with this 
thermometer was that it was 
also a barometer and 'would 
respond to changes in atmos
pheric pressure. Imagine the 

Fig. 10.1. A gas 
thermometer. 

surprise of a physician using such a thermometer 
in those early days to find that the temperature 
of his patient had apparently increased alarm
ingly when he seemed to be recovering from his 
illness. The apparent increase in temperature 
could really have been due to a decrease in at-
mospheric pressure. 

The next improvement in Galileo's thermome
ter was made in 1632. The flask and tube were 
placed in an upright position, and the flask was 
filled with water or wine. This thermometer 
was more convenient and was not affected by 
barometric pressure changes, but it was not so 
sensitive as the gas thermometer because the ex
pansion of a liquid is not so great as that of a gas 

for a given temperature change. However, this was the first 
liquid-in-glass thermometer. In 1657 alcohol was used and the 
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tube was sealed at the top. In 1659 mercury was, used for the 
first time. 

56. Construction and Calibration of Thermometers. Liq_ 
uid-in-glass thermometJrs are used more than any other kind at 
the present time. The, Fquid is usually mercury or alcohol
each has some advantages and some disadvantages. Mercury can 
be heated to a high terhperature (357°C) without vaporizing; 
it expands more uniformly at different temperatures than do 
most materials; it is a metal, and therefore conducts heat 
rapidly; its color makes it easily visible; it does not adhere to the 
tube. It cannot be used for very low temperature measurements 
because it freezes at about - 39°C. Alcohol is not suitable for 
nigh temperature measurements because it vaporizes at 78°C. 
It does not- expand uniformly for all temperature changes. Its 
greatest advantage is its low freezing point (- 130°C) which 
makes it suitable, for low temperature measurements, for no
where on the earth does the natural temperature go below the 
freezing point of alcohol. Since it is transparent it is usually 
colored red or blue to make it more visible. 

A liquid-in~glass thermometer is made by drawing out a glass 
tube until it has an extremely fine bore, often less than the size 
of a hum~n hair, and then a bulb is blown on one end of the 
tube. The thermometer is heated to drive out the air and while 
still hot the open end is dipped in the liquid. As the thermometer 
cools the liquid is drawn into the bore and bulb. When it is 
nearly full, it is held with the bulb end down and heated until 
the liquid runs out at the top. The end is then sealed off and the 
'thermometer put away to cool and "age." When glass is heated, 
it expands, and as it cools, most of the contraction will take place 

. by the time it has returned to .normal temperature, but it may 
take weeks, months, or even years for it to return exactly to its 
original size. High-grade thermometers are never calibrated 
until1:hey have been "aged"; otherwise, no matter how carefully 
they are calibrated they will be inaccurate after <l period of time. 

Thermometers are calibrated by placing them in melting ice 
and then in steam at known atmospheric pressure, to obtain the 
fixed points. Intermediate points on cheaper thermometers are 
obtained by dividing the intervening distance on the stem into 
{:qual spaces. This division is based on the assumption that the 
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bore is of uniform cross-sectional area at all points, and this 
assumption is practically never true. For greater accuracy, 
thermometers may be tested for intermediate points by placing 
them in liquids of known boiling points or by heating them slowly 
in water with another thermometer which is known to be accu
rate, and marking-corresponding points. Care must be taken to 
do the work slowly, so that, if one thermometer responds more 
rapidly than the other, the slower one will have time to respond 
fully. The thermometers must not touch the vessel containing 
the liquid when readings are being made. The accuracy of a 
liquid-in-glass thermometer depends upon the evenness of the 
bore, thorough aging, and the care with which the calibration is 
made. 

Various factors enter into the quickness of response of a liquid
in-glass thermometer. A mercury thermometer will respond 
more quickly than an alcohol thermometer, because mercury is 
a better conductor of heat. A thermometer with a long slender 
bulb will respond more quickly than one with a spherical bulb 
of the same volume because the surface area is greater and the 
radius is less. A thermometer which has a long space on the stem 
for each degree is said to be more sensitive than one which has a 
shorter space. A long space on the stem for one degree results 
from using a large bulb, a small bore, and a liquid which expands 
a great deal for a change in temperature of one degree. 

Metals are the chief solids used for thermometers, because 
they conduct heat rapidly, and because they expand more than 

f§SSSSS§§§SSSSSSSSSSSj J~ 

NORMAL 

HOT 

Fig. 10.3. Thermometers made of metals. 

most solids when the temperature increases. A metallic ther
mometer often contains a bimetallic strip which is made of two 
strips of unlike metals which do not expand the same amount for 
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a given temperature change - these two pieces of metal are 
either riveted or welded together and when the temperature 
changes they curve, becaus'e of the unequal expansion. This mo
tion moves a pointer whibh travels over a temperature scale. 
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the change in length due tQ 

a change in temperature will 
change the tension of the 
spiral and thus move a 
pointer over a scale. In gen-
eral, metallic thermometers 
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Fig. 1004. Thermometer 
scales. 

do liquid-in-glass thermome
ters to temperature changes 
chiefly because of the larger 
amount of material which 
must be heated. 

Gas thermometers are not 
used by the general public, 
but they are sometimes used 
in laboratory work. If the 
bulb of a gas thermometer is 

large and the bore small a slight change in the tem
perature and consequently in the volume of the gas 
will produce a large change in the water level in the 
bore. They are useful if it is important to measure 
extremely small changes of temperature. If the ex: 
periment extends ove~ a short period of time, the at
mospheric pressure may not change; but if the pres
sure does cllange during an experiment, corrections 
may be made if barometric readings for the same 
period have been recorded. 

57. Thermometer Scales. Along with the develop
ment of thermometers came the development of ther
mometer scales. Many scales have been devised but 
only two of these are in common use today - the 
Fahrenheit devjse~- in 1724 and the Centigrade devised 
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in 1742. The latter is used all over the world in scientific work 
and in many countries for all temperature measurements. The 
Fahrenheit is used more than the Centigrade by the general 
public in English-speaking countries. 

it has been arbitrarily agreed to use the freezing and the 
boiling points of water at standard barometric pressure as the 
fixed points for these scales. The two scales are shown in Fig
ure 10.4. The unit used for measuring temperature is the degree. 
The Centigrade uses the temperature' of welting ice as 0° and 
the temperature of boiling water as 100°. The Fahrenheit use~ 
the temperature of melting ice as 32° and the temperature of 
boiling water as 212°.1 On the Centigrade the difference in 
temperature between the freezing and the boiling points of water 
is divided into 100 degrees and on the Fahrenheit the same tem
perature difference is divided into 180 degrees. (212 - 32 = 180 
degrees.) Therefore 1 degree on the Centigrade scale represents 
a larger temperature change than 1 degree on the Fahrenheit 
scale. 

A given temperature reading on one scale may be converted into 
the corresponding temperature reading ori the other scale by 

C F - 32 
100 180 

Since the ratio between 100 degrees and 180 degrees is the 
same as S to 9, a change in temperature on one scale may be con
verted into the corresponding change in temperature on the other 
scale by 

9C = SF 

where C is the Centigrade temperature change and F is the 
Fahrenheit temperature change. For example, if the temperature 
changes 18 degrees on the Fahrenheit scale, the corresponding 
change on the Centigrade scale is 

9C = S X 18 degrees 

C = 10 degrees 

1 Fahrenheit originally used the temperature of the human body as his upper 
fixed temperature and called it 96° and he obtained the boiling point of water by 
calculation. The zero of his thermometer was supposed to be the lowest tempera· 
ture that could be obtained with a mixture of salt and ice. It is unfortunate that a 
scale with such poorly chosen numbers for the fixed points is so' widely used in 
English-speaking countries. • (' ~ 

_ .... r'" 



114 THERMOMETERS [eh.10 

58. Absolute Temperature. While the temperature of melt~ 
ing ice had been arbitrarily chosen as the lower fixed point for 
both the Centigrade and the Fahrenheit scales, yet it was known 
that lower temperatureS could be obtained. Naturally the ques~ 
tion arose as to what was the lowest temperature possible, or in 
other words what temperature could be designated as the 
c1bsolute zero. ' 

Charles, in 1787. found experimentally that if a fixed volume 
of gas at oce was warmed 1 Centigrade degree, its pressure in~ 
creased 1/273 of its value at OCC. If the gas was cooled 1 Centi~ 
grade degree, its pressure was decreased 1/273 of its value at 
OCC. If the gas was cooled 10 Centigrade degrees, its pressure 
was decreased 10/273 and this proportional change in pressure 
with change in temperature was found to hold for all "perma~ 
nent" gases, that is, for gases which liquefy at such low tem~ 
peratures that their liquefaction was at that time considered 
impossible. 

Likewise if the pressure of the gas was held consta~t, it was 
found that the volume decreased 1/273 of the volume at oce 
for each Centigrade degree decrease in temperature. Thus: 

PI TI 
P2 T2 

(Volume held constant) 

VI TI -=-and (Pressure held constant) 
V2 T2 

Charles did not publish his results and in 1802 Gay~Lussac per
formed the same experiments and obtained the same results, and 
since he published his results he is often given the credit for the 
discovery. 

According to these experiments if a fixed volume of gas were 
cooled to - 273c C, there would~be no pressure exerted by the 
gas; this would mean that there was no molecular I!lotion or, in 
other words, that all of the heat energy had been removed from 
the gas. If the pressure was held constant the volume would 
theoretically decrease to zero. Temperatures within a fraction of 
a degree of - 273c C have been obtained experimentally and, 
while the experimental values for change in pressure or change 
in volume per degree Centigr4de change in temperature depart 
somewhat from 1 12?3c for low temperatures, the temperature 
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- 273°C is the accepted value for absolute zero. The correspond
ing value on the Fahrenheit scale is - 460°, and that value' 
is used by some engineers who prefer to use the Fahrenheit scale; 
but in most scientific work the absolute zero based on the Centi
grade scale is used. (See Fig. lOA.) 

It will be recalled that Boyle (see Sec. 35) found that if the 
temperature of a gas was held constant, the volume of the gas 
varied inversely as the absolute pressure. Therefore th~se laws 
may all be comhined to give 

P 1V1 P2V2 

T1 T2 

where PI and P'l, are absolute pressures and 71 and 7'l. arf' abso
lute temperatures. 

59. Household Thermometers. Accurate temperature meas
urements in the work of the household are just as important as 
in other work. True, the homemaker learns from experience to 
judge with some degree of accuracy the temperature of the oven, 
the "doneness" of a sugar syrup, the temperature of a sick child, 
or the temperature of the room. But, as we observed earlier, our 
temperature sense is not very reliable. For a very reasonable cost 
the homemaker may have a set of thermometers which will give 
accurate information and which will soon be used as often as the 
measuring cups and spoons, the tape measure, or the household 
scale. 

Oven thermometers may be either mercury-in-glass or metallic. 
The mercury-in-glass thermometers are usually made on a base 
so they can ge set upright on the oven shelf. The metallic ther
mometers are fastened on the oven doors or on the side of the 
oven. The mercury thermometers are more reliable, but the 
metallic thermometers are more convenient and are, therefore, 
more commonly used. Since in general we do not deal with 
sudden temperature changes in ovens, the slowness of response 
of the metallic thermometers is not a d~cided disadvanta~e. 

Oven thermometers register from about 150° to 650°F. 
Jelly and candy thermometers are mercury-in-glass thermometers. 

They register from about 40° to 350°F and have such terms as 
"soft ball," "hard ball," and "hard crack" indicated. This makes 
it possible to use them with recipes which give the temperatures 
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in degrees, or with recipes which refer to the physical state of the 
syrup. 

Meat thermometers are mercury-in-glass thermometers with 
pointed bulbs which may' be stuck into the center of a roast after 
an incision has been made with a sharp, pointed instrument. 

Fig. 10.5. Household thermometers. (Courtesy Taylor Instrument Companies) 

They register from about 100° to 215°F, and have the tempera
tures for rare, medium, ' and well done indicated. When the 
center of the roast reaches the indicated temperature, it is 
cooked the desired amount. This is much more definite than 
allowing a certain number of minutes per pound, a rule which 
could hardly hold for all sizes and shapes of roasts. 

Dairy thermometers are liquid-in-glass with either mercury or 
alcohol for the liquid. _ They register from about 10° to 1,1O°F, 
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and are marked with desirable temperatures for cheese making 
and churning. Rural housewives find them very useful. 

An incubator thermometer is an example of a thermometer of very 
short range, but carefully calibrated, and used for one definite 
purpose. I ts ran:-;-c is [rom about 95° to 106°F; 100° to 105° is tte 

Fig. 10.6. CliniC'll thermometer. (Courtesy Taylm' Instrument Companies) 

incubation range, and 103° is especially marked as the temper<:
ture at which the eggs are to be kept during most of the incuba
tion period. They are usually mounted so that they will stand 
among the eggs and so that they can be read without removal 
from the egg tray. 

The clinical thermometer is another thermometer which has a 
very short range and is intended for only one purpose - that of 
taking the temperature of the human body. I t is 
calibrated with extreme care, if made by a reliable 
company. The range is from about 92° to 108°F 
with the degrees divided into fifths. The averabe 
normal temperature of the human body is 98.6°F 

Fig. 10.7. 
Constriction 
in the bore 
of a ther-

and this point is specially marked. Not all persor:s 
have the same normal temperature, nor does any 
one person have the same normal at all times. The 
temperature of a well person varies from day to 
day and from morning to night. It differs with age, 
occupation, and food. One should know his average 
normal temperature as a guide in time of illness. 
Clinical thermometers have another feature. They 
belong to the class known as maximum thermometers. 
The reading will increase as the temperature in
creases, but it does not decrease as the temperature 

mometer. 
decreases. This makes it possible to read such a 
thermometer some time after the maximum temperature has 
occurred. The thermometer is constructed with a narrow place 
in the b~re, just above the bulb, which is known as a constriction. 
It is so 'small that the mercury will go through only when under 
pressure due to exp:msion. As the temperature decreases, the 
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molecular attraction between the mercury molecules is not great 
enough to draw the molecules back into the bulb, and so the 
mercury in the bore remains there. The mercury may be forced 
back by shaking the thermometer in the arc of a circle with the 
bulb end out. Larger maximum thermometers are fastened to a 
framework in which they are whirled to force the mercury back 
through the constriction. This force due to the circular motion is 
known as centrifugal force, which means literally "to flee from 
the center." (A force toward the center is a centripetal force -
literally "to seek the center.") 

Room-temperature thermometers and outdoor-temperature 
thermometers may be either liquid-in-glass or metallic. They 

Fig. 10.8. Maximum and minimum thermometers. (Courtesy Julien P. Friez 
& Sons, Inc.) 

have various ranges depending on the locality in which they are 
to be used. A com~on range is from 0° to 120°F. They may be 
purchased for a variety of prices, but one must not expect too 
much accuracy in an inexpensive thermometer. A large part of 
the cost of a thermometer is due to careful workmanship, since 
the raw materials for an expensive thermometer cost little, if 
any more, than do those for a less expensive thermometer. 

60. Maximum and Minimum Thermometers. As the names 
indicate, these thermometers are for registering the highest and 
lowest temperatures which have occurred during a given period 
of time. The construction of one type of maximum thermometer 
has been explained in connection with clinical thermometers. 
The minimum thermometer contains a colorless liquid - usually 
alcohol - in which is floating a small metal marker. As the 
temperature lowers the alcohol contracts and the surface tension 
film is strong enough to move the marker down. Then, when the 
temperature goes up, the alcohol expands and flows around the 
marker, leaving it to indicate the lowest temperature that had 
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occurred. The end of the marker away from the bulb indicates 
the minimum temperature since that is the end which was in 
contact with the surface film. The thermometer is reset by stand
ing it on end with the bulb end up so that gravity can pull the 
marker to the end of the alcohol column which is indicating the 
present temperature. This thermome-
ter must be in a horizontal position 
While it is operating, so that gravity 
will not move the marker. The chief 
use of these thermometers is in weather 
bureau offices, though they may be 
used any place where maximum and 
minimum temperatures are of value 
or interest. 

Six's thermometer IS a combination 
maximum and minimum thermome
ter which is often used in weather 
bureaus. (See Fig. 10.9.) The bulb 
A and the bore up to B contain 
alcohol. From B to C the bore is filled 
with mercury, and from C to D there 
is more alcohol. Two small iron in
dexes are in the bore - one above B 
and the other above C. These are held 
in position by small steel springs. 
When the temperature rises the alco-
hol in A expands and pushes the mer-
cury along the tube. The mercury 
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Fig. 10.9. A Six maximum 
pushes the index c up the tube and and minimum thermometer. 

later when the temperature falls it 
remains to indicate the highest temperature that occurred. 
Also when the terr .. perature falls the alcohol in A contracts, the 
mercury at B rises, and the index b is pushed up to the lowest 
temperature. Consequently the lower ends of c and b indicate 
the highest and lowest temperatures which occurred. The ther
mometer is reset by drawing the indexes down to the mercury 
with a small horseshoe magnet. 

61. Thermograph. The name indicates that this is a record
ing thermometer since "thermograph" means literally "to write the 
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temperature." The _sensitive part of the instrument is either 
(1) a curved tube, filled with a liquid, which straightens when the 
temperature, and consequ,ently the pressure, increases, or (2) a 
curved strip made of two 'kinds of metal, one of which expands 

Fig. 10.10. A thermograph. (Courtesy Julien 
P. Friez & Sons, Inc.) 

more than the other for a given temperature change and thus 
changes the curvature of the strip. The motion of the curved 
piece moves a pointer which has an inked pen on the end. The 
pen rests against a chart which is on a revolving cylinder. The 
chart is marked with the days and hours, and temperatures, and 
furnishes a continuous record of the temperature for the period 
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Fig. 10.11. A thermograph chart. 

it covers. A special ink which does not dry quickly is used on the 
pen and one inking will last for several days. The cylinder on 
which the chart is placed is driven by a clocklike mechanism. 

Thermographs are used in many places. Those intended for 
weather bureau use have charts covering a period of one week 
and a set of fifty-two makes a complete record for one year. 
Others are made to record the temperatures for any desired 
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number of days and for any desired temperature range. T hey 
may be used in hospitals, nurseries, greenhouses, and school
rooms; or they may be used in testing refrigerators, ovens, hot
beds, and cold storage plants. 

STUDY QUESTIONS 

1. When was the first thermometer made? By whom? 
2. Why is mercury a suitable liquid for use in thermometers? 
3. Does the temperature of a body indicate in any way how much 

heat is in the body? 
4. Why is the Centigrade scale to be preferred to the Fahrenheit 

scale? 
5. Why are recording thermometers of value? 
6. What failures in cooking may be eliminated by the use of ther-

mometers? 
7. Why should thermometers be aged? 
8. Why are clinical thermometers made with cylindrical bulbs? 
9. What causes surface tension? In what thermometer is surface 

tension of importance? 
10. What is the purpose of a constriction in a thermometer bore? 
11. Is the cost of a thermometer due chiefly to the materials used in 

its construction or to the care with which it has been made and 
calibrated? 

12. What factors influence the quickness of response of a thermometer? 
13. What is meant by the sensitivity of a thermometer? What details 

of construction determine the sensitivity of a thermometer? 
14. Explain how "absolute zero" was determined. 

PROBLEMS 

1. If the temperature cI1anges 45 degrees on a Fahrenheit ther
mometer, what is the corresponding change on a Centigrade 
thermometer? Ans. 25 deg 

2. If the temperature changes 45 degrees on a Centigrade ther
mometer, what is the corresponding change on a Fahrenheit 
thermometer? 

3. What temperature on a Fahrenheit scale corresponds to 20°C? 
. Ans. 6SoF 

4. What temperature on a Centigrade scale corresponds to 9S.6°F? 
5. A candy thermometer has "soft ball" at 240°F. What is the cor

responding temperature on a Centigrade thermometer? 
Ans. 115.6°C 

6. Ice cream has a temperature of about - SoC. What is the cor
responding Fahrf:nheit temperatur~? 
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7. A temperature of 27°C corresponds to what absolute temperature? 
Ans.3000A 

8. A temperature of 373°A corresponds to what temperature on the 
Centigrade scale?' \ 

9. What temperature has' the same value on both the Centigrade and 
Fahrenheit scales? 1\ Ans. -400 

10. What temperature is ha~f way between the freezing and the boiling 
points of water on the' Fahrenheit scale? 

11. If the temperature of 200 cubic centimeters of gas at 27°C is in
creased to 57°C, what is the new volume if the pressure is held 
constant? Ans. 220 cu em 

12. The pressure of a given volume of gas at 27°C is 80 centimeters of 
mercury. If the volume remains constant, what will the pressure be 
when the temperature increases to 127°C? 

13. An oxygen tank which has a volume of 2 cubic feet is full of oxygen 
at a gauge pressure of 2085 pounds per square inch and at a tem
perature of 7°C. What volume will the oxygen occupy if it is 
changed to normal atmospheric pressure and a temperature of 
27°C? Ans. 300 ell ft 

14. If 5 cubic feet of air at normal atmospheric pressure and at a 
temperature of 27°C are pumped into a tire, what is the gauge 
pressure after the tire is placed in a garage where the, temperature 
is 17°C? Tl1e volum~ of the tire is 1.5 cubic feet. 
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EXPANSION 

The expansion of a material due to, a rise in temperature has 
been mentioned several times in the previous chapter. Expan
sion is due to increased molecular activity and the increase in 
distance between molecules resulting from the addition of heat 
energy. Bread rises more rapidly if placed in a warm place be
cause the carbon dioxide gas given off by the yeast plants expands 
and increases the size of the tiny gas pockets in the dough. When 
the bread is baked, the yeast plants are killed, but the carbon 
dioxide, which is in the dough when it is placed in the oven, 
expands still more because of the high temperature in the oven. 
If the oven is too hot at first, a hard crust will form on the loaves 
and prevent the maximum expansion of the dough. Sometimes if 
dough is allowed to rise too much before it is baked, it will "fall" 
when the pan is moved, because the dough has expanded until 
the walls of the gas pockets cannot withstand any jar or vibration 
without collapsing. Baking powder and soda unite with the 
liquids in a dough or batter to form carbon dioxide, and this gas 
expands when the food is cooked. In the above instances the 
expansion is also partly due to the fact that the water in the 
dough turns into steam and increases in volume mariy times. 
When an egg is beaten, air is mixed with it, and when this air is 
heated, it expands and thus helps to make the food lighter. The 
fluffiness of an omelet depends largely upon the amount of air 
beaten into the eggs when it is made. Eggs should be at room 
temperature when they are beaten, because the surface tension 
of the egg film decreases when the temperature increases. Conse
quently more air can be incorporated, and greater expansion 
resl,llts when the food is cooked. 

Screw lids on jars will often loosen more easily if they are 
dipped into hot water for a few minutes, because the metal 

123 
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expands more rapidly' than the glass, and then the lid fits more 
loosely. The ste~l rails of a railroad track are laid with a small 
amount of space betwd:n adjoining ends to allow for the expan
sion of the iron. Sidewalks and pavements are built in sections 
with expansion joints ~etween the sections to prevent cracking 
and buckling in hot weather. Allowance must be made for expan
sion and contraction on bridges - often the spans rest on rollers 
and interlacing projections join the spans. Allowance mU\lt be 

A 

/ 

Fig. 11.1. Linear expansion apparatus. 

made for the change in length of steam and water pipes in build
ings. Enamel on cooking utensils or stoves may crack if there is a 
sudden change in temperature, 'because the enamel has a differ
ent coefficient of expansion than the iron base on which it is 
coated. Consequently enameled stoves should not be washed 

I 
when they are hot, and enameled pans should not be taken from 
the refrigerator and put over a flame immediately. 

A simple demonstration J<2r showing the increase in length of 
a rod is shown in Figure 11.1. When AB is heated, it increases in 

length a trifle, but this increase is made more 
o c:::::> apparent by means of the lever CD. In Fig-o = ure 11.2 the iron ball will just pass through 

the ring when the ball is cold, but if it is 
Fig. 11.2. Iron ball heated, it will not go through the ring. If 

and ring. 
the ring is heated instead of the ball, the 

diameter of the opening will increase and the cold ball will, go 
through the hot ring .. 1£ both are heated equally, the ball will 
still go through the ring since the increase in diameter of the ball 
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is the same as the increase in the diameter of the opening in the 

ring. 
62. Factors Affecting Expansion. Experiments have proved 

that the change in size of an object due to a change in tempera
ture depends on three factors: (i) the coefficient of expansion, 
which depends on the kind of material, (2) the original size of 
the object, and (3) the change in temperature. One may be 
concerned only with the change in length, or the change in area 
or volume may be the important item to consider. 

The coe.fficient oj linear expansion is the change in length oj a unit 
length oj the material (measured at aoe or 32°F) for a change in tempera
ture oj one degree. Thus the change in length is equal to the product 
of the coefficient of expansion a, the original length l, and the 
temperature change t. 

Change in length = alt 

Likewise the change in area or the change in volume may be 
c2.lculated. The coefficient of area expansion b is equal to ap
proximately two times the linear coefficient, and the volume 
coefficient c is equal to approximately three times the linear 
coefficient. In the case of liquids and gases the volume coefficient 
is the only one possible. 

'TABLE OF EXPANSION COEFFICIENTS PER DEGRE~ ~ 

MATERIAL LINEAR AREA VOLUME 

Aluminum 0.000023 0.000047 0.000071 
Brass 0.000019 0.000038 0.000057 
Concrete 0.000012 0.000024 0.000036 
Copper 0.000016 0.000032 0.000048 
Glass 0.000009 0.000018 0.000026 
Cass (Pyrex) 0.000003 0.000006 0.000009 
Ice 0.000052 0.000104 0.00\)155 
Iron 0.000011 0.000022 0.000033 
Platinum 0.000009 0.000018 0.000027 
Porcelain 0.000004 0.000008 0.000912 
Silver 0.000019 0.000039 0.009058 --Mercury 0.00018 
Water - 0.00043 
Ga&es 0.00366 (1/273) 

The coefficients vv'ere obtained experimentally by measuring 
the change in size and dividing this change by the original size 
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and by the number of degrees' change in temperature. The 
coefficients are usually igiven for a change in temperature of one 
Centigrade degree and the corresponding Fahrenheit coefficients 
may be obtained. by mvltiplying the Centigrade coefficient by 
5/9 since a Fahrenheit degree is only 5/9 as large as a Centigrade 
degree. The coefficients 'fTe independent of the length, area, or 
volume units used in det~rmining the coefficients. 

I t will be noted that Pyrex glass has a much smaller coefficient 
of expansion than ordinary glass so that when it is subjected to 
sudden temperature changes the change in size between ad
jacent layers is usually not enough to cause cracking. For this 
reason Pyrex glass dishes may be made much thicker than those 
made from ordinary glass and are less likely to be broken in 
general kitchen use. It will also be noted that platinum has the 
same coefficient as glass; hence ptatinum is often used when it is 
necessary to fuse a. metal into glass since a metal with a different 
coefficient would cause cracks to form around the seal when it 
cooled. But because platinum is expensive, an inexpensive alloy 
called kovar, or else a copper-clad steel wire, is now used in the 
manufacture of electric light bulbs to seal the wires into the 
glass. 

6:3. :Thermostats. A thermostat is a device jar maintaining a (;on
stant temperature. The type which is generally used in connection 
with a house-heating system consists of a bimetallic strip which 
cuds and straightens with changes in temperature and in so doing 
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Fig. 11.3. Diagrammatic sketch of a thermostat and the electric connections 
for an air conditioning system. 
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opens or closes an electric circuit to a motor which opens or closes 
a draft or a fuel valve, or which operates a stoker. The tempera
ture at which the thermostat operates is controlled by turning a 
temperature indicator which is really a 
device for regulating the pressure on the 
bimetallic strip. The thermostat may be 
connected to turn on the heating system 
if the temp_erature is too low or to turn 
on the cooling system if it is too warm. 
(See Fig. 11.3.) The thermostat in a re
frigerator, an 'electric iron, or a heating 
pad may operate in exactly the same way. 

In another type of thermostat an electri
cal circuit is made or broken as the mer
cury level in a tube rises or falls because 
of temperature changes. (See Fig. 11.4.) 
The circuit is complete when the mercury 

Fig. 11.4. A ther
mostat which operates 
at one temperature only. 

expands enough to make contact at C. This contact may cause 
a warning bell to ring or a motor to start. The disadvantage of 
this type is that the temperature at which it operates cannot 
be adjusted. This is essentially the type of thermostat used 

in a sunshine-duration recorder. (See 
( ) Sec. 115.) .... ~.&!i., •• !!!!!I!!!!!I. One type of electric-oven thermostat 

, '" has a bimetallic strip under one end of 
a tube of G1ercury. As the temperature 
increases, the strip curls and tips the 
mercury tube, causing all the mercury 
to run to one end. This breaks the elec,.. 
tric circuit. As the oven cools, the strip 

Fig. 11.5. Electric-oven straightens and allows the tube to lie 
temperature regulator. horizontally, and this straightening com

pletes the circuit again. 
64. Change of Size Due to Change of State. When a vapor 

changes to a liquid it decreases decidedly in volume. The mole
cules are far apart in the vapor state, but when energy is re
moved from the gas, the molecules move more slowly in shorter 
paths and consequently fill less space. It has been found by 
experiment that 1 gram of water in the vapor state at 100°C 



128 EXPANS'ION [eh. 11 

occupies about 1750 ,c.ubic centimeters but in the liquid state 
it occupies only 1 cUP1~ centimeter. When liquids change into 
solids most of them S~lOw a decrease in volume - a pan of 
melted paraffin or lard usually has a depression in the surface 
when it solidifies. 1\ 

But water behaves in ~n entirely different manner. It contracts 
as it cools just as other liquids do until it reaches 4°C - then it 
expands as the temperature continues to decrease to O°c. When 
water freezes it expands about one-eleventh in volume. Thus the 
ice is considerably lighter than the water, and it floats. This 
expansion of water as it freezes is of importance in nature. When 
lakes and rivers- freeze over the ic~ stays on top and acts as an 
insulator to prevent further loss of heat from the water below tht~ 
ice. Thus fish and other water life are protected from extremel,; 
cold temperatures. If the ice were denser than water it wouIe: 
sink to the bottom as it froze, more ice would form and sink, and 
soon the river w~:)Uld be frozen solid. The next summer it woulr1 
begin to melt at the top, but, since water is a poor conductor of 
heat, possibly: only a relatively thin layer would melt. It is for
tunate that icebergs float with about one-ninth of their volume 
above water, and consequently give warning of their presence. 
Rocks are weathered and soil is loosened as the water in them 
freezes and expands. So far only the advantages of this expansion 
have been mentioned,~t there are some disadvantages. Water 
pipes and car radiators freeze and burst; plant cells, which con
tain a great deal of water, freeze, and the resulting expansion 
breaks the cell walk 

There are a few 'other substances which expand -when they 
solidify. Type metal which is an alloy of antimony, lead, and tin 
expands, and this property causes the letters to be sharp and well 
formed. If a material were used which contracted as it cooled, it 
is easy to see that an E might print as an F or e as c, and the fine 
points on the type letters, which aid in making the print easy tc 
read, would be missing. Cast iron is another material which 
expands on solidifying and fills the mold completely - in fact 
allowance is made for the expansion, otherwise the mold would 
burst. Consequently odd-shaped pieces for machinery can be 
cast and the cost of production is decidedly less than it would be 
if each piece had to be shaped from the solid metal. or ground 
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down from a casting made in approximately the correct shape 
but larger than the finished article to allow for uneven shrinkage 
as the material solidified. 

Cupper, gold, silver, and nickel contract as they 
solidify; therefore coins cannot be cast, but must 
be stamped with a heavy die. 

65. Pendulums and Balance-Wheels. Pendu
lums are used to regulate the speed of clocks
the longer the pendulum the slower the clock runs. 
ff the pendulum is made of metal, the length 
changes as the temperature changes, and the accu
racy of the clock is affected. If wood is used instead 
of a metal, it changes length because of changes in 
the humidity. One way of -::ompensating for the 
change in length of a metal pendulum is shown 
in Figure 11.6. Two containers of mercury are 
mounted at the lower end of the pendulum rod. 
Since the expansion of mercury is considerably 

greater than that of 
the brass or steel 
which is used for the 
rod, the increase in 
length of the pendu
lum due to the rod is 

Fig. 11.6. A 
clock pendu-
lum. 

counterbalanced by the rise in the 
center of gravity of tre mercury. 

The balance wheel in a watch is "Fig. 11.7. Balance wheel. of a 
made as shown in Figure 11.7. The watch. 
rim of the wheel is bimetallic, _and 

as the:: temperature increases, the free ends of the sections of the 
rim curl in. This decrease in the size of the wheel is offset by 
the increase in the length of the spokes. 

STUDY Q,UESTIONS 

1. Why does ice float? 
2. Why may the mercury thread in a thermometer fall a little when 

the thermometer is first put in hot water? 
3. Should an oven rack or the grate in a furnace fit tightly when 

it is cold? 
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4. Is any provision made ~n hot-water and steam pipes for the change 
in length due to chang~s in temperature? 

5. Why are sidewalks and paved roads made in small sections? Why 
is the material between the sections of a paved road more notice
able in the summertimb? 

6. Why will a metal can cover come off easier after it has been 
dipped in hot water a f~w seconds? 

7. Why will a drop of coldl water on a hot glass dish usually break it? 
8. Why does a fireplace sometimes smoke at first but does not after 

the fire has burned a few minutes? Often the smoking can be 
stopped by holding a flaming paper under the flue. Why? 

9. Enameled stoves should .not be washed when hot. Why? 
10. Why is a Pyrex glass dish less likely to break than one made of 

ordinary glass? 

PROBLEMS 

1. If a Pyrex dish is 9 inches long at 70°F, how long is it at 270°F? 
Work the same problem assuming that the dish is made of ordinary 
glass. Ans. 9.003 in.; 9.009 in. 

2. How much will an 18-inch iron oven rack increase in length if the 
oven temperature changes from 70°F to 470°F? . 

3. How much will the (volume of 4 cubic feet of water change if the 
temperature is changed 30 Centigrade degrees? Ans. 0.0516 cu ft 

4. If 3000 cubic feet of air are heated from 15°C to 20°C, what is the 
resulting volume? 

5. A piece of material is 10 inches long at 20°C. At 100°C it is 
10.0152 inches long. What kind of material is it? Ans. Silver 

6. A piece of material which has a volume of 10 cubic feet is warmed 
from 43°F to 70°F. It then has a volume of 10.0107 cubic feet. 
What is the material? 

7. If one gallon (23~ cubic inches) of water freezes, how many cubic 
inches will it increase in size? What is the total volume of the ice? 

Ans. 21 cu in.; 252 cu in. 
8. If 1 gallon of water is turned into steam at atmospheric pressure, 

how much space does it occupy? 
9. If an iron bridge increases 1.65 inches in length from a winter day 

when the temperature is 20°F to a summer day when the tempera
ture is 110°F, how long is the bridge? Ans. 250 ft 

10. How much m-ust the temperature of 3000 cubic feet of air be in
creased in order to increase the volume of the air lO cubic feet? 
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QUANTITY OF HEAT 

Adding heat to a body may chang~ its temperature, its state, 
its size, or its physical characteristics, but whatever change 
takes place, the amount of the change will depend on the quan
tity of heat energy added to the body. Heat is a form of energy 
and may be measured in the usual energy units, such as foot
pound and gram-centimeter, but for a good many purposes it 
is more convenient to use units which are based upon the amount 
of heat required to change the temperature of a unit mass of 
water. 

66. Heat Units. Two standard units for measuring quantity 
of heat are the calorie and the British thermal unit. A calorie is the 
amount of heat required to change the temperature oj 1 gram oj water 
1 degree Centigrade. A British thermal unit (Btu) is the amount oj heat 
required to change the temperature of 1 pound of water 1 degree Fahren
heit. The relation between the calorie and the British thermal 
unit may be determined as follows: 1 pound of water is equiva
lent to 454 grams of water but 1 degree Fahrenheit is only 5/9 of 
a degree Centigrade; therefore 1 Btu is equivalent to 454 X 5/9 
= 252 calories. The calorie as defined above is the gram-
calorie (g-cal); however, a larger unit called the kilogram-calorie 
(kg-cal) is used in some measurements, especially in foods work. 
The kilogram-calorie is equivalent to 1000 gram-calories. In 
this book the term "calorie" will always refer to the gram
calorie. A very exact definition of a calorie or a British thermal 
unit states a definite temperature interval-from 15° to 16°0 
for a calorie and from 59° to 60°F for a British thermal unit
since the amount of heat needed to change the temperature of 
a unit mass of water 1 degree is found to change slightly as the 
temperature of the water changes. However, this variation is 

131 
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so small that for all pr~ctical purposes the definition as given 
above will hold from 0° ito 100°C or from 32° to 212°F. 

Not all substances require the same amount of heat to pro
duce a given temperature change. These variations may be 
accounted for by the \differences in molecular structure
different amounts of in't(':rnal work are required to produce a 
given change in temperature as well as to produce the accom
panying change in size. The specific heat of a material is the amount 
cif heat required to change the temperature of a unit mass of a material 
1 degree.1 In the following table we see that the specific heat of 
aluminum is 0.22; this means that 0.22 of a calorie will heat 
1 gram of aluminum 1 Centigrade degree, or that 0.22 of a 
British thermal unit will heat 1 pound of aluminum 1 Fahren
heit degree. 

SPECIFIC HEATS 

(Cal per g-°C or Btu per lb-OF) 

Water 1.00 Porcelain 0.26 
Steam 0.48 Tin 0.05 
Ice 0.50 Glass 0.19 
Air 0.24 Mercury 0.03 
Aluminum 0.22 Crockery 0.20 
Copper 0.09 Brick 0.20 
Iron 0.12 Asbestos 0.19 
Chromium 0.11 Sugar 0.27 
Silver 0.06 Olive oil 0.47 

The specific heat of tea or coffee is approximately the same 
as that of water. Milk contains some solid material and has a 
specific heat of ab~ut 0.92 and the specific heat of 30 per cent 
cream is about 0.'7 at 40°F. Meat, potatoes, eggs, and the 
human body average about O.S. In general, as the per cent of 
water decreases, the specific heat decreases. It is, interesting to 
note the differences betwee; the spe_cific heats of ice, water, and 
steam, which all have the same chemicak,composition but differ 
physically. The thermal capacity of a body is the amount of heat 
required to change the temperature of the body 1 degree. The 
water equivalent of a body is the amount of water which has the 
same thermal capacity as the body. . 

1 Specific heat may also be defined as the ratio of the quantity of heat required 
to raise the temperature of a body 1 degree to that req'lired to raise the tempera
ture of an equal mass of wa,ter- 1 degree. 
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67. Heat Involved in Change of Temperature. It has been 
found by experiment that the amount of heat involved in chang
ing the temperature of a given amount of material depends on 
the mass of the material m, the specific heat of the material s, 
and the temperature change of the material in degrees t. 

H = mst-
For example: 

1. The amount of heat required to warm S pounds of water 
(nearly one gallon) from 70° to 80°F is 

H = mst 
H = 8 X 1 X (80 - 70) 
H = 80 Btu 

2. The amount of heat required to warm 12 grams of steam 
from 100° to 110°C is . 

H = mst 
H = 12 X 0.48 X (110 - 100) 
H = 57.6 cal 

3. The amount of heat required to warm 2 pounds of copper 
from 90° to 120°F is 

H = mst 
H = 2 X 0.09 X (120 - 90) 
H = 5.4 Btu 

68. Heat Involved in Change of State. When heat is added 
to a material, it does not always cause a change in temperature. 
For example, if heat is added to ice at ooe or 32°F, it melts the 
ice instead of increasing the temperature. If more heat is added 
after the ice is all melted, the temperature of the water will then 
begin to increase. When heat is removed from water, the tem
perature .decreases to ooe or 32°F, and then, if more heat is 
removed, the water begins to freeze. The temperature remains 
constant until the material is all frozen, and then the temperature 
begins to decrease again. The same situation exists at the boiling 
point. Water may be warmed to 100°C or 212°F (standard 
pressure); then if more heat is added, the temperature does not 
increase, but the water begins to vaporize. After it is all vapor
ized, the temperature of the vapor begins to increase if more 
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heat is added. When heat is removed from water vapor, the 
temperature decreases to 100°C or 212°F; then if more heat is 
removed the vapor condenses into water at the same tempera
ture. After all of th~ vaJor is condensed, the temperature of the 
water begins to decreasy\ if more heat is removed. 

The heat involved in the change of state from a solid to a 
liquid, or vice versa, is th~ heat oj jusion, and that involved in the 
change from a liquid to a gas, or vice versa, is the heat oj vaporiza
tion. The heat oj jusion oj a material is the amount oj heat required to 
change the state oj a unit mass oj the material jrom a solid to a liquid at 
the same temperature. The heat oj vaporization oj a material is the 
amount oj heat required to change the state oj a unit mass oj the material 
jrom a liquid to a vapor at the same temperature. The heat of fusion for 
water is 80 calories per gram or 144 British thermal units per 
pound. The hear of vaporization for water is 539 calories per 
gram or 970 British thermal units per pound. This heat energy is 
used to do work,against molecular forces which results in chang
ing the molecular arrangement. Consequently the potential 
energy is inc;reased. These changes account for the differences 
in the three physical states - solid, liquid, and gaseous. 

It has been found by experiment that the amount of heat in
volved in a change of state depends on (1) the mass of the 
material m and (2) either heat of fusionj or heat of vaporiza·· 
tion v. 

H = mj or H = mv 
For example: 

1. The amount of heat required to melt 10 pounds of ice at 
32°F is 

H= mj 
= 10 X 144 
= 1440 Btu 

2. The amount of heat required to vaporize 20 grams of water 
at 100°C is 

H= mv 
= 20 X 539 
,= 10,780 cal 

The changes in state and in temperature for a material, and 
the amounts of heat involved, may be shown diagrammatically. 
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Figure 12.1 shows such a diagram for water. A study of this 
diagram will be helpful in solving the first problem given below. 

In each of the two problems which follow, the question "How 

140 

120 

100 

20 

much heat?" is answered, but 
it is interesting to contrast the 
tWO solutions which differ be
cause of the difference in ma
terial. The first problem, which 
deals with changing ice from 
below O°C to steam above 
100°C, involves five quantities 
of heat; the second problem, 
even though the mass and the 
temperature change are the -20 ~ 

r-_ __.;;S.;;,.;.39..;;.,CA;;;;,L __ --' 100° C 

same as in the first problem, -40'---:'!100:--:2:t:OOc-:-J300~4::!C00:--::5liO;:--":-!sro"--1C!":00---'sOO 
CALORIES 

involves only one quantity of 
Fig. 12.1. Change of state and change 

heat since there is no change of temperature diagram for water. 
of state. 

1. How much heat is required to change 10 grams of ice at 
- 206C to steam at 140°C? 

Amount of heat required = heat to warm the ice to the melt
ing temperature + heat to melt the ice + heat to warm the 
water from the freezing temperature to the boiling temperature 
+ heat to vaporize the water + heat to warm the steam to the 
final temperature. 

H = mst + mf + mst + mv + mst 
(10 X 0.5 X 20) + (10 X 80) + (10 X 1 X 100) + 

(10 X 539) + (10 X 0.48 X 40) 
100 + 800 + 1000 + 5390 + 192 

= 7482 cal 

2. How much heat is required to warm 10 grams of aluminum 
from - 20°C to 140°C? 

H = mst 
= 10 X 0.22 X 160 
= 352 cal 

Heat of fusion and heat of vaporization will be discussed mare 
fully in the next chapter on Change of State. 
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69. Calorimetry. A calorimeter is an insulated vessel in which heat 
measurements are made. It: is usually a thin-walled metallic con~ 

. THERMOMETER 

STIRRER
1 

\ 

I 

./ 
Fig. 12.2. A calorimeter is 

an insulated container to use 
in heat experiments. 

tainer entirely surrounded by layers 
of some heat-insulating material, 
such as felt, bakelite, or hard rubber. 
(See Sec. 90.) Dead air spaces are 
often interposed between layers of 
these materials. If mat~rials at dif~ 
ferent temperatures are placed in the 
calorimeter, it may be assumed that, 
during the short time the experiment 
is being carried on, no heat is gained 
by or lost from the calorimeter and 
its contents, If this ideal situation 
exists within the calorimeter, the heat 
lost by the hot materials is equal to the 
heat gained by the cold materials. (The 
heat involved in 
warming or cool
ing the calorime
ter must be ac
counted for.) 

190-T 

The following problems illustrate the basic 
principle of calorimetry. 

1. If 10 pounds of water at 190°F are mixed 
with 4 pounds of water at 50°F what is the 
final temperature?; 

Heat lost by hot water = heat gained by cold 
water. 

mst =-mst. 

10 X 1 X (190 - T) = 4 X 1 'X (T - 50) 
1900 - 107.= 4T - 200 

14T = 2100 
T = 150°F 

1-50 

Fig. 12.3. The 
unknown tempera
lure is between tlie 
highest and the 
lowest tempera

(This problem neglected the effect of the con- tures. 

tainer in which the mixing was done.) 
2. What is the final temperature if 10 grams of water at 90°C 

is put into an aluminum calorimeter cup which weighs 30 grams 
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and which contains 40 grams of water? The temperature of the 
calorimeter cup, and of the water in it, is 20°C. 

Beat lost by hot water = heat gained by calorimeter cup + 
heat gained by cold water. 

mst = mst + mst 
10 X 1 X (90 - T) = 30 X 0.22 X (T - 20) + 

40 X 1 X (T - 20) 
900 - lOT = 6.6T - 132 + 40T - 800 

56.6T = 1832 
T = 32.4°C 

3. If 2 pounds of ice at 32°F are added to 8 pounds of water 
at 90°F which is in a glass bowl weighing 3 pounds, what is the 
final temperature? 

Heat to melt the ice + heat to warm the cold water = heat 
lost by the warm water + heat lost by the glass bowl. 

mj + mst = mst + mst 
2 X 144 + 2 X 1 X (T - 32) = 8 X 1 X (90 - T) + 3 X 

0.19 X (90 - T) 
- 288 + 2T - 64 = 720 - 8T + 51.3 - 0.57T 

10.57T = 547.3 
T = 51.8°F 

The problem may not ask. for a temperature - perhaps the 
question concerns a specific heat, or a mass, or the amount of 
heat to change the state of one of the materials. The formula 
must be worked out for each individual problem but it must 
always account for all the quantities of heat involved. 

4. What mass of ice at - 12°C must be put into 100 grams of 
water at 60°C to cool it to 40°C? (Neglect the effect of the con-
tainer.) j-, 

Heat to warm the ice to the melting temperature + heat to 
melt the ice + heat to warm the cold water = heat lost by the 
warm water. 

mst + mf + mst = mst 
m X 0.5 X 12 + m X 80 + m X 1 X 40·= 100 X 1 X 20 

126m = 2000 
m = 15.9 g 

While household appliances are not classed as calorimeters, 
many of our heating and cooking appliances have undergone 
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changes intended to make them more efficient in either retaining 
or excluding heat. This increased efficiency has decreased the Cost 
of operation andjncreased the comfort of the operator. Insulated 
devices found in the ~ome are ovens, refrigerators, hot water 
heaters and ice cream freezers. Even the house itself is insulated 

'I ' since one of its purposes; is to keep heat in during the wintertime, 
and out during the su'mmertime. Of course the walls of the 
devices mentioned above are far from perfect heat insulators. 

STUDY QUESTIONS 

1. Which is hotter, a cup of boiling water or a gallon of boiling water? 
Which contains the more heat? 

2. What is the distinction between thermal capacity and specific heat? 
3. How do you account for the variations in the specific heats of 

materials? 
4. What are the specific heats of ice, water, and steam? Why do they 

differ? 
5. Will 1000 calories of heat always produce the same effect in cooking 

a food? 
6. Can you/suggest some uses for water which are probably due to 

the fact that it has a high specific heat? 
7. Does one do any work in calorimetry in the kitchen? 
8. What becomes of the heat energy that must be added to a griim of 

water at lOO°C to change it into steam at lOO°C? 
9. \Vhy does steam at 212°F cause a more serious burn than boiling 

water at 212°F? 
10. Would you expect the heat of vaporization for water at 100°C to 

be more or less than for water at 98°C? 

PROBLEMS 

1. How many British thermal units of heat are required to warm 
8 pounds (approximateli a gallon) of water from 70° to 200°F? 

Ans. 1040 Btu 
2. How many calories of heat are required to warm 100 cubic centi

meters of water from 20°C to 100°C? 
3. How many calories are equivalent to 4 British thermal units? 

Ans. 1008 cal 
4. How many British thermal units are equivalent to S kilocalories? 
5. What is the thermal capacity of 10 pounds of silver? Ans. 0.6 Btu 
6. What is the thermal capacity of a 1 SO-pound person? 
7. How much heat is required, to warm 10 pounds of ice from 20°F to 

32°F? Ans. 60 Btu 
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8. How much heat is given out when 20 grams of steam cool from 
130°C to lOO°C? 

9. How much heat is required to melt 10 grams of ice at O°C? 
Ans. 800 cal 

10. How much heat must be removed from 10 pounds of water at 32°F 
in order that it may freeze? 

11. How much heat must be removed from 10 pounds of steam at 
212°F in order that it may condense? Ans. 9700 Btu 

12. How much heat must be added to 10 grams of water at 100°C 
to convert it into steam? 

13. How much heat is required to change 10 grams of ice at -20°C 
to steam at 140°C? Ans. 7482, cal 

14. How much heat must be removed from 10 pounds of steam at 
240°F to change it to ice at - 20°F? 

15. If 10 pounds of water at 80°F and 15 pounds of water at 50°F are 
mixed, what is the final temperature? Ans. 62°F 

16. If 200 grams of water at 70°C are put into a glass beaker which 
weighs 50 grams and is at a temperature of 20°C, what is the result-. 
ing temperature? 

17. How much hot water at 90°C must be added to 400 grams of water 
in a glass beaker weighing 100 grams to increase the temperature 
from 20°C to 50°C? Ans. 314.3 g 

18. How much cream at 40°F mLlst be added to 1 cup (0.5 pound) of 
coffee at 140°F to cool it to 130°F? The coffee is in a glass cup 
which weighs 0.1 pound. 

19. What is the specific heat of copper if a beaker weighing 300 grams 
and at a temperature of 100 e cools 36 grams of water from 80°C 
to 500 e when the water is put in the beaker? 

Ans. See specific heat table. 
20. When 5 pounds of a material at 160°F is dropped into 2.5 pounds 

of water at 50°F, the temperature of the water increases to 60°F. 
What is the material? 

21. How much ice at 32°F must be put into 2 pounds (approximately 
a quart) of fruit juice (specific heat = 1) to cool it from 84°F to 
44°F? Ans. Approximately 0.5 Ib 

22. How much steam at 100°C is needed to warm 400 grams of water 
and 200 grams of aluminum from 20°C to 35°C? 
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CHANGE OF STATE 

In the preceding chapter change of state was discussed briefly, 
and the amounts of heat involved in changing the state of H 20 
at the freezing and boiling points were used in problems. In this 
chapter fusion and vaporization will be discussed more fully and 
other phenomena connected with changes in state will be ex
plained. 

70. Heat uf jFusior... Every pure, ~yystalline material has a 
definite melting temperature and a definite heat of fusion. The 
heat added ,during fusion does not increase the temperature of 
the material, and the heat seems to disappear, but the kinetic 
theory accounts for its disappearance. It has already been ex
plained that in the solid state the molecules are more rigidly 
held in position and that the paths through which they vibrate 
are shorter than in the liquid state. If the molecules are freer to 
move in the liquid state, work is required to overcome the forces 
of cohesion which limit the motion of the molecules in a solid. 
The heat of fusioti is utilized in doing this work and is stored in 
the material as potential energy which is given out again as heat 
energy if the material changes back to the solid state. 

Some materials such as_g,lass, wax, butter, and paraffin do 
not have definite melting temperatures - they gradually change 
state as the temperature increases - or in other words they 
soften. Such materials are called amorphous materials; that is they 
are really mixtures of materials which change state at various 
temperatures and as one after the other melts the material is 
gradually changed from a solid to a liquid. 

71. Heat of Vaporization. It has been explained before that 'i 
in the liquid state the molecules have less freedom of motion than I 

in the gaseous state. If the molecules are freer to move' in the I 
140 
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o-aseous state, work is required to overcome the forces which 
tJ 

limit the molecular motions in the liquid state. It is the heat of 
vaporization which is utilized for this work and which is stored 
in the material as potential energy. If the gas changes back 
into a liquid, the potential energy is given out again as heat 
energy. 

Liquids may change into the gaseous state at all temperatures. 
If the change takes place quietly from the surface of the liquid, 
the proces~ is evaporation>' but if bubbles of vapor form in the 
liquid, rise, and break through the surface, the process is boiling. 
pure liquids such as water, ammonia, and sulphur dioxiae have 
definite boiling temperatt;.res at standard atmospheric pressure. 
Mixtures of liquids change state gradually because the various 
materials are vaporizing one after the other. By regulating the 
temperature a mixture of alcohols may be vaporized one after 
the other and collected separately. This process is known as 
fractional distillation. 

The following table gives freezing and boiling points, heats of 
fusion and vaporization for various materials. Some of these 
materials are used in household utensils, some in thermometers, 
and some in electric refrigerator~. 

-
HEAT HEAT OF VA-

MATERIAL FREEZING POINT BOILlN(1 POINT 
OF FUSION PORIZATION 

°c I of °C OF Cal/g Btu/lb Cal/g Btujlb 
- --------

Water 0 32 100 212 80 144 539 970 
Mercury - 40 - 40 357 675 2.8 5 65 117 
Alcohol - 130 - 202 78 172 204 367 
Ammonia '- 75.5 - 103.9 - 33.5 - 29 297 534 
Sulphur 

dioxide - 10 14 95 171 
Carbon 

dioxide -
(dry ice) - 56 - 67.2 45.3 81.5 

Aluminum 658 1152 1800 3272 76.8 140 
Iron 1530 2786 2450 4442 8 14.5 
Silver 961 1760 1955 3551 21 38 
Gold 1064 1883 15.8 28.4 
Pewter 280 536 -
Milk - 0.6 31 100.2 212.3 
Salt sol. 5% - 3.0 26.6 100.5 212.9 
Sugar sol. 

5% - 0.3 31.5 100.1 212.2 ! J , 
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72. Sublimation and Frosting. The change in state from the 
solid directly into the vapor state is very common, and is known 
as sublimation. Camphorl moth balls, ice, snow, carbon dioxide 
(dry ice), smelling salts, and nasal inhalants all make this 
change of state. Ice an~ snow often disappear during periods 
of very cold weather ""hen we know they have not melted. 
Sometimes when laundry is hung outdoors in cold weather it 
"freezes dry" - that is, the water freezes and then the ice subli
mates. When a piece of dry ice is exposed to air at room tempera
ture, it appears to be steaming; but the apparent steam is really 
tiny drops of water which are formed when the water vapor in 
the atmosphere is cooled by the dry ice until it condenses. 

The reverse change of state - from the vapor to the solid state 
- is known as frosting. Water vapor in the air outdoors often 
changes directly into frost, which deposits on vegetation, on the 
ground, or on the windshields of cars. In the house frost may 
form on cold windows, and in a refrigerator the moisture deposits 
as frost on the freezing unit. 

73. Freezing Mixtures. A mixture of common salt (NaCl) 
and ice is used to freeze ice cream 'IV hich has to be cooled to 
about 17°F or - 8°C to be hard enough to hold its shape. When 
the salt is added to the ice it causes the ice to melt rapidly, and 
there is a decrease in the temperature or' the mixture. The de
crease in temperature is explained as follows: In order that a 
molecule of H 20 may escape from the surface of the ice and 
become a molecule in the liquid state, a certain amount of 
energy is required, but there is an attraction between the ice 
molecules and the salt molecules which decreases the amount of I 
energy- required. Therefore the ice can melt at a lower than: 
normal temperature when salt is present. The freezing point of 
the solution is lowered as salt is dissolved in it, hence heat can be 
taken from the solution to melt the ice, and the temperature of 
the solution decreases until the ice and the solution are in thermal 
equilibrium. The lowest possible temperature obtainable with a 
mixture of salt and ice is - 22°C or - 7.6°F, which is the freez
ing point of a saturated salt solution. One part of salt to three 
parts of ice (by weight) is roughly the proportion for saturation. 
However less salt - about one part of salt to six or eight of ice -
is a better proportion for freezing ice cream, because if ice cream 
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is frozen too rapidly it is crystalline instead of SInooth and 
velvety. More salt than the 1:3 ratio of salt to ice causes more 
rapid freezing but does not produce a lower temperature than 
the 1:3 ratio. 

74. Heat of Solution and Heat of Hydration. When a crys
talline salt is dissolved in water, energy is taken from the water 
to separate the atoms or ions which are arranged in a definite 
pattern in the crystal. This energy is the heat qf solution. But com
binations between these atoms or ions and the solvent may evolve 
heat. This heat is known as heat qf hydration. If the heat of solu
tion is greater than the heat of hydration, the temperature of the 
solution decreases; but if the heat of hydration is the greater, then 
the temperature of the solution increases. When salt (NaCI) is 
added to water the temperature is lowered slightly because the 
heat of solution is greater than the heat of hydration, but if sodium 
hydroxide (NaOH) is added to water the temperature increases 
considerably because the heat of hydration is greater than the 
heat of solution. 

75. Evaporation. If water is placed in an open dish, it will 
all disappear if left long enough. If the hands are dipped in water 
but not dried with a towel, they soon dry 
in the air. If a perfume bottle is left un
stoppered, it is soon empty. In each case 
a liquid has evaporated. 

Since the molecules of a liquid are in =--==
constant motion, it is reasonable to sup-
pose that some are moving faster than 
others, and as they dart to and fro, it is 
quite possible that some of these molecules 
will dart out far enough from the surface 
of the liquid to escape - or in other· Fig. 1.3.1. Evaporation of 

words some of the molecules have evap- a liquid. 

orated. However, there is an attraction between the molecules 
which tends to draw back into the liquid those that dart out, 
and if they are not going too fast when they leave the surface, 
they will be drawn back into the liquid as at a, b, c, and d in 
Figure 13.1. But some molecules, like e and], will have enough 
kinetic energy to carry them away from the surface, and they 
are then in the vapor state. Since the molecules with the most 
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kinetic energy escape'i the average energy of the remallllng 
molecules becomes less, or, in other words, the temperature of 
the remaining liquid is 'decreased slightly. 

Liquids vary &cide~ly in rate of evaporation - some like 
gasoline and ether ev~porate rapidly; water evaporates more 
slowly; mercury evaporates very slowly. The rate of evaporation 
always i.ncreases a:s t~e temperature of the liquid increases 
because heating the liquid furnishes the energy necessary for the 
escape of the molecules. Since evaporation takes place at tem_ 
peratures below the boiling point, the heat absorbed per unit 
mass of material is slightly more than the heat of vaporization at 
the boiling point. The amount of heat required at various tem
peratures toO evaporate a unit mai>S of water is shown m the 
following table. 

TEMPERATURE 

°c 
10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

OF 
32 
70 

100 
150 
212 

HEAT OF VAPORIZATION 

Cal per g 

590 
585 
580 
574 
568 
563 
557 
551 
545 
539 

Btu per lb 

1072 
1052 
1036 
1007 
970 

The greater the pressure, over the surface of the liquid the 
harder it is for the molecules to escape. For this reason liquids 
are kept in closed containers to prevent evaporation - the region 
above the liquid then becomes saturated, and molecules return 
to the liquid at the same rate that others leave the liquid, or a 
state of equilibrium exists. When a bottle of perfume is opened, 
the vapor escapes, and we smell the perfume. When the bottle 
is corked again, evaporation takes place until the space above I 
the liquid is saturated; then there ~s no more evaporation until' 
the bottle is opened again. Water evaporates faster on a day I 
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wnen there is little moisture in the atmosphere, and it evaporates 
faster when the wind is blowing so that the vapor is blown away 
as fast as it forms. 

76. Boiling. When a liquid is heated the liquid in the bot
tom of the dish where the heat is applied increases in tempera~ 
ture and soon becomes hot enough to turn into a vapor. These 

70'f 

170'F 

=--_; 
-=-j""" ~-.: 

-- ---=---==:...c ~ --:::=__ 

- Fig. 13.2. Simmering and boiling. 

212'f 

bubbles of vapor rise and break through the surface when the 
vapor pressure in the bubbles just exceeds the pressure on the 
surface of the liquid. If th~y break below the surface, the liquid 
is simmering. The temperature at which boiling occurs depend~ 
chiefly on the kind of liquid and the pressure over the liquid, 
While the boiling point of water is 
usually said to be 100°C or 212°F, 50 

that is the correct temperature only z: 45 

when the atmospheric pressure is g 40 

equal to 76 centimeters or 30 inches ~ 35 
~ 30 

of mercury. The following table shows 2!; 
8' 25 

the temperatures at which water boils :3 
~ 20 

for various pressures, and this in- ~ 15 

formation also is shown graphically ~ 10 

in Figure 13.3. g; 

Other factors sometimes change 
the boiling point slightly. When salt 
is added to water, the boiling point Fig. 13.3. Pressure-tempera
is increased because the salt decreases ture curve for water vapor. 
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thl':: vapor pressure within ~he bubbles so that the solution mUst 
be heated to a higher temperature before the vapor pressure 
exceeds the pres~ure ?n the surface of the liquid. The shape 
and material of the container influence the boiling point also 
Water may boil in ~ m:etal dish at a temperature several degree~ 
below that in a glass dish because the force of adhesion between 
water and glass is higH. If water is boiled in a container which 
has a curved bottom such as a round-bottomed flask, the boiti1g 
point tends to be higher than it is in a flat-bottomed container. 
If beads, tacks, or pebbles are put in the rounded container the 
boiling point is lowered - probably to normal. 

! 
TEMi'ERATURE I PRESSURE TEMPERATURE 

OF Lb per Sq In. 'Cm of Mucury °c 
I 

32, 0.1 0.5 0 
50' 0.2 0.9 10 
68 0.3 1.8 20 
86 0.6 3.2 30 

104 1.1 5.5 40 
/ 122 1.8 9.3 50 

140 2.9 14.9 60 
158 4.6 23.4 70 
176 7.0 35.5 80 
194 10.4 52.6 90 
212 14.7 76.0 ' 100 
:,d0 20.8 107.5 110 
248 28.8 148.9 120 
266 39.2 202.6 130 
284 52.4 271.0 140 

77. Vacuum Pans. The fact that lowering the pressure over I 
the surface of a liquid decreases its boiling point may be demon
strated in two ways. (1) If some water is placed in a flask and 
boiled, the air above the water will be driven from the flask. If 
the flask is removed from the fire, corked tightly, inverted, and 
then cold water is poured over it, the water will again begin to 
boil. This is because the steam is condensed, the pressure reduced, 
and the water is hot enough to boil at this reduced pressure. If the 
experiment is continued, the water will still be boiling when the. 
flask is cool enough to hold in the hand. (2) If some hot water is 
placed in a dish under a bell jar which is connected to a vacuum 
pump so that the air can be pumped out, the water will begin I 
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to boil when the pressure is reduced to just less than the vapor 
pressure in the liquid. 

The fact that water will boil at a lower temperature if the 
pressure is reduced is made use of in vacuum pans. These are 
devices for preparing foods in which the water content should be 

t 
decreased but at a temperature which 
will not change the chemical composition 
of the food. In sugar refineries the syrup 
must be boiled to reduce the water con
tent in order to obtain granulated sugar. 
If this is done at normal pressure, the 
temperature is high enough to scorch the 
sugar, but in a vacuum pan the pressure 
is reduced by means of a pump and the 
water evaporates at a much lower tem
perature. Evaporated milk, dried eggs, 
dried fruits, candies, jellies, and pre
serves are prepared in vacuum pans. It 
should be noted that evaporation is the 
chief aim and- cooking is secondary. In 

~ 
'1,1, 

-

I~, 

Ij 

Fig. 13.4. Boiling at re-
fact the decrease in temperature would duced pressure. 

only increase the cooking time. When 
our grandmothers made preserves, they cooked them all day 
over a low heat, stirring frequently to prevent scorching. This 
was not done because the strawberries 'or cherries needed so 
much cooking - it w'as .done to evaporate the liquid. Vacuum 
pans for home use are not on the market but in commercial 
food preparation they are very important. 

78. Steam Cooking Devices. There are a number of cooking 
devices which use steam at normal 'or above normal tempera
tures, and often the operator does not fully understand why 
different_amounts of time are required for the same cooking 
process because of the differences in temperature. 

The most common of these devices is the double boiler. Water 
is placed in the lower pan and the food in the upper pan, which 
fits tightly into the lower one. The water boils in the lower pan 
at a temperature depending on the atmospheric pressure, or at 
a temperatm:e slightly higher, since, if the two pans fit together 
very well, there may be a slight increase in pressure. But the 
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cooking may be considered as being done at the normal boiling 
temperature of water, and the temperature in the food container 
will not go above the boiling point of water· no matter how fast 
the water boils. This cooker is suitable for making cream sauces 
and custards which would scorch or curdle if the temperature 
were higher. The inner container ~ay be perforated, and the 
steam then rises around and through the food and cooks it in 
about the same time that it would cook in boiling water, bu l.\ it 

Fig. 13.5. Steam-jacketed kettle. 
(Courtesy The Aluminum Cooking 
Utensil Co.) 

is an advantage to cook some 
foods in steam rather than in 
boiling water\ pecause the min
eral content of the food is not 
reduced and the food s retain 
their sha pe better. 

Fig. 13.6. A steamer of the type 
used in an institutional kitchen . 
(Courtesy Cleveland Range Co.) 

In hospitals, cafeterias, hotels, and other places where steam 
under pressure is available, cooking devices similar to the two 
just discussed are used, but the temperatures are higher, because 
the pressure used is above normal. The steam-jacketed kettle is 
one of these devices. It is similar to the double boiler except that 
it is larger, and the top is fitted into the lower part with a steam
tight joining. Steam is introduced into the lower section, and the 
condensed steam is re~oved through a drain valve. The steamer 
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is a device similar to a large oven. The food is placed in either 
open or closed pans on the shelves, and when the door is closed, 
the steam under pressure is turned into the food compartment. 
When the door is to be opened, the steam must be turned off. 
On some steamers the closing or the opening of the door auto
matically turns the steam on or off. Of course the steam which 
is already in the food compartment escapes; therefore the person 
opening the door should be careful to avoid being burned. These 
devices are generally used with steam 
at, or slightly above, normal pres
sure, depending on the kind of food 
which is to be cooked. 

Pressure cookers are cooking de
vices which are generally used at 
pressures and temperatures consider-
ably above normal. The food and a 
suitable amount of water are placed 
in the cooker and a tight-fitting lid is 
clamped on, so that the joining is 

THERMOMETER 

steamtight. Vhe lid is provided with 
1 

Fig. 1.3.7. Cross-section of a 
severa attachments - a pressure pressure cooker. 
gauge, a pet cock, and a safety valve. 
The pressure gauge registers the pressure in pounds per square 
inch, and may have the corresponding temperatures on the 
dial. Of course these temperatures are based on 100°C or 212°F 
as the boiling point of water, and would not be quite accurate 
for other starting temperatures. A thermometer would be a more 
accurate and a more sensitive indicator than a pressure gauge, 
but is not so convenient, and is more easily broken. The pet cock 
is an outlet for air or steam - it is simply a cutoff valve which 
may be used to open or close an opening into the cooker. The 
safety valve is, as its name suggests, a device for preventing the 
pressure from going too high - the construction varies but the 
details are always given in the instruction book which accom
panies the cooker. When the safety valve is forced open, the 
escaping steam makes enough noise to warn the person who is 
using the cooker. . 

After the food and water have been put into the cooker and 
the lid properly adjusted, the cooker is put on the stove with the 



150 CHANGE OF STATE leh.13 

pet cock open. When steam forms, first the air is driven out, and 
then steam begins to escape. When steam has escaped for several 
minutes - long enough t,o be sure all of the air is out - the pet 
cock is closed and then the pressure and the temperature begin 
to increase. When the desired pressure has been reached, it may 
be held constant by regulating the source of heat. When the food 
has cooked for the required time, the cooker is removed from the 
fire and the pet cock opened to allow the pressure to go down to 
normal. Then the lid may be removed. The lid must never be 
removed while there is any pressure. Serious burns have resulted 
when, through ignorance or carelessness, the operator has 
loosened the lid while there is still steam under pressure in the 
cooker. All parts of the cooker should be cleaned and dried each 
time after the cooker is used. The safety valve should be taken 
apart to make sure it does not rust and stick and thus fail to be a 
safety device. 

The above procedure is the general plan - variations are 
made according to the type of food being cooked. The pet cock 
is opened when the cooking period is ended if the food should 
be dry and flaky - for example, potatoes; but if the steam 
should condense on the food to make it moist, as in the case of a 
pot roast or chicken, the pet cock is left closed until the pressure 
has gone down to zero. Then there is less than normal pressure 
in the cooker because of the condensation of the steam, and the 
pet cock must be opened to allow air to enter before the lid can 
be removed. If glass containers of food are processed in the 
cooker, the pressure should be allowed to go down to zero before 
the pet cock is opened. Otherwise since food in the containers 
does not cool at a rate corresponding to the decrease in pressure, 
the liquid in the containers tends to vaporize. Since water 
increases in volume about 1750 times when it turns into steam 
at normal pressure, the pressure may even be great enough. to 
burst the can. In any case all of the vapor cannot remain in the 
container, and therefore the containers are not full when taken 
from the cooker. If tin cans are used, they are sealed before they 
are put in the cooker, and since the tin will stand the sudden 
increase in pressure, the pet cock may be opened as soon as the 
cooking time has elapsed. 
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Pressure saucepans are used extensively in homes. They are 
simply small pressure cookers, but they are convenient to handle 
both because of their small size and because the attachments are 
easy to use. The lids are usually equipped with a rubber gasket, 
and all that is required to ad
just the lid is to place it on the 
cooker in the proper position 
and rotate it slightly until it is 
locked in place. The steam ven t ; 
is left open until the air is driven 
out, and then it is closed by 
putting a pressure. regulator 
over the vent pipe. The pres
sure regulators are made in a 
variety of ways, but in general 
provide a means of regulating 
the pressure to 5, 10, or 15 
pounds per square inch (gauge 
pressure). When the cooking 

Fig. 13.8. A pressure saucepan. 
(Courtesy Aluminum Goods Manu
facturing Company) 

time has elapsed and the pressure has been reduced to normal, 
the pressure regulator is removed. and it is then safe to take off the 
lid. An over-pressure plug is provided which will allow the steam 
to escape before the pressure becomes dangerously high in case 
the steam vent becomes clogged and does not let the pressure 
regulator operate as it should. 

STUDY QUESTIONS 

1. How does a crystalline material differ from an amorphous material? 
2. When a material changes from a liquid to a solid, does it absorb 

heat or give out heat? 
.'3 . Distinguish between evaporation and boiling. 
4. What is distillation? 
5. What is sublimation? Frosting? 
6. What is the most common freezing mixture? 
7. Distinguish between heat of solution and heat of hydration. 
8. What is the chief function of a vacuum pan? 
9. How does a steamer differ from a steam -jacketed kettle? 

to. Is the temperature in a steamer necessarily much higher than that 
in boiling water? Why? 

11. In general, is the temperature in a pressure cooker higher than 
that in a steamer? 
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FUELS 

Cbs far back as the history of man goes, there is no record of a 
people that did not use fire. As civilization progressed more uses 
for it were discovered. Fires are used to warm the home, to cook 
food, and to furnish energy for operating various kinds of ma-
chilGery.) , 

l!_n order to have a fire there must be something to burn, and 
the material whi~h is consumed is the fuel. Since ancient times 
wood and oil have been used as sources of heat energy. Natural 
gas was used by the Chinese for light, but not for heat. Coal has 
been used as a fuel for hundreds of year_9Stories are told of coal 
beds that have burned continuously for years with the flames 
eating deeper and deeper into the earth. Uncivilized people 
were awed by these spectacles, and many legends have resulted 
from real or supposed happenings in connection with these fires. 
Sometimes people thought the whole earth would finally be con
sumed. 
(Ajuel is a material :which, when burned, will furnish heat energy at a 

reasonable cost. All substances give off some heat energy when
burned or oxidiz~ but in many cases at such a high cost per 
British thermal unit that they could not economically be used as 
fuels.0 material which once may have been classed as a fuel 
may now be too expensive because of scarcity or the discovery 
of other uses for the material. For example, in the early days of 
this country wood was the chief fuel, and it was not uncommon 
for people to burn huge walnut logs. Now the supply is limited, 
and walnut is considered far too valuable to burn. In rural 
districts corncobs are sometimes used for fuel, but fifty or sixty 
years ago, when corn was plentiful and very cheap, ears of corn 
were also burned) 

152 
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L-Fuels may be solids such as coal or wood, liquids such as oil 
or kerosene, or gases - either natural or artificial. While elec
tricity is a source of heat energy, it is not a fuel because it is 
not "a material," and it is not "burned::) 

79. The Origin of Fuels. The origin of wood is known to all. 
People see trees grow, and know they are cut down, sawed into 
short lengths, and burned in a stove or furnace, but the origin 
of the other fuels mentioned is not so obvious. It is believed that 
in early geological ages parts of the earth were covered with 
dense tropical forests. Season after season some of the timber 
growth died and fell to the ground. Mter a thick layer had 
accumulated, changes in the earth's crust occurred which caused 
large areas of the earth's surface to sink, and become covered 
with water. The decay of the vegetable matter continued, and 
because of various pressure and temperature conditions coal was 
formed. Sometimes there are several layers of coal at different 
depths, showing that the process was repeated. In some places 
the layers lie at an angle, showing that, after the layers were 
formed, some internal change in the earth caused changes in 
the outer layers. The hardness of the coal depends on the pressure 
to which the material was subjected. Soft coal is known as 
bituminous coal, and hard coal is called anthracite. Anthracite is 
usually found in mountainous regions where much tilting and 
crumpling of strata have occurred. 

Oils and gases are found sometimes with coal and sometimes 
quite separate from coal beds. It seems probable that they were, 
formed from plant and arlimal life in about the same way that 
coal was formed. 
V80. Chemical Composition of Fuels. Fuels are all alike in 
that they contain hydrocarbons, that is, compounds of hydrogen 
an<;l carbon, and there may also be free hydrogen and carbon. 
These are the combustible materials. A good fuel has a high 
percentage of combustible materials and a low percentage of 
noncombustible materials, such as inorganic salts (ash), water, 
~ogen, and carbon dioxide. 

81. Choice of a Fuel. The cost of a fuel depends upon the 
kind of fuel, the cost of obtaining it, i.e., cutting the trees, mining 
the coal, or drilling the gas well, the amount available, and the 
distance from the produce~ to the consumer. 
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The consumer must also consider the efficiency of his burner, 
i.e., what percentage of the energy in the fuel can be made avail
able. The amount of energy in the fuel may be determined frorn 
a calorimeter test. In a calorimeter, however, the fuel is burned 
under ideal conditions and consequently gives higher values 
than will be obtained in the home. The test may prove, though, 
that a certain fuel at $10 per ton is cheaper than another at 
$6 per ton because of the greater amount of combusrible mate
rial in the former. 

Fuels differ so decidedly in the ease of handling, the degree of 
cleanliness possible, and the labor involved in removing ashes 
and clinkers, that the consumer must realize that the first cost 
is not the only cost. There is a wide difference between (1) shovel
ing coal into the furnace, cleaning up the coal dust, arid carrying 
out the ashes, and (2) setting a thermostat which automatically 
controls the flow of gas or oil. The relative convenience of storing 
the fuel in the basement or of having it delivered through a small 
pipe as it is needed is another consideration. Someone has said 
that, as the fuel room goes out of the basement, the game rOQIn 
comes in. 

In the United States coal is very widely used as a source of 
heat and power. The cost per ton is often very low for cheaper 
grades, but coal burners are not very efficient, and of the possible 
number of heat units, a low percentage is delivered as useful 
heat. If the coal is not completely oxidized, the unconsumed 
gases are lost through the chimney. Unless automatic stokers are 
used, it is difficult to supply fuel to the furnace at an ideal rate. 

Kerosene and gasoline are used considerably for summer fuels 
in regions where gas is not available. Since in the use of these fuels 
the heat is localized, less heat is given off into the kitchen than 
if wood or coal is used. When the flame is turned out the stove 
cools quickly. 

Either natural or artificial gas may be obtained almost any
where in the United States. In some localities gas is delivered in 
large tanks rather than through a pipe line. Other fuels com
monly used are peat, charcoal, and coke. Peat is formed from 
the roots and stems of plants, and it is chemically very much like 
wood. Charcoal is partly burned wood, and coke is a by-product 
from coal which has oeen used in producing artificial gas. 
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2. Fuel Value of Solid and Liquid Fuels. There are a 
number of calorimeters in use for linding the fuel value of solid 
and liquid fuels. They are alike fundamentally in that a known 
mass of fuel is burned and that the heat liberated is absorbed by 
materials for which the mass, specific heat, and temperature 
change are either known or can be measured; thus the heat 
furnished by the fuel can 
be calculated. 

The Parr or bomb calo
rimeter is an example of 
the type of calorimeter used 
for solid fuels. The fuel to 
be tested must be dry and 
finely powdered. A carefully 
weighed sample (1/2 gram) 
is placed in the inner cup of 
the bomb, which is known 
as the fusion cup. Suitable 
oxidizing agents are added 
- for coal, 1 gram of potas
sium perchlorate (KCI04) 

and 10 cubic centimeters of 
sodium peroxide (Na 202) 
are used. These materials 
must be thoroughly mixed. 

Fig. 14.1. Parr or bomb calorimeter 
assembly. (Courtesy Parr Instrument 
Co., Inc.) 

A fuse wire is attached to the lid of the bomb, and the bomb 
is assembled - it must be watertight, since water and Na202 
unite explosively. The bomb is placed on a stand in the water 
container of the calorimeter, and a thermometer is inserted 
in the water. The water container is surrounded by two walls 
of insulating material and two layers of air. The bomb has 
stirring vanes attached to it, and it is rotated in order to stir the 
water so that all of the water will heat uniformly. When the 
thermometer shows a constant reading the temperature is re
corded, and then a current is sent through the fuse wire which 
heats it red hot, melts it, and ignites the fuel. As the fuel burns, 
the heat given out warms the metal parts of the calorimeter and 
the water. When the thermometer shows no further increase in 
temperature the reading is noted and the apparatus dismantled. 
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The fusion cup then contains a hard, salty residue composed of 
the ash of the fuel and the unused chemicals. This residue is 
soluble in water. 

There are various corrections to be made to account for the 
heat furnished by burning the fuse wire 
and the chemicals other than the coal. In 
all, these amount to about 27 per cent of 
the total heat furnished - therefore about 
73 per cent of the heat is furnished by the 
fuel itself. Calculations are made as follows-

liI---------THERMOMETER 

Fig. 14.2. Cross-section of a bomb 
calorimeter. 

111 

Fig. 14.3. Detail of the 
bomb.-

if 1/2 gram of coal warms 2000 grams of water and 1400 grams 
of metal (s = 0.1) from 21 ° to 23.4 °C the amount of heat given 
out by the coal is 
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H = 0.73[mst + mst] 
= 0.73[(2000 X 1 X 2.4) + (1400 X 0.1 X 2.4)] 
= 0.73[4800 + 336] 
= 3750 calories per 1/2 g 
= 7500 calories per 1 g 

= 7500 cal / gm X 454 gm/ lb" = 13512 Rtu/ lb 
252 cal / Btu ' 

T ABLE OF AVERAGE FUEL VALVES FOR 

SOLID AND LIQUID FUELS 

Wood (air-dried) 
Coal 
Fuel oil 
Kerosene 
Gasoline 

7,500 Btu per Ib 
14,000 
18,500 
20,000 
21,000 

157 

83. Fuel Value of Gaseous Fuels. Because of the physical 
properties of a gas an entirely different kind of calorimeter is 
used in testing it. Instead of first separating a given volume of 
gas for a test sample, gas is used from the supply, but it passes 
through a meter as it goes to the burner so that the amount used · 
in the test is known. The heat furnished by the gas is used to heat 
water which flows through the calorimeter and is weighed. From 
the m ass and temperature change of the water the amount of 
heat obtained from the gas may be determined. 

The Sargent calorimeter (see Fig. 14.4) is representative of 
the type of calorimeter used for testing the fuel value of gases. 
Figure 14.5 shows a cross section of the calorimeter. Water is 
run into a small elevated tank A, preferably from a supply at 
constant temperature, and at a rate which will keep water 
running through the overflow pipe. This method ensures that the 
water entering the calorimeter is from a source at constant pres
sure and therefore that it will flow through the calorimeter at a 
constant rate. The temperature of the inlet water is taken at Ti;. 
the water, which enters the body of the calorimeter at B, is heated 
by the gas flame C as it flows through; the outlet temperature is 
noted at To as the water leaves the calorimeter. The water is 
collected at D. 

When the calorimeter is first sJarted some of the heat from the 
gas is used to heat the metal parts of the calorimeter; therefore 
no data are taken until the thermometer at the outlet indicates a 
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Fig. 14.4. A Sargent gas calorimeter and wet test meter. (Courtesy E. H. 
Sargent and Co.) 

constant outlet temperature. Then while a given volume of gas 
is burned the water is collected at D, and weighed. 

For example, if 0.1 cubic foot of gas heats 4 pounds of water 
from 70°F to 95°F the amount of heat given out by the gas is 

H = mst 

= 4 X 1 X (95 - 70) 
100 Btu per 0.1 cu ft 

= 1000 Btu per cu ft 
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'There are various corrections for air temperature, for barometric 
pressure, and for the temperature of the gas which must be made 

GAS 

Fig. 14.5. Cross-section of a gas calorimeter. 

in a commercial test, but which need not be made in order to 
understand the general principle of the calorimeter. 

TABLE OF FUEL VALUES FOR GASES 

Natural gas 
Artificial gas 
Butane 

1000 Btu per eu ft 
500 

3000 

84. Commercial Use of Calorimeters. Both of the calorim
eters described above are used for commercial tests as well as 
for laboratory tests. Concerns buying large quantities of a fuel 
nearly always ask for a calorimeter test. Gas companies usually 
have contracts with the cities they serve which require that the 
gas furnish not less than a given number of British thermal units 
per cubic foot - tests are made at required intervals and the 
pressure adjusted to assure the required fuel value. 

85. Electricity as a Source of Heat. Electricity as a source 
of heat will be discussed more fully in Chap. 27. Electricity is 
the cleanest and most conv~nient source of heat, but in most 
localities it is too expensive for house heating or even for heating 
the household water supply. But for heating one or two rooms 
when the weather is chilly, or for cooking, the cost is reasonable. 
Electrical energy is furnished at a given rate per kilowatt-hour 
(kw-hr). An average cost is about $0.05 per kilowatt-hour, but 
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rates in the United States vary from less than $0.01 to as much 
as $0.18. One kilowatt-hour of electrical energy is equivalent to 
3412 British thermal units of heat energy. 

86. Mechanical Equi~alent of Heat. It has already been 
explained (Sec. 53) that experiments performed in the latter part 
of the eighteenth century '~roved that there is a definite relation_ 
ship between the amount bf work done and the amount of heat 

f energy resulting from that work. 

o 

Fig. 14.6. Apparatus for find
ing the mechanical equivalent pf 
heat. The water in the calorimeter 
is stirred rapidly by the rotating 
vanes. 

The number of units of mechanical 
work which are equivalent to one unit oj 
heat is called the mechanical equivalent 
oj heat, and is usually designated 
by J in honor of Joule who was 
one of the first to make a deter
mination of its value. Two numeri
cal values for J are 

778 ft-lb per Btu 
and 42,700 g-cm per cal 

These numbers were obtained 
by measuring the work done in 
warming water by stirring it rap
idly in a well-insulated calorimeter 
and then calculating the number 
of work units equivalent to one 
heat unit. For example: if a force 

of 12 pounds is exerted on the handle of the stirring apparatus 
and the handle moves 389 feet in order to warm 3 pounds of 
water 2 Fahrenheit degrees, how much work is required for 
1 British thermal unit? 

W 12lb X 389ft 
J = H = 3 Ib X 1 Btu/lb-oF,X 2°F = 778 ft-lb/Btu 

Also if the value of J is known the amount of work equivalent to 
the heat required to melt 10 pounds of ice may be calculated. 

W 
]=H 

W 
778 ft-lb/Bt~ = 10 Ib X 144 Btu/lb 

W = 1,120,'320 ft-lb 
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Other everyday examples of work energy being converted into· 
beat energy are the following: the heat that results when the: 
hands are rubbed together, when wood is rubbed with sandpaper, 
and when a machine is operated without oil. 
jS7. Foods as Fuels. A food is a materz'al which when oxidized in 
the human body builds or maintains body tissue, regulates body processes, 

c 

Fig. 14.7. An oxycalorimeter. 

or furnishes energy. The fuel value of a food may be measured in a 
bomb calorimeter but an oxycalorimeter is more frequently used. 
The apparatus shown in Figure 14.7 consists of a combustion 
chamber A in which a weighed sample of the food is burned, a 
soda-lime absorber for carbon dioxide B, a device for measuring 
the oxygen used C, and a blower unit for circulating the gas mix
ture D. Tables are used for converting liters of oxygen consl}med 
in the burning process to calories of heat furnished by the food. 
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When completely oxidized in a calorimeter tile following 
average fuel values are obtained: 

"Carbohydrates 4.1 kilocalories per gram * 
Protein 5.65 
Fats , i 9.45 

* 1 kilocalorie = 1 Calorie as used in foods and nutrition. 

The energy used in the l~ody is obtained from the oxidation of 
the same kinds of compounds that are found in foods, but the 
oxidation is less complete. In the body, carbohydrates and fats 
are oxidized to the same products as in the calorimeter, but 
protein is less completely oxidized and about 1.3 kilocalories per 
gram of combustible protein material is excreted. Hence when the 
body burns material which it has previously absorbed it obtains: 

Carbohydrates 4.1 kilocalories per gram 
Proteins 4.35 
Fats 9.45 

However, allowance must be made also for the fact that the 
body does not usu'ally absorb 100 per cent of the digestible mate
rial in the food .. When the fuel values are corrected for this loss 
the physiological fuel values obtained are then 

Carbohydrates 
Proteins 
Fats 

4 kilocalories per gram 
4 
9 

The following table gives some average physiological fuel values, 

FOOD KCAL PER GRAM BTU PER POUND 

Apples 0.6 1,080 
Bananas 1.0 1,800 
Beef 3.0 5,400 
Bread 2.6 4,680 
Butter 7.3 13,140 
Carrots 0.4 720 
Chicken 1.1 1,980 
Cheese 4.0 7,200 
Crackers 4.2 7,560 
Cream, 20% 2.1 3,780 
Eggs 1.6 2,880 
Fudge 4.0 7,200 
Flour 4.0 7,200 
Ice cream 2.1 3)80 
Milk 0.7 1,260 
Olives 1.4 2,520 
Oranges 0.5 900 
Peanuts 6.0 10,800 
Potatoes 0.9 1,620 
Sugar 4.0 7,200 
Walnuts 6.9 12,420 
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If the food intake of the body is greater than the amount 
needed for "repair, growth, body processes, and energy" the 
weight of the body increases. If a person wishes to reduce by 
exercising, enough work must be done to burn up the stored 
energy. When the body loses 1 pound of fat possibly 85 per cent 
of the energy is converted into heat and the remaining 15 per cent 
is used for lifting the body if climbing a hill or for lifting weights 
or working on a machine. Considered as a machine the human 
body is not very efficient. For short periods of time or for work 
which the person does efficiently (with a minimum of wasted 
motion) the efficiency might be increased to perhaps 25 per cent, 
but 15 per cent is a fair average. Since 1 pound offat will furnish 
about 16,000 British thermal units the amount of energy avail
able for doing work is 

16,000 X 0.15 = 2400 Btu 

or this is equivalent to 

2400 X 778 = 1,867,200 ft-lb 

This is enough work to lift a 100-pound girl 18,672 feet (over 
3 miles) or enough work to lift a 3000-pound car over 600 feet. 
11 is equivalent to the work done by a 100-pound girl in climbing 
a Hight of stairs in her home about 2200 times. The girl may 
avoid any necessity for doing this work if she regulates her food 
intake to meet her energy expenditure and consequently avoids 
gaining the extra weight. 

88. Energy Requirements of the Human Body. The food 
intake of the human body necessary to maintain a constant 
weight depends upon a large number of factors. It varies with 
size, shape, body composition, age, growth, kind and amount of 
work, climate, sex, and upon the individual characteristics of the 
person. Various experiments have been carried on to determine 
the average energy requirements for various types of people. 

The total energy expenditure of the body in the form of heat 
and mechanical work may be determined by confining the 
person in a small room. known as a respiration calorimeter, which is 
well insulated and arranged so that the heat generated by the 
body can be absorbed by a known amount of water passing 
through it. The amount of heat given off is calculated from the 
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mass and rise in temperature of the water. The person may live 
in this calorimeter for several days. Records are kept of every_ 
thing which enters or leaves the calorimeter during the test 
period. The person may be instructed to lie in bed all of the time, 
or to sleep a normal amount and to do various types of work for 
stated lengths of time. After all corrections for gains or losses of 
heat due to materials which were put into or taken from the 
calorimeter during the experiment have been made, the amount 
of heat energy given out by the person may be determined. By 
comparing data for a period of rest with a period of walking or 
of other work the extra energy required for the particular type 

vof work may be determined. 

Later it was found by experiment that practically the same 
results could be obtained by measuring the amount of oxygen 
consumed during one of these test periods. One type of apparatus 
used consists of an airtight mask which is fitted over the mouth 
and nose and connected by tubes with a device for measuring the 
volume of oxygen! which is consumed in the body. From the 
volume of oxygen used the number of calories of energy expended 
may be calculated. This method makes it possible to do experi
ments quickly and is especially useful for measuring the energy 
used in short periods of time - for example, in eating a meal, 
in walking up a flight of stairs, or in cleaning a room. This 
apparatus is used in measuring the "basal metabolism," i.e., the 
rate at which the energy is used when the body is at complete 
rest both mentally and' physically, 12 to 18 hours after the last 
intake of food in a room at comfortable temperature and with 
the body temperature within its normal range. This gives a 
measure of the energy required to carryon the involuntary body 
processes. 

STUDY QUESTIONS 

1. What does dense black smoke coming 'from a chimney indicate? 
2. Why does increasing the draft help ~ slow fire to burn faster? 
3. Why does a fire sometimes burn better if the fuel in t4e firebox is 

stirred? 

4. If a gas flame smokes the cooking utensils, what is the cause? 
5. Why does the air valve on a gas stove sometimes need adjustment? 
6. What are the combustible materials in a fuel? 
7. Why is wet wood less efficient as a fuel than dry wood? 
8. Why is electricity not clas~ified as a fuel? 
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9. What fuels are used in your community? vVhat factors entered into 
determining the choice of fuels? 

10. Does a lO-horsepower engine require more fuel than a 2-horse
power engine? Why? 

11. Does a man doing heavy physical work require more food than 
a man doing office work? 

12. Will a girl require more food on a day when she climbs a mountain 
than on a day when she is reading most of the time? 

13. If the amount of heat energy per unit mass of a food is known, can 
the amount of that food required for doing a certain amount of 
mechanical work be calculated? 

14. Can you suggest some of the factors that have entered into calculat
ing diets for laborers, office workers, housewives, school children, 
and overweight and underweight individuals? 

PROBLEMS 

1. Calculate the approximate cost per British ther:mal unit for each 
of the following fuels: 

Coal at $16.00 per ton, 14,000 British thermal units per pound. 
Gas at $0.50 per thousand cubic feet, 1000 British thermal units 

per cubic foot. 
Ans; $0.000,000,6 per Btu; $0.000,000,5 per Btu 

2. Calculate the cost per British thermal unit for each of the following 
fuels: 

Gasoline at $0,25 per- gallon, 21,000 British thermal units per 
pound (5.5 pounds = 1 gallon). 

Sugar at $0.09 per pound, 7200 British thermal units per pound. 
3. How many kilocalories are furnished by a 100-gram serving of 

ice cream? Ans. 210 kcal 
4. How much heat results when a 50-pound log of wood is burned? 
5. How many foot-pounds of work can be done with the heat energy 

required to melt 2 pounds of ice? Ans. 224,064 ft-lb 
6. If a 4270-gram mass is lifted 600 centimeters, how much work is 

required? If this work is converted into heat energy, how much will 
it warm 10 grams of water? 

7. If a person eats 30 grams of sugar, how many kilocalories of heat 
may be furnished to the body? Ans. 120 kcal 

8. If one pat of butter furnishes 100 kilocalories, how much is 1 liter 
of watev warmed if all the heat energy of the butter is transferred 
to the water? 

9. If a girl eats 1/2 pouhd of fudge, how many foot-pounds of work 
should she be able to do, assuming that 15 per cent of the energy 
of the fudge is utilized for mechanical work? (See table for fuel 
value of fudge.) Ans. 420,120 ft-lb 
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10. If you are to carry a 20-pound vacuum cleaner upstairs (8 feet), 
how much work will be done on the cleaner? How much bread 
will be required to provide this amount of energy if 20 per cent of 
the energy of the bread is available for mechanical worK~ (See 
table for fuel value of bread.) 

11. If a 125-pound girl dtjnks a coke (75 kcal) each afternoon, how 
many times will she ha"'e to climb an 8-foot flight of stairs each day 
in order to do an am6~nt of work equivalent to the energy in the 
coke? \ Ans. 232 times 

12. A 12S-pound girl eats an apple which furnishes 2S0 Btu. How high 
can she climb a mountain in using this energy? 
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HEAT TRANSFER 

Whenever heat energy is at a higher temperature level at one 
place than at another, it tends to go from the region of higher 
temperature to the region of lower temperature. Most of our 
modern heating systems are arranged so that the fuel is burned 
in the furnace room and the heat is transferred to the living 
quarters of the house by various mediums. The heat in a pressure 
cooker is transferred to the surrounding air through the metal 
wall. The heat in one's hand is quickly carried away if the hand 
is placed on a cold metal pipe. The sun, which is estimated to be 
at a temperature of SOOO°C, is constantly emitting energy, a 
small portion of which is transferred to the earth. 

This tendency of heat to flow from one place to another is 
sometimes an advantage a.nd sometimes a disadvantage. In the 
case of transferring heat from the furnace to the living room, it is 
an advantage, but when the same heat energy tends to escape 
through the walls of the house, we try to stop it by making the 
walls of materials which will prevent its escape as much as possi
ble. We are glad that heat passes readily through the wall of a 
steam radiator but regret that it passes even slowly through the 
wall of the refrigera tor. 

Heat energy may be transferred from a region of higher tem
perature to. one of lower temperature by three methods - con
vection, conduction, and radiation. 

89. Convection. Convection is the tranifer if heat which occurs 
when movement of a material from one place to another is caused by dif
ferences in density. If he'!t is applied to the lower part of a fluid, 
that part of the fluid expands and its density is decreased. The . 
colder, heavier part of the fluid falls and forces the warmer, 
lighter fluid to rise. During this fall and rise, the intermingling 

167 



168 REA T TRANSFER [Ch. 15 

of hot and cold molecules tends to equalize the distribution of 
heat energy, and the fluid as a whole is warmed. The heat from 
a hot-air furnace is transferred to the living quarters of a house 
by means of convection ~urrents of air. The heated air is pushed 
up through one pipe as the colder air returns to the furnacejacket 
through another pipe. '\ . 

Convection currents occur in fluids (liquids and gases) but 
I 

not in solids, because the molecules in fluids are quite free to 
move about, but those in solids 
are held within their own inter
molecular spaces. Actual compu
tations of amounts of heat trans
ferred_ by convection are rather 
complicated and will not be taken 
up in this text. Some of the factors 
which influence the amount of 
heat transferred by this method 
are difference in temperature be
tween the source of heat and the 

Fig. 15.1. Convection currents 
in the air in a room/heated by a 
radiator. 

place to which it is being trans
ferred, specific heat of the medium, viscosity of the medium, 
coefficient of expansion of the medium, and sizl'!, smoothness, 
and straightness of the channel through w.hich the material 
passes. Heat transfer by convection has many applications in 
the home - in refrigeration, ventilation, and heating. These 
subjects will be discussed more ful~y in later chapters. 

90. Conduction. Cpnduction is the tranifer oj heat from particle to 
particle in a material, with no perceptible motion if the heated material. 
vVhen a material is heated the kinetic energy of the molecules is 
increased. When a molecule with high kinetic energy comes in 
contact with a molecule with less energy, some of the energy of 
the first is transferred to the second, and thus the temperature 
of the second molecule is increased. It in turn will transfer energy 
to another molecule and thus the heat energy is conducted 
through the material, but none of the material has been trans
ferred from one place to another. 

Materials vary decidedly in their ability to conduct heat. 
Some solids, especially metals, are good conductors, while other 
solids, like glass and wood, fre poor conductors. Some very poor 
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conductors, called insulators, such as asbestos, sawdust, cork, and 
commercial insulation materials contain many small air pockets. 
These "dead" air spaces account for a large part of the insulating 
ability of the material. ~n general, liquids and gases are poor 
conductors of heat. 

The coefficient oj thermal conductivity ala material is (in metric units) 
the number oj calories oj heat traniferred through a centimeter cube oj the 
material in 1 second if the temperature difference between the two opposite 

~T} LJ) It TEMPERATURE DIFFERENCE = te. 

Fig. 15.2. Co"efficient of conductivity. 

surfaces is 1 Centigrade degree. The coefficient may be calculated 
for use with English units, and it is sometimes so used in refrigera
tion calculations and by heating engineers. Usually the amount 
of heat is calculated in metric units and then converted into 
British thermal units by dividing the number of calories by 252 
- the number of calories in 1 British thermal unit. 

The amount of heat transferred by conduction may be cal
culated by 

where H = heat in calories 

K = coefficient of conductivity 

A = area in cm2 

T = time in sec 

t2 - tl = temperature difference between the two sur
faces of the conductor in C degrees 

L = length of path through the conductor in cm 

Conduction has many applications in the home in refrigera
tion, in heating systems,-transfer of heat through cooking utensils, 
and various types of insulation such as in oven walls and in the 
walls of houses. These will be discussed more fully in some of the 
following chapters. 
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COEFFICIENTS OF CONDUCTIVITY 

(In eal per em cube per degree C per sec) 

GOOD CONDUCTORS 

Silver 
Copper 
Aluminum 
Tin 
Iron I 
Nickel 
Mercury 

POOR CONDUCTORS 

Ice 
Earth s crust (avg.) 
Glass 
Porcelain 
Concrete 
Mica 
Plaster 
.Brick 
\-\Tater 

INSULATORS 

jAsbestos paper 
Snow 
Rubber 
Alcohol 
Wood (avg.) 
Soil 
Linoleum 
Paper 
Linen 
Cork board 
Sawdust 
Wool flannel 
Silk 
Felt, 
Air: 
Cotton batting 

.0.99 
0.91 
0.49 
0.14 
0.16 
0.14 
0.19 

0.OU5 
0.004 
0.0024 
0.0022 
0.0022 
0.0018 
o.oois 
0.0015 
0.0014 

0.0005 
0.0005 
0.00045 
0.00043 
0.0004 
0.0004 
0.00036 
0.0003 
0.000:?1 
0.00013 
0.00012 
0.00012 
0.00009 
O.OOOOS 
0.00005 
0.00004 

[eb.15 

91. Radiation~ It will be noted that a material medium is 
required for heat transfer by either convection or conduction. 
However, energy can be transferred through a material or 
through a vacuum by means of radiation, but part of the energy 
is always absorbed if it passes through a material medium. For 
example, the earth receives energy - both heat and light
from the sun through 93,000,000 miles of space which is empty 
except for the layer of atmosphere around the earth. The thick
ness of this atmospheric layer is extremely small compared with 
the distance from the sun Eo the earth. Radiant energy from the 
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sun does not affect the empty space through which it is trans
ferred and it is not evident as heat energy until it enters the 
earth's atmosphere. Here it is absorbed - to a slight extent by 
the atmosphere but chiefly by the earth itself - and converted 
into heat energy. . 

An evacuated light bulb gives 
out heat and light, but the energy 
cannot be transferred to the glass 
bulb and the surrounding air by 
convection because the bulb has 
been evacuated and it cannot be 
transferred by conduction because 
the filament does not touch the 
glass. In some way however the 
energy is transferred through the 
evacuated space. ~ EARTH 

Radiant energy can also pass 
Fig. 15 . .3. The sun radiates energy 

through some materials, but a to the earth. 
part of it is ahyays absorbed. In 
the case of the en~rgy from the sun, some is absorbed as it passes 
through the earth's atmosphere - the amount absorbed depends 
on the amount of moisture, smoke, and dirt in the air, and on 
the distance the energy .has to travel through the air. This dis
tance varies with the time of year and the time of day. 

Since early times people have pondered about how this radiant 
energy is transferred. At first it was thought the heat and the 
light received from the sun were two entirely different thing~, but 
now we know they are transferred in exactly the same way. Some 
of the first theories about this transfer of energy attempted to 
explain the phenomenon of light, but they apply equally well 
to the transfer of heat. 

One of- the first theories was that the radiation consisted of 
little bundles or corpuscles of energy sent out by the radiating 
body, but later discoveries, especially in the field of light, could 
not be explained by this corpuscular theory. 

There are at the present time two theories concerning the 
nature of radiation - the wave theory and the quantum theory. The 
wave theory was first definitely formulated in 1678 by Huygens, a 
Dutch physicist, as a result of his study of light. He believed that 
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when a body radiated energy, the energy was given out as waves. 
His theory explained 'many of the phenomena of light which had 
been observed at that 'time. LateJ", experiments on the polariza_ 

'\ tion of light indicated that the 
waves are transverse waves as 
shown in Figure 15.4. 

Fig. 15.4. Radiant energy I.vave. ,I According to this theory bodies 
radiate energy of various waVe 

lengths, but these waves all travel at the same velocity (in empty 
space or in air); therefore the greater the wave length the less the 
frequency (number of vibrations per second). The relationship is 

where 
V = Xv 
V = velocity 
A = wave length 
v = frequency / 

But during the latter part of the nineteenth century still other 
discoveries were made which seemed to indicate that energy 
after all was radiated in definite 
bundles. In 1900 Planck, a German 
physicist, formulated the quantum 
theory. According to this theory 
energy is not given out in a continu
ous wave but in definite amounts 
or quanta; however, each quantum 

G_@_ 

is associated with a given frequency, Fig. 15.5. Is energy given out in 
particles or in waves? 

and the amount of energy it pos-
sesses is proportional to this frequency. The energy of a quantum 
may be found by 

E = hv 
where E = energy 

h = Planck's constant 
v = frequency of vibration 

This relationship shows that a high-frequency quantum carries a 
larger amount of energy than a low-frequency quantum. High
frequency quanta correspond to the high-frequency waves of the 
wave theory. 

Some radiation phenomena are best explained by the wave 
theory and some by th~ quantum theory - perhaps the real 
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truth lies in a combination of the two theories. At least it is a 
}lelp to have a theory which aids in forming a mental picture 01 
}low energy is transferred by radiation. This comparison has been 
J1lade - radiant energy according to the wave theory is com
parable to a rippling stream of water, but according to the 
quantum theory it is comparable to rain - the drops correspond
ing to the quanta, and just as the drops vary in size so do the 
quanta vary in energy. 

While the explanation as to how energy is transferred by 
radiation is still a theory, there are many facts concerning radia
tion phenomena which have been definitely established by ex
periment.:JThe intensity of the radiation depends upon the char
acter of the radiating surface - a light-colored, polished surface 
radiates slowly, but a dark, dull surface is a good radiator. A 
good radiator is also a good absorber of radiant energy. The 
intensity of radiation also depends on the absolute temperature of 
a body, and in the case of a perfect radiator (a dull, black body) 

1= CT4 
where I = intensity of radiation 

C = a constant depending on the units for I and T 
T = absolute temperature 

Thus if the absolute temperature of a body is doubled, the radia
tion will increase sixteenfold (24 = 16). 

Since the intensity of radia
tion depends upon the absolute 
temperature, it follows that all 
bodies at temperatures above 
absolute zero are radiating 
energy.'Thus a cake of ice may 
be said to radiate heat to a red
hot stove,- but the stove radiates 
heat to the ice at a faster rate. 

TO PUMP 

Fig. 15.6. When hot and cold 
bodies are placed in a vacuum they 
soon reach the same intermediate 

The result is that the stove loses temperature. 

heat and the ice gains heat; therefore the effective rate at which 
a body radiates heat depends upon the difference in temperature 
between the radiating body and its surroundings. 

The energy radiated by a hot body is made up of various fre
quencies, their distribution depending upon the temperature of 
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the radiating body. As the temperature increases, the frequencies 
increase, and if the temi?erature becomes high enough, the ra. 
diation may be ih the vis,ible region. When a body is heated, at 
first it does not glow at all; then it begins to glow with a dull red 
color; finally the color .gradually becomes brighter and shifts 
through various tones of ted and orange to white . ../ 

It is possible to separa~e the radiation of a body into its Corn. 
ponent frequencies and measure the energy of each. When this 
is done, the energy is said to form a radiation spectrum. The 
curves of Figure 15.7 show the energy distributions for various 

Fig. 15.7. Radiant energy distribu- Fig. 15.8. The intensity of the radi-
tion curves. ation varies inversely as the square of 

the distance from the source. 

temperatures. The x-axis gives the wave lengths from zero "to 
infinity, and the y-axis indicates the amount of energy. It will 
be observed that (1) the radiant energy increases as the tempera
ture increases, (2) the energy increases relatively much faster in 
the short wave lengths as the temperature increases, and (3) for 
each temperature there is a maximum, characteristic of that 
temperature. It has been found that, if the wave length of this 
maximum is multiplied by the absolute temperature, the result 
is a constant. 

AmaxT = a constant 

The fact that the energy in the short wave lengths increases 
as the temperature increases is of importance in illumination 
because these short wave lengths are the ones to which the eye is 
sensitive - that is, they are light waveI.' A red-hot body (lOOO°C) 
does not give out much light, but a white-hot body (2800°C
the temperature of the :(ilament in a gas-filled tungsten lamp) 
rc;diates a great deal onight/ 
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The amount of energy intercepted by any given body depends 
upon the distance be:ween the radiator and the absorb~r. It ~as 
been found by expenment that for a point source the mtenslty 
of radiation varies inversely as the square of the distance be
tween the radiator and the absorber. This situation exists because 
energy is given out in all directions from the radiator. Since the 
area over which it is distributed is that of the surface of a sphere 
(411"r2), the area is increasing as the square of the radius; therefore 
the amount of energy per unit area is decreasing as the square of 
the radius. The amount which is intercepted by the absorber] 
which may be thought of as part of the bounding sphere, is in
versely pr6portional to the square of the distance between it and 
the radiator. A surface which is 2 feet away from a point source 
of radiation will receive only one-fourth as much energy as a 
surface which is 1 foot away from the source. 

We have spoken before of the radiant energy being absorbed 
when it meets a material medium, but it is not necessarily all 
absorbed. It may be reflected, absorbed, or transmitted, the 
same as light; the relative amounts will depend upon the physical 
properties of the material. which the radiant energy meets. If 
a piece of white cloth and a piece of black cloth are spread on 
snow on a sunshiny day when the temperature of the air is below 
freezing, it will be found that the snow melts more rapidly under 
the black cloth. It will also be noted that if snow is spattered with 
mud, it melts faster under the dirty spots. 

Materials differ widely in their ability to transmit radiant 
energy. Some transmit a large percentage, some a small per
centage, and some are selective, allowing only certain wave 
lengths to pass through. Light and heat pass readily through 
clean dry air, but water vapor and smoke in .the air cause con
siderable absorption. Glass is selective in that it transmits the 
visible waves rel:u:lily, but cuts out the longer heat waves and the 
shorter ultraviolet waves. 

If E is the total energy falling on a surface, 

where 
E=r+a+t 
r = reflected energy 
a = absorbed energy 
t = transmitted energy 
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92. Household Applications of Heat Transfer. Most case~ 
of heat transfer are the result of a combination of two or even all 
three of the above meth,ods. When a fuel is burned, the heat may 
be radiated to a utensi!l on the stove, it may be carried to the 
utensil by convection currents, or it may be conducted through 
the top of the stove. Re~ardless of the method by which the heat 
reaches the outer surface of the dish, it is conducted through the 
dish. Then it may be distributed through the food by convection 
if it is a fluid, or by conduction if it is a solid. Heat is lost from 
the sides and top of the dish by conduction through the walls 
and then carried away by convection and radiation - there is a 
large loss by convection if the dish is not covered. It is not easy to 
determine the loss due to each method. 

Some cooking utensils have wooden handles, and because the 
wood is a poor conductor, they do not carry heat to the hand as I 

rapidly as metal does. Some utensils have twisted wire handles 
which have a gpod deal of exposed surface, therefore they lose 
heat rapidly, a~d so do not get too hot to touch. 

In an oven, the heat is distributed by convection currents. 
Losses through the sides and top are reduced by putting layers of 
asbestos or mineral wool in the walls for insulation, and by 
making the outside surface smooth and light-colored so that. it is 
a poor radiator of enugy. The old-time, dull, black ')Ven, with 
no insulation, lost heat so rapidly that much more fuel was I 

required to heat it and to keep it at the desired temperature 
than is required for the modern oven. Besides, the heat that was 1 

lost often made the kitchen uncomfortably hot in the summer
time. 

Fireless cookers are based on the idea that if hot, partly cOGlked 
food is placed in a closed, well-insulated container, the stored 
heat will finish the cooking process. The early fireless cookers 
were called hay cookers since the space between the outer wall and 
the food compartment was filled with hay. At the present time, 
felt, mineral wool, or asbestos is used. Some cookers have a plate 
made of a composition material which is heated and placed in 
the bottom of the food compartment under the food container. 
In some cookers a small electric hot plate is built into the bottom 
of the food compartment - the current is turned on for a short 
time and then the fO,od finishes cooking by means of the stored 
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neat. This method is convenient because it eliminates heating the 
composition plate and preheating the food. 

A vacuum bottle (Dewar flask) is a container designed to keep 
food either hot or cold, depending on the temperature at which 
it was placed in the bottle. It is a double-walled bottle with the 
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Fig. 15.9. A vacuum bottle. (Courtesy American 
Thermos Bottle Company) 

air removed from the space between the two walls and with the 
surfaces facing on this space silvered. Since the space between 
the walls is evacuated, little heat is lost by convection or con
duction, and since the polished surfaces are poor radiators, little 
heat is lost by radiation. The bottle is placed in an outside con
tainer for protection, and a spring support at the bottom acts 
as a shock absorber. The bottle is stoppered with a large cork. 
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which is a poor conductor of heat, and a cap screws on over th( 
cork. Very hot food remains reasonably hot, or very cold fooel 
reasonably cold after several hours if the vacuum bottle has been 
well constructed; prehe~ting or precooling the flask by letting it 
stand for a short time, filled either with hot or with cold Water 
aids in keeping the foo~r.! at the desired temperature. ' 

Foods and drinks canl be kept warm or cool for short periods 
of time by placing them in large crockery bottles made specially 
for that purpose. They are sometimes referred to as vacuum jugs, 

!Jut there is no evacuated space in 
the wall - they depend upon the 
poor conductivity of the crockery to 
keep the food near the original tem
perature. Again, preheating or pre
cooling the jug aids in maintaining 
the desired temperature. 

The food container of an ice-cream 
freezer is made of metal so that the 
heat may be removed from the ice 
cream quickly, but the outside COn
tainer is usually made ')f wood so 

Fig. 15.10. Insulated water jug. that heat from the surrounding air 
will not be conducted to the ice. Som~ 

of the less expensive models have metal outside containers and 
therefore not only are inefficient, but soon rust through. The inner 
container is generally b~tter tinned and does not rust so easily. 

Table covers are; made of fiber board, felt, or pressed cork, i.e., 
materials which do not conduct heat readily and thus keep hot 
dishes of food from harming the finish of the table. Hot dishes 
are handled with cloth pads, to prevent burning the hands. If one 
steps on a rug and then on the -bare-floor in a cold room the floor 
seems colder than the rug because the floor is a better conductor 
of heat. Metals, when hot, feel hotter than they really are be
cause they are good conductors and carry heat to the hand 
quickly. A pressing iron loses heat by all three methods - heat is 
conducted from the iron to the air molecules in contact with it, 
and these molecules are carried away by convection currents; 
the iron also radiates heat in all directions. 

People are concerned with the methods of heat transfer in con-
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ection with their clothing. In winter they wear heavier, thicker 
~lothing to decrease the amount of heat which will be conducted 
away from their bodies. Some kinds of cloth are better insulators 
than others; the :variation depends partly upon the kind of fiber, 
and a great deal upon the thickness of the material and the kind 
of weave. Fabrics which have a great deal of air enmeshed are 
good insulators because air is a poor conductor. Several layers 
of thin cloth afford more protection than one layer of heavier 
rnaterial because of the enmeshed air. Wool fibers, because of 
their rough, scaly surface, trap considerably more air than silk 
or linen fibers, which are smooth. Fur and feathers protect 
animals because· of the air enmeshed in them. How~ver, it should 
be remembered that fabrics which are too loosely woven do not 
aid in preventing heat losses by convection. Dark-colored fabrics 
are better absorbers of radiant energy than are light-colored 
fabrics. 

STUDY QUESTIONS 

1. Which is the better heat insulator - one layer of heavy cloth or 
several layers of thjnner cloth? 

2. Have you ever heard that a vacuum bottle "keeps cold things 
cold" better than it "keeps hot things hot"? Why? 

3. Why do we wrap papers or cloth around ice to keep it from 
melting? 

4. If paper or cloth is wrapped around a jug of hot coffee, does it 
keep hot for a longer time? 

5. Why does an aluminum pan melt if it is put over a flame with 
no water in the pan? 

6. Why does a dish of food cool quickly if it is put in an open win
dow? 

7., Why does touching a hot pan burn worse than touching the hot 
rolls in the pan? 

8. Since air is a poor conductor of heat, why is a thick layer of air 
poor insulation for an oven wall? 

9. Why do icicles',melt on the south side of a house before they do 
on the north side? 

10. Why does a person sitting in front of a fireplace comFlain, "My 
face is scorching, but my back is cold"? 

11. How does the energy of a quantum vary with the frequency? 
12. How does the intensity of radiation vary with the temperature? 
13. How has a study of radiant-energy distribution curves helped in 

improving incandescent lights? 
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14. In a vacuum bottle the space between the two walls is evacuated 
and the surfaces facing this space are silvered. What heat losses are 
reduced by evacuating this space? What heat losses are reduced by 
silvering the surfaces? W'hich is more important - evacuating the 
space between the w:aIls or silvering the walls? 

\ 
PROBLEMS 

1. !:low much heat is lo~t per hour through a :yindowpane which is 
100 by 70 centimeters, if the temperature inside is 15°C and Out_ 
doors is SOC? The glass is 0.4 centimeters thick. Ans. 1,512,000 cal 

2. How much heat is conducted through the bottom of an aluminum 
pan in 30 minutes if the area is 300 square centimeters, the differ_ 
ence in temperature between the inside and outside is 50 Centigrade 
degrees, and the aluminum is 2 millimeters thick? 

3. How long does it take for 100 kilocalories of heat to pass through 
1 square mcH;r of aluminum if the temperature difference is 
5 Centigrade degrees and the aluminum is 2 centimeters thick? 

Ans. 8.16 sec 
4. How long does' it take for 100 kilocalories of heat to pass through 

1 square meter of plaster if the temperature on one side is 30°C, 
on the other.side 35°C, and the plaster is 2 centimeters thick? 

5. How much heat will be conducted through 20 square feet of 
window gJass in 10 hours if the temperature on one side is SO°F and 
on the other side is 110°F. The glass is 0.25 inches thick and its 

Btu-in. 
coefficient of conductivity is 7 f 2 h of' Ans. 168,000 Btu 

t - r-
6. How much heat will be conducted through a wall made of brick 

in 24 hours if the area is 400 square feet, the temperature on one 
side is 30°F and on the other side 70°F? The wall is 8 inches thick 

Btu-in. 
and the coefficient' of conductivity for brick is 5 f 2 h of' 

, t - r-
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REFRIGERA TION 

Except in the frigid zones of the earth, the preservation of food 
has always been a problem. In early days people migrated from 
region to region as the weather changed, and if food was plentiful 
they used what they wanted of the supply at hand and trusted to 
Providence to provide for the next day. Gradually they learned to 
preserve some foods by drying them in the summer or freezing 
them in the winter, and thus they could store what was not 
needed for immediate use. This made possible a greater variety in 
their food as ~ell as being a provision against famine. Gradually 
people 'learned that foods would keep longer if placed in a cool 
cave or in a cold stream of water. 

We now know thatUow temperatures hinder the growth of 
bacteria and thus help to preserve foods} If food could be stored 
in an absolutely sterile condition, it would keep for a long time 
even at higher temperatures; but at the higher temperatures the 
texture or flavor of the food may not be what is desired. Gelatine 
dishes must be chilled in order to set, and milk and fruit juices 
have a better flavor when cool. The humidity of the air in the 
food storage space is also important. C~lery, lettuce, and other 
foods which have a high water content remain crisp and fresh 
only if stored in an atmosphere which will not evaporate the 
water from the food. 

9.'3. Refrigerator Walls. The early ice refrigerators were sim
ply well-built wooden boxes with shelves for the food and a space 
for the ice. The heat absorbed by the ice in melting was taken 
from the food and the air in the box. Since the boxes were poorly 
insulated, a considerable amount of heat was conducted through 
the walls, thus increasing the amount of ice required. 

A refrigerator should be made with well-insulated walls and 
well-fitted doors. Otherwise 'the amount of ice, electricity, or gas 

181 . 
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is between the outer and inner 
walls should be a material with 
a low coefficient of heat conduc_ Fig. 16.1. Section of refrigerator 

wall. tivity and one which is dimen
sionally stable - i.e., one which 

does not settl~. It should be fire resistant, moisture resistant, and 
durable. The thickness of the insulation material is about 3 to 
3V2 inches. Fiberglas, mineral wool, and various other commer
cial insulation materials are used. J 

Even though the door of the refrigerator is not opened and no 
food is placed in the refrigerator, some heat is constantly entering 
t.hrough the walls. The amount of heat entering the food com
partment may be computed by use of the conductivity formula: 

Average values of K in Btu per square inch-hr-of per inch of 
thickness vary from 0.002 to 0.003. 

The amount of heat to be removed from the food space also 
depends upon the amount and temperature~ of the food put into 
the refrigerator and the amount of time the door is open. Both of 
these factors are decidedly variable, The first may be reduced by 
letting foods cool to room temperature before they are put. into 
the refrigerator;,and the second by a little forethought before the 
door is opened. 
oJ 94. Types of Refrigeration. 1. Ice Refrigeration. While ice 
refrigeration has largely been replaced by some type of mechani-
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cal refrigeration in the home, a consideration of this method does 
enter into the background of refrigeration( The heat [rom the 
food and that conducted through the walls is absorbed by the ice 
as it melts. Since the air circulates over the melting ice, its rela-

ffYr0\\ ll{~~'q I -

If: I ! I ~ t lbl I ~ ~ t 11 ~ t t t 
\_ ) \._) \\V ) 

Fig. 16.2. Ice refrigerators - top and side icing. 

tive humidity remains fairly high; and, consequently, foods are 
not dehydrated as rapidly as they are in air which is circulated 
over the coils of a mechanical refrigerator where it is cooled until 
a large part of the moisture is frozen onto the coils. But the food 

VALVE ..A 
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• CONDE~~ING COILS 
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'fig. 16.3'. Electrical refrigeration cycle. 

is not kept as cold in an ice refrigerator as 'ft is in a mechanical 
refrigerator, and if the" supply of ice runs low the refrigerator 
temperature may be considerably above the desired amount.) 

J2. Electrical Refrigeration. One of the most satisfactory meth
ods of refrigeration is electrical refrigeration. The electricity does 
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not cool the food space directly; but an electric motor is used to 
operate the mechanism, and the cooling of the food compartment 
results from a change ~n the state of a refrigerating fluid. This 
fluid is always one wh{ch exists as a gas at ordinary temperatures 
and pressures, but one which will liquefy when subjected to' a 
moderate increase in pressure followed by cooling to room tern_ 
perature, Freo.n 12 (dichlorodifluoromethane) ~sed in many 
household refngerators. ~~: . 

The liquid refrigerant is stored under pressu& in a small tank. 
At a given temperature in the food compartment (which is de
termined by the setting of the thermostat), the motor starts and 
the pump forces some of this liquid into the expansion coils which 
make up the cooling unit in the food compartment. The refriger_ 
ant is under less pressure in these coils; hence, it absorbs heat of 
vaporization from the air and food in the refrigerator and changes 
into a gas. This gas expands rapidly and consequently its temper_ 
ature drops decidedly. ' This decrease in temperature causes the 
thermostat to stop the motor. As the gas absorbs heat, its tem
perature gradually increases; and when it reaches the tempera
ture for which the thermostat is set, the motor starts again. As 
more liquid is forced into the expansion coils the gas is pumped 
out. The pump, or compressor, as it is usually called, compresses 
the gas and as a result its temperature rises considerably. This 
hot gas from the compressor is then forced through the con
densing coils, which are cooled either with water or with air
usually air in the home.- As a result of both compressing and 
cooling the gas, it liquefies, and the liquid is then returned to the 
tank ready for another trip around the system) The automatic 
temperature control is a thermostat which makes or breaks the 
electric circuit to the motor and thus regulates indirectly the 
amount of liquid that evaporates in the expansion coils. Since 
electrical refrigeration makes use of a compressor, it is sometimes 
referred to as a compression system. The compressor and Inotor 
are usually in a sealed unit and do not require oiling. 

As the air circulates over the expansion coils, it is cooled and 
part of the moisture in it freezes on the coils. The thicker the ice 
is on the coils, the less efficient is the system (since ice is a poor 
conductor of heat), and as a result the motor has to run more 
of the time to keep the refrigerator cold. This deposit of ice can 
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be minimized by keeping food containers covered. In most re
frigerators defrosting is now taken care of automatically. A 
timing device may turn a heater coil on for a short time during 
each 24-hour period, or a heater coil may operate for a short 
time when the door has been opened a predetermined number of 
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Fig. 16.4. An electric refrigerator with a freezer chest across the bottom. 
(Courtesy Sears, Roebuck and Co .) 

times. The melted ice drains into a tube which leads to an 
evaporating pan in the base of the refrigerator. 

Most refrigerators now have a storage space for frozen foods, 
as shown in Figure 16.4, which is kept much colder than the 
remainder of the food compartment. This is accomplished in 
various ways. The expansion coils of the main system may be 
placed around the freezer unit and a second sealed coil which is 
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partly filled with refrigerant is operated from the main expansion 
coils by means of a set of transfer plates. Or the temperature in 
the warmer compartment may be regulated by adjusting a baffle 
plate which controls the: circulation of air between the two COIn_ 

partments. This adjustment is made by turning a dial calibrated 
as a thermostat. 
( 3. Gas refrigeration. In contrast to electric refrigeration 

w'hich is a compression system, gas refrigeration is an absorptio~ 
system. Since the gas refrigerator has no moving parts, it operates 
very quietly. The source of energy is a small gas flame. The g~s 
may be either natural gas or some type of bottled gas. The cycle 
of operation is shown schematically in Figure 16.5. The refriger_ 
ant is ammonia, which is liberated from a solution of ammonia 
in water when the solution is heated. The ammonia is transferred 
from one part of the system to another through an atmosphere of 
hydrogen . The total pressure, which is made up of the pressure 
of the ammonia plus the pressure of the hydrogen, is the same 
in all parts of the system. 

The operation of this system is explained best by noting that 
there are three distinct complete circuits - the ammonia, the 
hydrogen, the water - all operating at tht1 same time. 

A . The ammonia circuit. When heat is added to the generator, 
droplets of water, in which ammonia is dissolved, and ammonia 
vapor are raised in the liquid lift - which operates in the same 
way as a coffee percolator -- to the vapor and liquid separator. 
The ammonia vapor then goes up to the condenser, where it is 
cooled either by air or by water and condensed into pure liquid 
ammonia, which drips down into the evaporator located in the 
food compartment. A stream of hydrogen also enters the evap· 
orator. The ammonia, evaporating in this atmosphere of hydro
gen, produces the desired refrigeration. This mixture of ammonia 
vapor and hydrogen then goes to the absorber, where the 
ammonia dissolves in the water and returns to the generator. 

B. The h)!drogen circuit. The hydrogen, which is not soluble in 
water, passes through the absorber, and rises to the evaporator 
where it aids in vaporizing the ammonia. Then, mixed with 
ammonia vapor, it passes back to the absorber where the am
monia dissolves in the water and the hydrogen continues on 
through the absorber. The absorber is either air- or ,:vater-cooled. 
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Fig. 16.5. Gas refrigeration cycle. (Copyrighted by Servei, Inc. Reproduced 
by permission) 

C. The water circuit . The water which was driven from the 
generator to the vapor and liquid separator flows from the 
separator into the absorber where the ammonia vapor dissolves 
in it, and this solution returns to the generator. As more heat is 
added to it, the cycle is repeated.' 

95. Food Freezers. During th'€1ast twenty years the freezing 
of foods at very low temperatures has become an increasingly 
popular method of food preservation. For the method to be SClC-
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eessful, the foods must be frozen quickly. If the freezing takes 
place slowly, large ice crystals are formed within the tissues, 
proteins may be altered, and, when the food is thawed, it is 
undesirable in texture and may have a poor flavor. But if the 
food is frozen quickly - at temperatures from -- 25 ° to - 30°F 
much smaller ice crystals are formed, the proteins are not altered, 
the vitamins are not destroyed, and in general the quality of the 
product compares favorably with that of fresh meat, fruit, or 
vegetables. 

Fig. 16.6. A food freezer of the upright type. (Courtesy Frigidaire 
Division, General Motors Corporation) 

Food freezers in the home are proving to be decidedly popular. 
They may be purchased in almost any size in accord with the 
size of the family and the extent to which the housekeeper wishes 
to make use of frozen foods . They are especially convenient in 
rural homes because the food which is produced on the farm can 
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be preserved most conveniently by freezing, and because they 
eliminate the trips to town to take the food to the central freezing 
and storage lockers. Also the food is at hand whenever it is 
wanted. The food freezers may be either the chest or the upright 
type. The insulation material is similar to that used in refrigera

Fig. 16.7. Diagram of the refrig
eration system for a food freezer of 
the upright type. (Courtesy Frigidaire 
Division, General Motors Corpora
tion) 

tors, but is 4 to 5 inches thick. 
96. Cold Storage Plants 

and Ice Plants. Long before 
food freezers for the home were 
available, ice-plants were using 
mechanical refrigeration to 
make huge quantities of ice for 
both home and commercial use. 
These plants still have an im
portant place in the refrigera
tion field. The refrigerant is 
ammonia and it is often used to 
cool brine which in turn is used 
to freeze the tanks of water 
which become the blocks of ice. 

Meat-packing firms are 
using mechanicall y refrigera ted 
rooms for storing meat and 
refrigerated cars for transport
ing meat. Vegetables and fruits 

are transported in refrigerated cars. Large central freezing and 
food locker plants freeze meat, fruit, and vegetables from the 
farm and garden and store the food until it is wanted by the 
owner. Now we have refrigerated trucks carrying frozen foods 
all over the country. Many foods which used to be available only 
at certain seasons are now available almost any time of the year. 

97 . Other Uses for Mechanical Refrigeration. In the last 
few years there has been a tremendous increase in the use of 
refrigeration systems for air cooling in the home. The units vary 
from small ones suitable for cooling one room to largC' units for 
cooling the whole house. The small units are usually installed in 
a window, with the expansion coils located so that the air in the 
room can be circulated over them by means of a fan. The con
densing coils deliver the heat to the outdoors. The larger units 



190 REFRIGERATION Leh. 16 

are installed in the ba.~ement or the utility room and often make 
use of the ducts of a hot-air heating system for distribution. Still 
larger units are used to 1001 theaters, hotels, and office buildings. 

Skating rinks use reft igeration systems to cool brine which is 
circulated through pipes to freeze the water. Photographic film 
keeps much longer if k~pt cool. Bacteriologists control rate of 
growth of bacteria by refrigeration. Pathologists freeze specimens 
of tissues so that they may cut them into thin slices for examina_ 
tion. Blood banks depend upon refrigeration to preserve blood 
so that it is available when needed . 

. STUDY QUESTlONS 

1. Whv must food be refrigerated? 
2. \Vh~t are the requirements for a good refrigerator wall? 
j. What is the distinction between a compression system and an 

absorption system of refrigeration? . 
4. What factors e~ter into the cost of mechanical refrigeration? 
5. Why should meat, fruits, and vegetables be frozen quickly? 
6. Name several uses for mechanical refrigeration in addition to that 

of cooling; food. 

PROBLEMS 

1. Calculate the amount of heat that enters the food compartment of an 
ice refrigerator, 24 by 40 by 15 inches, in 24 hours, if the room tem
perature is 70°F, the average temperature inside of the box is 50°F, 
. Btu-in. 
and the walls are 3 inches thick. K = 0 .002 ~h of' . How much 

In. - r-
ice is melted? Ans. 1229 Btu; 8.5 lb 

2. How much heat enters the food compartment of a refrigerator, 20 
by 30 by 15 inches, in 24 hours if the room temperature is 110°F, the 
average temperature inside of-the. Q_ox is 50°F, and the walls are 

Btu-in. 
3 inches thick. K = 0.003. 2 h of' How much ice is melted? 

. 1I1. - r-
.3. How much heat is introduced into a refrigerator unnecessarily if 

1 pound of hot food is placed in the refrigerator at'a temperature 
of 150°F instead of waiting until it has cooled to 80°F? (Specific 
heat of food may be assumed to be 0.9.) Ans. 63 Btu 

4. How much heat enters a refrigerator if the door is left open a:few 
minutes so that all of the air in the refrigerator is replaced by room 
air? Assume the volume Qf the food compartment is 8 cubic feet, 
room temperature is lO.()°F, and the refrigerator temperature is 40°F. 
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ATMOSPHERIC HUMIDITY 

Water vapor is by weight a relatively small part of the 
atmosphere, varying from less than 1 per cent in cold, arid 
regions to about 5 per cent in w~rm, humid regions. Water 
vapor is transparent to light, but absorbs a considerable part of 
the longer heat waves. It is lighter than air, saturated water 
vapor having a density of about 0.62 that of air at the same 
temperature and pressure. Most of the water vapor in the atmos
phere is within 5 miles of the earth's surface. All plants and 
animals and many nonliving materials are affected by the water 
vapor in the atmosphere. 

98. Measurement of Atmospheric Humidity. Humidity re
fers to the general moisture content of the atmosphere but it is 
not a definite term for which numerical values can be obtained. 
Therefore the terms "absolute humidity," "relative humidity," 
and "dew point" are used when definite measurements are to 
be made. The absolute humidity is the mass rf water vapor per unit 
volume in the atmosphere. It is usually measured in grains per cubic 
foot (7000 grains = 1 pound). The atmosphere mayor may not 
be saturated with water vapor - usually it is not saturated -
and the degree of saturation or the relative humidity is gener
ally the information which is of most importance. The relative 
humidity is the ratio between the mass rif moisture which is in a given 
volume of the atmosphere and the mass required for saturation of the 
same volume at the same temperature. Relative humidity is almost 
always expressed in per cent. Atmosphere which is not saturated 
may become saturated if it is cooled because the mass of mois
ture which can exist in the vapor state in the atmosphere varied 
with the temperature. The dew point is the temperature at which the 
atmosphere becomes saturated. 

lSI 
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The table on page W3 shows the mass of water vapor in 
grains per cubic foot required for saturation at various tempera_ 
tures. For example, at 68°F the mass of moisture required for 
saturation is 7.480 grains per cubic foot. If the air contains only 
3.414 grains per cubic foot, that amount is the absolute hUmid_ 
ity. The relative humidity is 

I 
absolute humidity 3.414 

amount for saturation = 7.480 = 47 per cent 

One method of determining the amount of moisture in a unit 
volume of the atmosphere is to find the dew point and then by 

referring to the table on page 19: 
the amount of moisture required for 
saturation at that temperature may 
be determined. The dew point is foune 
by slowly adding ice to water in a 
bright-surfaced beaker and noting the 
temperature of the water when dew 
first appears on the outside of the 
beaker. The dew indicates that the 
water vapor which came in contact 
with the beaker was cooled to the dew 

Fig. 17.1. Finding the dew. h h d 
Pomt so t at t e vapor starte to point. 
condense. In the above example the 

dew point must have been 45°F since at that temperature the 
amount of moisture required for saturation is 3.414 grains per 
cubic foot. 

99. Hygrometer~. A hygrometer is a device Jar determing the rela
tive humidity of the atmosphere. There are two general types of 
instruments which are used i,n making humidity measurements: 
(1) wet- and dry-bulb hygrometers and (2) hygrometers using 
hygroscopic materials. A wet- and dry-bulb hygrometer con
sists of two thermometers with a tubular wick around the bulb 
of one. The wick either dips into a small cup of w'!ter continu
ously or else it is dipped into water just before making a read
ing. Water rises in the wick and evaporates at a rate depending 
on the amount of moisture already in the atmosphere. The 
evaporation cools the bulb of this thermometer so that it reads 
less than the dry-bulb, thermometer. If the atmosphere is quite 



W A. TER VAPOR REQ,UIRED FOR SA. TURATION AT VARIOUS 

TEMPERATURES 

--TEMPERATURE GRAINS TEMPERATIJRE GRAINS 
of PER CU FT of PER CU FT 

20 1.235 65 6.782 
21 1.294 66 7.009 
22 1.355 67 7.241 
23 1.418 68 7.480 
24 1.483 69 7.726 

" 25 1.551 70 7.980 
26 1.623 71 8.240 
27 1.697 72 8.508 
28 1.773 73 8.782 
29 1.853 74 9.066 

30 1.935 75 9.356 
31 2.022 76 9.655 
32 2.113 77 9.962 
33 2.194 78 10.277 
34 2.279 l 79 10.601 

- /'< 

35 2.366 80 10.934 
36 2.457 81 11.275 
37 2.550 82 11.626 
38 2.646 83 11.987 
39 2.746 84 12.356 

40 2.849 85 12.736 
41· 2.955 86 13.127 
42 3.064 87 13.526 
43 3.177 ! 88 13.937 
44 3.294 89 14.359 

45 3.414 90 14.790 
46 3.539 91 15.234 
47 , 3.667 92 15.689 
48 3.800 93 16.155 
49 3.936 94 16.634 

j 

50 4.076 95 17.124 
51 4.222 96 17.626 
52 4.372 97 18.142 
53 4.526 98 18.671 
54 4.685 99 19.212 

I 

55 4.849 100 19.766 
56 5.016 101 20.335 
57 5.191 102 20.917 
58 5.370 103 21.514 
59 5.555 104 22.125 

60 5.745 105 22.750 
61 5.941 106 23.392 
62 6.142 107 24.048 
63 6.349 108 24.720 
64 6.563 109 25.408 

110 26.112 , 
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moist, there will be little evaporation of water from the wick 
and little cooling of the wet bulb. A small difference in the 
readings of the two thermometers indicates high relative humid_ 
ity. But if the atmosphere is relatively dry, there will be rapid 
evaporation of water from the 
wick and considerable cooling 

Fig. 17.2. Stationary wet- and dry
bulb hygrometer. (Courtesy Taylor 
Instrument Companies) 

Fig. 17.3. Sling hygrom
eter. (Courtesy Julien P. 
Friez & Sons, Inc.) 

of the wet bulb. Therefore a large difference in the readings of 
the two thermometers indicates low relative humidity. In order 
to obtain accurate data the air must be in motion about the 
thermometers, since in still air the moisture content of the space 
around the wet bulb soon becomes greater than that .. :If the 
atmosphere in gener<l:l, and the readings are not a true indica
tion of the moisture content of the atmosphere. Therefore the 
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hygrometer should either be placed where there are air cur,.. 
rents or else be mounted so that it can be rotated before taking 
readings. If it is mounted so it can be rotated it is known as a 
sling hygrometer. Distilled water should be used to wet the wicks 
beCause the usual tap water will leave a mineral deposit in the 
wick which causes it to harden and reduces its capillary action, 

Fig. 17.4. A hygrodeik. (Courtesy Taylor Instrument Companies) 

thus reducing the rate of evaporation below normal. Figures 
17.2, 17.3, and 17.4 show various wet- and dry-bulb hygrom
eters. 

The numerical value for the relative humidity or for the dew 
point may be obtained from the tables on pages 196- 199. For 
example, if the dry-bulb reads 65°F and the wet-bulb 53°F, the 
difference is 12 degrees, or 12 is the depression of the wet-bulb 
thermometer. In the relative humidity table locate the dry-bulb 
reading, 65°F, in the first column and follow across the page to 
the column headed 12. The number thus located is the relative 
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humidity, which in this example is 44 per cent. Use the dew_ 
point table in the same way; for this example the dew point is 

Fig. 17.5. This hygrometer con
tains a piece of chemically treated 
cellulose which is hygroscopic. (Cour
tesy Taylor Instrument Companies) 

found to be 42°F. 

t
l . A hygroscopic material is one 
which has an affinity for water 
and will absorb it from the 
vapor which comes in contact 
with it. The moisture which is 
absorbed changes some physical 
characteristic of the material
its shape, length, or color - and 
since this change is usually pro
portional to the degree of satu
rati~n of the water vapor it can 
be used as a measure of the rela
tive humidity. Some materials 
which are hygroscopic are hair, 
wool, cotton, and catgut. Fine 
human hair when carefully 
cleaned and processed will in
crease in length about 2.5 per 
cent when it is placed in satu
rated water vapor. Twisted cat

gut tends to untwist as it absorbs moisture, but its response is 
rather slow. Fine hair responds more quickly and is sensitive to 
small changes in relative humidity. In general, hygrometers which 
contain hygroscopic materials are not so sensi
tive as the wet- and dry-bulb hygrometers, and 
they also need some mechanical adjustments 
if the temperature range changes. For example, 
if one of these instruments is accurate in sum
mer temperatures, it usually is not accurate in 
winter temperatures unless it has been adjusted. 
A hygrograph is a recording hair hygrometer. 
Th h . I th f th h' Fig. 17.6. A hair e c ange m eng 0 e alrs causes an 

hygrometer 
inked pointer to record on a chart. The chart 
is on a revolving cylinder which is driven by a clocklike mechan
ism. A hygrograph may be used whenever a record of the 
relative humidity is of value. The change in len~th of other 
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J1laterials than hair may be used to move a pointer over a scale, 
but in general these other mater ials are less sensitive to changes 
in relative humidity. 

Instruments which are designed to indicate that the humidity 
is high or low without giving an y quantitative values are called 
hygroscopes. A Swiss "weather house" contains two figures 
mounted on a crossarm that is suspended at its mid-point by a 

Fig. 17.7. A combination hygrograph and thermograph. (Courtesy Julien P. 
Friez & Sons, Inc.) 

piece of twisted catgut. The catgut winds and unwinds with 
changes of humidity and rotates the crossarm so as to bring 
one or the other figure out of the house. Since the catgut is slow 
to respond to changes in humidity, the instrument often lags in 
indicating sudden changes in humidity. 

The change in color of a strip of paper or cloth which has 
been soaked in a solution of cobalt chloride and dried may be 
used to indicate roughly whether the humidity is high or low. 
When the humidity is high the color is pink and when low the 
color is blue. 

100. Choice of a Humidity Indicator. A relative humidity 
of 40 to 50 per cent is usually desirable, but since the human 
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body is_less sensitive t~ deviations from ideal relative humidity 
than it is to deviations from ideal temperature, the relative hu
midity may go considerably above or below the desirable range, 
and people will not' be chnsdous of the change. Therefore, if the 
humidity is to be kept: \within the desired range, a device for 
measuring the relative Humidity is even more necessary than a 
device for measuring the' temperature. Some of the advantages 
and disadvantages of various devices have been discussed above. 
However, devices are available at a moderate cost which give 
reasonably accurate measurements for home, schoolroom, Or 

office use. 
Devices for controlling the relative humidity in buildings will 

be discussed in the next chapter on air conditioning. 

STUDY QUESTIONS 

1. What is the most healthful relative humidity? 
2. During what seasons of the year do we usually need to add moisture 

to the air? During what seasons do we probably need to remOVe 
moisture? Is the answer the same for all localities? 

3. Why does furniture get loose in the joints in some homes and not 
in others? 

4. Why does water collect on the outside of a pitcher containing ice 
water? 

5. Why is the amount of perspiration more noticeable on a day when 
the temperature and relative humidity are~ both high, than on a 
day when the temperature is high but the relative humidity is low? 

6. If a cake of ice is allowed to melt in a room in order to cool the air, 
what is the effect on the relative humidity? 

7. What type of relative humidity indicator do you prefer for your 
I 

home? Why? 
8. What are some of the effects of living in an atmosphere of low rela

tive humidity? Othigh relative humidity? 

PROBLEMS 

1. If the room temperature is 70°F and the dew point is found to be 
55°F,what is the relative humidity? Ans. 61 per cent 

2. If _ the room temperature is 80°F and the relative humidity is 
50 per cent, what is the dew point? 

3. If a container which is full of air at a temperature of 20°F and a 
relative humidity of 80 per cent is tightly closed and brought into a 
room where the temperature is 70°F, what is the resulting relative 
humidity in the container? Ans. 12.4 per cent 

4. If 100 cubic feet of_ air_ at a temperature of 25°F and a relative 
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humidity of 80 per cent is warmed to 70°F, what volume does it 
then occupy? What is the resulting relative humidity? 

5. If the room temperature is 70°F and the wet-bulb thermometer 
reads 55°F, what is the relative humidity? What is the dew point? 

Ans. 35 per cent; 42°F 
6. If the room temperature is 70°F and the wet-bulb thermometer 

reads 46°F, what is the relative humidity? What is the dew point? 
7. If the room temperature is 90°F and the wet-bulb thermometer 

reads 70°F, what is the relative humidity? What is the dew point? 
Ans. 36 per cent; 59°F 

8. If the room temperature is 80°F and the wet-bulb thermometer 
reads 76°F, what is the relative humidity? What is the dew point? 

9. If a school room is 20 by 50 by 10 feet and the relative humidity 
is found to be 20 per cent, how much water must be evaporated 
to increase the relative humidity to 50 per cent? The temperature 
of the room is 70°F. Ans. 3.4 lb 

10. In a room which is 18 by 20 by 8 feet, the temperature is 70°F and 
the relative humidity is 30 per cent. How much water must be 
evaporated to bring the relative humidity up to 50 per cent? 
How much is required for a house containing 5 rooms of this size? 
Change this last amount to quarts. 
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AIR CONDITIONING THE HOME 

l To many people "air conditioning" means cooling the air, but 
the term is used here in a broader sense to include all of the 
factors which affect the temperature, the motion, the cleanli
ness, or the moisture content of the air ) For years we have 
heated our homes when necessary and have given considerable 
attention to the supply of fresh air; the ideal temperature was 
thought to be about 70°F, and the amount of fresh air was 
gauged chiefly by the comfort of the people in the home. Some 
of the results of poor air conditioning are headache, dullness, 
oppressive breathing, and general body discomfort. For a long 
time it was thought that headaches and sleepiness were due to 
a low oxygen supply or a high percentage of carbon dioxide in 
the air. But experiments have shown that these reactions may 
also be due to lack of circulation of the air or to too high or 
too Iowa moisture content as well as to the chemical composi
tion of the air. 

A few of these experiments will be described briefly. A group 
of people were placed in a small closed room in which the tem
perature was kept at 70°F. After a time the people felt much 
too warm and became very drowsy. When fans were started 
they felt both cooler and more alert. The room had not been 
cooled, and no new air had been introduced, but the air had 
been put in motion. This proved that air motion was important 
as well as temperature and chemical composition. In another 
experiment the same air was used over and over and held at 
70°F, but the moisture content of the air which had been in
creased by the breathing of the people was decreased by drying 
the air, and the people were comfortable much longer than 
when the air was not dried. In another experiment people were 
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put in a room at 70°F with a very low moisture content and 
then in another room at 65°F with higher moisture content. 
The people were mo.re CClmfortable in the second room. In the 
first room they were chilly because the air was too dry and 
lIloisture from the body was evaporated too rapidly. In the 
second room, even though the temperature was lower, the 
evaporation was normal and 
the people were comfortable. 
These experiments bring out 
tWO puints. There is an opti
mum amount of moisture for 
the air - if the moisture con
tent of the air is too high or too 
low, people are not .comfort
able. Also the 70°F, which had 
for a long time been considered 
an ideal temperature, is a little 
higher than is necessary if the 
moisture ccntent and circula
tion of the air are properly 
regulated. A study of air con
ditioning, then, includes a 
study of heating and cooling 
systems, ventilating systems, 
air-cleaning devices, and mois
ture control devices. These are 
all closely related in their 

. Pig. 18.1. Cross-section of a fireplace. 
7:ratlOn. 

101. Heating Systems. Heating the home has gone through 
many stages of development since the days when a burning log 
in a cave was the complete system. At first there was not even 
a chimney to carry off the smoke. Later, fireplaces which pro
vided an outlet for smoke were built. They also served as the 
ventilating system for the cave or cabin - in fact, they pro; 
vided too much ventilation, and a large part of the heat from 
the fuel was carried out the chimney. The people of that age 
did not concern themselves with the question of moisture con
trol, and the amount of moisture present was whatever atmos
pheric conditions happened to provide. 
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Heating stoves were first used in 1744. In a stove the draft 
could be controlled much better than in a fir~place, and since 
less air went up the chiqmey and the heated gases were held 
in the stove long enollgh to give out the heat to the room air, 

the amount of fuel consumed was much 
less, and the rooms were more uni
formly heated. The fireplace heated 
chiefly by radiation; however, a great 
deal of the heat from a stove is dis
tributed by convection currents. The 
heat is conducted through the wall of 
the stove to the surrounding air and 

Fig. 18.2. Convection cur- heats it. The cold air, which is heavier, 
rents caused by a stove. 

settles to the lower part of the room 
and forces the warm air up. Some heat is radiated by the stove 
- the amount varies decidedly, depending on the temperature 
of the stove. 

Three common methods of house heating are hot air, hot 
water, and steam. These systems are alike in that they all have 
a firebox from which heat is conducted to some fluid medium, 
which is circulated through pipes to the living quarters of the 
house. They differ, as their names indicate, in the medium by 
which the heat is transferred from the furnace to the rooms. 
They also differ in the type of pipe used and in the device by 
which heat is transferred from the heating medium to the room. 

A hot-air heating system consists of a firebox enclosed in a 
jacket; pipes lead from this jacket to the rooms of the house, 
and return pipes lead from the rooms to the furnace jacket. 
The hot air is pushed up through the pipes, and circulates 
around the rooms by convection. The return pipes carry the 
cooled heavier air back to the furnace. The system may be 
adjusted to provide for total recirculation, partial recirculation, 
or all new air. Partial recirculation is the most satisfactory. 
Total recirculation makes no provision for fresh air (except for 
what creeps in around windows and doors or what comes in 
when they are opened) . However, all new air furnishes more 
fresh air than is needed, and it is too expensive to heat so much 
cold air. 

The hot-air pipes practically always enter the rooms at an 
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inside wall as nearly over the furnace as possible. This is to 
avoid long horizontal pipes which would not provide good con
vection channels. If a forced-air system is used, with a fan to 
force the air along the pipes, the furnace may be placed on the 

Fig. 18.3. A hot-air furnace. (Courtesy The Fox Furnace Company) 

first floor. The registers are placed on the inside walls and 
may be located in the floor, or either low or high in the sidewall. 
Usually the system is designed for year around operation of the 
fan for ventilation. 

A hot-air register should have an area equal to or larger than 
the area of the pipe that supplies it, and the cold-air ducts 
should have a total area equal to the total area of all the hot-air 
pipes. In some installations only one cold-air duct is provided, 
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but the house will be much more uniformly heated if several 
small return paths are provided instead of one large one. Cold
air ducts should be placed at the outside walls near windows, and 
the fresh-air duct from outdbors connects with one of the return 
pipes, near the furnace. I t is provided with a damper so that the 
amount of new air may be regulated. 

Hot-air systems provide for plenty of air movement and for 
the addition of fresh air. A water pan is always installed in the 

Fig. 18.4. A hot-air heating system. 

furnace jacket in an attempt to provide enough moisture for the 
air, but at best it probably does not provide as much as is 
needed. Some people think that if the pan has water in it at all 
times the air is absorbing as much moisture as is needed, but 
this is not true. In the study of evaporation, it is found that the 
area of the exposed surface is one of the factors which controls 
the amount of water evaporated. In the hot-air furnace water 
is evaporated as fast as possible from the given area, but this 
may not be as much as is needed. Sometimes pans of water are 
placed beneath the floor registers where the air will pass over 
them as it enters the room. Other methods of providing moisture 
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will be discussed later. Removal of moisture from the air has 
not been mentioned in connection with heating, because for 
comfort it is usually not necessary to dry air which needs to be 
heated. 

Hot-water systems have a firebox surrounded on the sides 
and top with a water tank or boiler. The heated water circu-

Fig. 18.5. A hot-water boiler. (Courtesy United States Radiator Corporation) 

lates from the top of the boiler through pipes to radiators placed 
at the outside walls of the rooms, and the cooled water returns 
through another set of pipes to the bottom of the boiler. The 
b~ler, pipes, and radiators are entirely filled with water. When 
the\water is heated, it expands, and provision is made for this 
expansion by one of two methods: (1) A tank which holds sev
eral gallons may be installed at some point higher than the 
highest radiator; an overflow pipe is connected to the sewer to 
take care of the overflow in case the expansion is more than the 
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capacity of the tank. The tank must be placed where it will not 
freeze in the wintertime. (2) The system may be closed and a 
J dief valve installed which will release some of the water, through 

-
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, a -pipe connected to the 
sewer, in case the pressure 
becomes too high. 

In a forced hot-water 

RADIATOR 
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J 

Fig. 18.6. A hot-water heating system. 

heating system a pump is 
used to maintain circulation. 
Ei ther a two-pipe or a one
pipe system may be used . In 
a two-pipe system the hot 
water is supplied to the radi
ators by one pipe and the 
cooled '.-vater is returned to 
the boiler by another pipe, 
just as it is in a gravity sys
tem. In a one-pipe system a 
single main pipe serves both 
to supply the heated water 
to the radiators and to re
turn the cooled water to the 

boiler. At each radiator some of the hot water is diverted, by 
means of a special T , through a small branch pipe to the radiator 
and another small pipe returns the cooled water to the main pipe. 

The heat which has been carried to the radiators by convec
tion is conducted through the walls of the radiators and then is 
distributed around the room by convection currents and by 
direct radiation. The finish of the radiator is an important factor 
in determining the amount of radiation. Bright metallic paint 
reduces the amount of radia tion and dull paint increases the 
radiating ability. Long, low radiators are better than tall radi
ators because they furnish the heat to the room at the place 
where it is needed . .~ 

A hot-water heating system provides no ventilation by means 
of the heating system itself. There is motion of the air in the 
room because of convection currents, but no new air is brought 
in. Sometimes air vents are placed in the walls behind the radi
ators so that the colci, fresh air coming in will be warmed as it 
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passes over the hot radiators. The system provides no moisture 
conditioning either. Pans of water hung on the radiators help 
some but seldom provide enough water vapor. Humidifiers de
signed for the tops of radiators are better because they have a 
larger evaporating surface. 

A steam heating system is similar in construction to a hot
water system but it is not completely filled with water - only 

Fig. 18.7. The radiators may be installed behind grills which are flush with the 
wall. (Courtesy American Radiator Company) 

enough is used to ensure having water over the top of the fire
box at all times. Steam under a pressure of 2 to 5 pounds per 
square inch is used for small systems; higher pressures are nec
essary for larger systems. Some systems, called vacuum-steam .rys
terns operate at a pressure slightly below normal ; therefore the 
steam forms at a temperature below the normal boiling tem
perature. A safety valve is provided for protection if the pres
sure should run too high, and a water-level gauge shows the 
level of the water in the boiler. A steam system may be installed 
with only one set of pipes - the steam goes to the radiator and 
the condensed water returns to the boiler through the same 
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pipe - but separate return pipes are far more satisfactory. The 
same difficulties regarding ventilation and moisture control are 
encountered in steam heating that were discussed under hot· 
water heating, and are provided for in the same manner. 

Fig. 18.8. A steam boiler. (Courtesy American Radiator Company) 

Any of the above heating systems may be used for panel heat 
ing, in which the building structure itself is heated directly either 
by means of warm air ducts or by hot-water or steam coils located 
beneath the surfaces of the floors, walls, or ceilings. These heated 
surfaces, in turn, warm the air and objects in the rooms. This 
method of heating eliminates registers and radiators in the living 
quarters of a house. In general, the installations are designed 
to provide sufficient heat with maximum floor temperatures of 



§ 101) HEATING SYSTEMS 213 

approximately 85 of and wall temperatures of approximately 
115°F. 

The general air temperature may be maintained well below 
70°F and yet people will be comfortable if the heating panels 
have been well designed. 

There is no one best heating system. For each individual in
stallation there are various factors to be considered, and then a 
choice may be made. Some of the factors which must be consid 
ered are the following: 

1. Initial cost 
2. Operating expense

fuel, repairs, and labor 
3. Prevailing type of 

weather 
4. Flexibility of system to 

varying weather conditions 
5. Size and construction 

of house 
6. Simplicity of operation 
7. Automatic features 
8. Cleanliness of opera

tion 
Hot air is usually less ex

pensive to install than hot 
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Fig. 18.8a. A steam heating system. 

water or steam, and is the most flexible of the three systems. 
The warm air circulates soon after the fire starts. In a hot
water system there is a large amount of water to be heated, 
but it will begin to circulate with only a few degrees increase in 
temperature. A hot-water radiator will furnish heat for some 
time after it is turned off because of the high specific heat of water 
and because there is a large amount of water in the radiator. A 
steam system will supply heat in a reasonably short time after 
the fire is started, because the amount of water to be heated 
to the boiling point is small, but no heat will come to the 
radiators until after the water has reached the boiling point. A 
steam radiator will cool quickly after it is turned off, since there 
is a small mass of material in the radiator to furnish heat. A very 
much exposed house must be provided with a more adequate 
heating system than a house which is protected by trees, hills, or 



214 AIR CONDITIONING THE HOME [Ch.18 

other houses. If automatic controls are provided, there is really 
very little difference. in the simplicity of operation between the 
different systems, but the caretaker must understand the 
particular system which h~ is operating. The problem of cleanli
ness is solved to a large extent by the choice of fuels. 

A fireplace, while not c~nsidered as a house-heating system, 
is a very desirable addition Ito any of the systems discussed above. 
It is usually installed for the cozy atmosphere it lends to a room 
rather than as part of the 'heating system, but that factor does 
not detract from its further usefulness. It also provides ventila
tion, which is especially needed with hot-water and steam
heating systems. Small gas heaters and electric heaters are also 
useful as auxiliary heating units, and they may be installed in 
the fireplace instead of a coal or wood grate. 

Fig. 18.9. If a house is to be heated by the sun, the pitch and overhang of 
the roof must be carefully planned to admit the sun's rays in the winter but 
to keep them from entering in the summer. 

102. Solar Heating. If a house is to be heated with energy 
from the sun, the house must be specially designed to permit a 
maximum of sunlight to enter as many rooms as possible in the 
winter. This requires careful orientation with reference to the 
compass points, consideration of neighboring buildings, and 
scientific location of the windows with respect to the sun. Several 
Limes the usual window area~ is providf'ri on the south side of the 
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house. In general, large east and west windows are to be avoid~d 
because they provide very little more heat in winter and permit 
a great deal of heat to enter in the summer when the sun rises 
and sets farther north. Overhanging eaves and awnings keep the 
sun's rays from entering the south windows in the summer when 
the sun is high. 

Glass areas may be ordinary glass, plate glass, or structural 
glass. For large areas a special type of glass is used. Two sheets 
of glass are mounted in metal so that they are separated by a 
sealed layer of dehydrated air. Frost and water vapor never col
lect on these windows and little heat is lost by conduction. 

The infra-red rays from the sun enter as short waves which are 
absorbed by the objects in the room. These objects in turn rera
diate energy of a longer wavelength to which the glass is imper
vious. Thus the large glass areas form a heat trap for the sun's 
radiant energy. In most climates solar heating must be supple
mented with a fuel heating system. 

103. Heating by Reverse Refrigeration. It will be recalled 
that a mechanical refrigeration system removed heat from the 
food compartment of a refrigerator and this heat was released 
from the system into the kitchen air by the condensing coils. Un
likely as it sounds, outdoor air in winter is a good source of heat, 
because its temperature is decidedly above absolute zero. (Air 
at OaF has about 85 per cent as much heat in it as air at 70°F.) 
Figure 18.10 shows how a refrigeration unit may be used to 
heat the air in a building. Cold air enters as shown in the diagram 
and is then ejected at a still lower temperature. The heat which is 
removed from the air is absorbed by the refrigerant as it changes 
from a liquicl to a gas in the expansion coils. This gas is com
pressed and its temperature rises. It then passes through the 
condensing coils where it gives out heat and gradually changes 
back into a liquid ready for another cycle. The heat which i~ 
given out as the gas passes through the condensing coils is 
absorbed by the air which is circulated through the house. But 
this heat was obtained from the cold outdoor air. The only 
expense fo_r operation is -for the electricity to run the system, 
but in places where the rate is from 1 to 2 cents per kilowatt
hour the cost of operation becomes reasonable. However, the 
initial cost of the apparatus is still quite high. Another possi-
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bqity is to use water pUJ?ped from the ground, instead of out
door air, as the source of the heat. The same system, by making 
minor adjustments, may be used to cool the air in summer. 
\/'104. Air-Cooling' Sys~,ems. One of the most satisfactory 
methods of cooling the ai,Il in a building is to force the air Over 
the expansion coils of a refrigeration system. Forced circulation 
is necessary to make the Icolder denser air rise if the cooling 

STILL COLDER AIR 
EJECTED HERE 

EXPANSION 
VALVE 

COLDER REFRIGERANT 
IN COILS ABSORBS HEAT 

FROM COLD AIR , 

COOLED 
COMPRESSED 
GAS BECOMES 
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FROM HOT COMPRESSED 
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Fig. 18.10. Heating by reverse refrigeration. 

system is in the basement or to~make it circulate if the cooling 
unit is on the same level as the rooms to be cooled. Instead of 
t;,sing a refrigeIation system the air may be forced over pipes 
through which very cold water is flowing. This method of course 
is limited to localities where it is possible to pump very cold 
water from a well. The air may be cooled and cleaned by forc
ing it through a spray of cold water, but unless the temperature 
of the water is quite low the relative humidity may be increased 
above a desirable amount by this method. If the house is heated 
by a hot-air furnace, the ~cooled air is circulated through the 
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ducts of the heating system, but if the house is heated by steam 
or hot water, ducts for the circulation of the cooled air must be 
provided. 

A less satisfactory cooling unit consists of a box filled with 
excelsior which is kept damp by water which drips into the 
top of the box. A fan forces air through the damp excelsior, and 
heat is removed from the air to evaporate the water. But as a 
result of this evaporation the air may be too damp for comfort. 
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Fig. 18.11. Use of exhaust fans in the attic windows to remove hot air 
from the house. 

The hot air may be removed from the house during the night 
by opening the house and turning on large exhaust fans installed 
in the attic. The less dense, hot air is removed, and the heavier, 
cooler air enters the house. 

'v- 105. Air-Cleaning Devices. One of the important phases 
of air conditioning is that of dust, pollen, bacteria, and smoke 
removal. Air may be cleaned by passing it through a spray of • water, or-through a filter of felt, spun glass, or steel wool. It is 
5urp:-ising how much dust and dirt is collected in these filters, 
and as a result of their use the air we breath is. much cleaner. 
Also the need for house cleaning, dusting, and redecorating is 
decreased if air is filterea. 
, 106'. Humidity Control. If the moisture content of the atmos
jJhel.:e is low, rapid evaporation of moisture from the skin may 
caus'e a person to feel chilly when, so far as the temperature is 
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concerned, he should be comfortable. If this situation exists, it 
is better to increase the relative humidity rather than the tem
perature. Also if the air e;:ntering the lungs has very little mois
ture in it, the membranes of the respiratory organs may become 
dry and inflamed. A low relative humidity often makes people 
feel sleepy, and they are not able to work efficiently. On the 
other hand if the humidity is too high, there is less than normal 
evaporation from the skin, and the person feels too warm when 
the temperature is not high enough to cause discomfort. Because 
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Fig. 18.12. Diagrammatic cross section of an air-conditioning system. 

he is. uncomfortable he will not accomplish as much as he 
would if he were in a comfortable atmosphere. 

Various ways of increasing the relative humidity have already 
been mentioned. The water jacket in a hot-air furnace and 
pans of water under registers or on radiators all help. Usually 
a low relative humidity exists when the air has been heated; 
but if the warm, dry air is passed through a spray of warm 
water or through a wet filter the amount of moisture wilL be 
increased. If the air is too damp, it is often due to the fact that 
the air has been cooled; however, if the air is cooled by passing 
it over refrigeration coils or pipes through which cold water 
circulates, the water vapor will be cooled below its clew point, 
and the excess moisture will be condensed on the pipes. 

107. Coordination of Controls. Several times in the preced
ing discussion it has been pointed out that control of only on 
of the factors in air conditioning may result in a most" undesir
able cOI:lbination of atmospheric conditions - for example, a , 
change of temperature immediately influences the relative hu
midity, and often low relative humidity results from heating 
the <i i!' and high relative humidity fr(,ID cooling the air. SOUle-
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times in our zeal to secure temperature and moisture control, 
we have entirely neglected ventilation, and seldom have we 
cleaned the air. Successful air conditioning results from coordi
nating all of the controls for temperature, relative humidity, 
cleaning, and ventilation. 

108. '-Air Conditioning in Industry. Some materials are very 
difficult to handle if atmospheric conditions are not right. In 
paper mills, textile mills - silk and rayon especially - and flour 

Fig. 18.13. An air-conditioning unit. 
(Courtesy The Fox Furnace Company) 

mills the humidity is regulated to improve the quality of the 
product and to decrease the danger of fires or dust explosions. 
Food industries realize the importance of humidity control, and 
of air cleaning to remove dust and bacteria, both in the produc
tion and storage of foods. Candy companies are much concerned 
with temperature and moisture control. In furniture factories 
and in automobile plants humidity and air-cleaning controls 
make it easier to apply and to dry lacquers and varnishes. The 
manufacture of gelatine products including photographic films 
is especially affected by the temperature and moisture content 
of the air. Many other examples ,of the importance of air con
oitioning in industries might be mentioned. Since the employees 
work more efficiently in a conditioned atmosphere, the improve-
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ment in the product and in the efficiency of operction have 
justified the cost of the air conditioning. 

STUDY QUESTIONS 

1. What is included in air Iconditioning? 
2. Describe a situation in

l 
tvhich you think a hot-air heating system 

would not be satisfacto}y. What type of heating system do you 
think would be satisfactory? 

3. Explain how a house may be heated by reverse refrigeration. 
4. What are the reasons for installing fireplaces in modern homes? 
5. Whot effect does a fireplace have on the ventilation of a room? 
6. What 2ttention must be given to either a steam or a hot-water 

heating system if the furnace is not to be operated during cold 
weather? 

7. If a given hot-air register in the home does not furnish enough 
hot air, what is the reason, and how may the difficulty be cor
rected? 

8. What are some ,of the benefits resulting from an air-cleaning 
system? 

9. Mention several unusual types of places where air conditioning 
I 

has been used to advantage. 
10. What are some of the unsatisfactory conditions which are some

times encountered in connection with air conditioning because of 
the fact that the various controls are not coordinated? 
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THE WEATHER 

It is sometimes said that we constantly talk about the weather 
but never do anything about it. But since methods of air con~ 
ditioning have become more practical someone has said that we 
are at last doing something about the weather. However, air 
conditioning can hardly be called changing the weather - we 
are only changing some of those factors which also enter into 
the weather, and we are changing them iIi very limited spaces. 
In this chapter we are concerned with the conditions that make 
up the weather in the great outdoors where, it is true, we can
not do anything about it. 

Weather is the result of many atmospheric conditions such as 
temperature, rainfall, humidity, wind direction and velocity, 
air pressure, and sunshine. We describe the weather by saying 
it is hot, cold, dry, damp, foggy, clear, calm, or stormy. The 
weather varies from day to day, from season to season, and from 
one locality to another. Weather is the condition qf the atmosphere 

Jar an area at a given time while the climate is the summation oj the 
weather conditions Jor an area over a period qf many years. 

109. The Atmosphere. The atmosphere is the gaseous layer which 

surrounds the whole earth. Since it is odorless, colorless, and tasteless 
we are not usually conscious of it unless it is in motion or we 
are moving rapidly through it. The atmosphere is composed 
chiefly of air with small amounts of water vapor and dust. Air 
is a mixture of gases. About 78 per cent (by volume) of the air 
is nitrogen and about 21 per cent is oxygen; the remaining 
1 per cent is chiefly argon, with a small amount of carbon 
dioxide and traces of several other gases. These proportions are 
remarkably constant over the earth's surface and at all seasons
of the year. At great elevations (above 10 to 12 miles) the pro-

221 
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portions may be different on account of the different densities 
uf the various components. If the air had a constant densit 
equal to that which it has nem· the earth's surface, the layer :r 
atmosphere . woul~ be about 5 miles deep. But si~c~ denSity 
decreases wIth. altItude about 50 per cent of the air IS within 
3.5 miles of the earth's s~rface and about 97 per cent is within 
18 miles. I 

To man, oxygen is the most important gas in the air. It is 
necessary for all plant and animal life, and for combustion. 
Aviators must sometimes use oxygen masks because at high 
altitudes the lungs cannot absorb enough oxygen from the air 
to support life. The chief function of nitrogen is to furnish fOOd 
for plant life; carbon dioxide is also an important plant food. 
The amount of water vapor in the atmosphere depends in part 
upon the temperature and in part upon whether it is over land 
or water - the amount varies from a trace to as much as 4 per 
cent by volume. 

110. Temperature. Temperature is an important weather 
factor, not only because of the effect of temperature directly, 
but because of the effect it has on other factors. The sun is the 
chief source of the earth's heat energy. The enormous amount 
of energy radiated by the sun travels out in all directions, and 
while the amount which is intercepted by the earth is a very 
small part of the total emission, that which is directed toward 
the earth comes through interplanetary space with practically 
no loss until it reaches the earth's atmosphere. However, as it 
passes down through the increasingly denser atmosphere, some 
of the energy is ab~orbed by water vapor (including clouds) 
and by dust- particles. The amount absorbed depends upon the 
amount of moisture and dus.t in the air and the distance the 
waves have to pass through the air. Thus, when the sun is directly 
overhead, as in the summertime, the distance the waves travel 
through the atmosphere is less than when the waves come at an 
angle as they do in the winter. This explains in part the differ
ence in the amount of heat received.from the sun at different 
seasons. People are sometimes surprised to find on a cool day 
in summer that "the sun is just as hot" as it was the day before 
when the temperature was much higher. The sun is sending 
energy to the earth at p.l~ost exactly the same rate on the two 
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ucceeding days, but other factors have made the temperature 
~ifferent on the two days. Anotp~r example showing the same 
situation is that of discovering a reasonably warm place on the 
south side of a building in the v\,'~nter on a day when the tempera
ture is very low. Icicles may be melting because of the radiant 
energy received, even though the temperature of the atmosphere 
in general is below the freezing point of water. 

Some of the energy which reaches the earth from the sun is 
reflected into the air, but much of it is absorbed so :hat the 
temperature of the earth is raised. At night, when no energy is 
being received from the sun, this heat is reradiated and keeps 
the air from becoming as cold as it otherwise would. The rate 
at which heat is lost from the earth IS determined to a great 
extent by the presence or absence of clouds above the earth. 
One often hears the remark, «If it clears off tonight, it will 
frost." This simply means that if there are nO clouds to hold the 
heat in it will be lost so rapidly that the temperature will drop 
below the freezing point. 

Fruitgrowers sometimes build smudges in their orchards when 
there is danger of frost harming the flowers or the fruit. The 
smoke collects above the orchards and acts as a blanket to hold 
the heat close to the earth. The heat radiated by the earth is 
thus retained. 

111. Atmospheric Circulation. As has been mentioned be~ 
fore, the amount of heat received by various parts of the earth 
varies decidedly. More is received in the equatorial regions and 
less in the polar regions; since the equatorial and polar regions 
are at q~ite different temperatures, there is a general tendency 
for the warm air at the equator to be pushed up and flow either 
way to the poles while cold polar air flows toward the equator 
next to the earth. Consequently, air masses move from one region 
to another. When the movement of these air masses is horizontal 
it is known as a wind; all other motions of the air are called cur~ 
rents (up currents and down currents). This general motion of 
air masses is modified by several factors such as the rotation of 
the earth, the irregular/distribution of land and water areas, 
and the unequal amounts of heat absorbed by the different 
layers of air. The layer next to the earth always absorbs the most 
heat. As a result atmospheric circulation becomes very complex. 
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112. Pr'ecipitation. When warm air is pushed up it carries 
with it water vapor which has evaporated from oceans, lakes, 
rivers, the ground, and from plants. As the air rises it expands 
and the ,air and water v.apor are cooled. If the water vapor is 
cooled below its dew p'oint some condenses into tiny drops 
which form clouds. If co~ditions cause these tiny drops to form 
into larger drops rain may fall. If the temperature is below the 
freezing point, the precipitation may be in the form of snow, 
sleet, or hail. If a cloud forms near the ground, it is called a jog. 
Fogs are often formed also when warm, moist air is blown OVer 
a colder region - for example, when warm, moist air blows 
over a cold land area or over a cold ocean current. 

If the water vapor in the atmosphere is cooled until it becomes 
saturated, condensation occun and dew is formed. If the satura
tion temperature is below 32°F the water vapor freezes and 
frost is formed. Since the earth and objects close to it cool faster 
than the surrounding atmosphere the water vapor closest to the 
earth is the first fo condense. Hence dew or frost forms first on 
objects close to the earth and, as the cooling proceeds, it forms 
on higher objects. For example, dewar frost is formed on grass 
and plants, especially in low places, before it is formed on the 
roofs of buildings. Dew or frost forms on objects which are poor 
conductors of heat before it forms on those which are good Con
ductors; the amount of heat lost by radiation is practically the 
same for all objects, but those that are good conductors receive 
additional heat from the earth to replace this ioss, while the 
poor conductors do not receive more heat so readily. 

113. Air Masses ~nd the Weather. An air mass is a widespread 
body if air which is approximately homogeneous horizontally, but not 
vertically because the 'temperature and the pressure decrease with an 
increase in altitude. Air masses are classified as polar continental, 
polar maritime, tropical continental, and tropical maritime. In 
general the polar masses -are cold and the tropical masses are 
warm. Since land masses change temperature more_ rapidly than 
water masses, the continental air masses vary more in tempera-.. 
ture and humidity than do the maritime air masses. Conse-
quently the characteristics of the air masses are m'odified as 
they flow along. In making forecasts the Weather Bureau studies 
the source of the air n;ass, together with the surface influences 



§ 114] WORK OF THE WEATHER BUREAU 

to which it has been ex~osed. The lower layers of an air mass 
are changed more than the upper layers. 

When warm tropical air masses meet cold polar air masses the 
twO do not mix to form a gradual transition from one to the 
other - instead a definite surface separates the two. This sur
face is called a front. At a front there are sudden changes in 
temperature, atmospheric pressure, and relative humidity. 
Fronts are neither horizontal nor vertical but are sloping~; If 
warm air is replacing cold air, it is a warm front; but if cold air 

Fig. 19.1. Storm paths across the United States. 

is replacing warm air, it is a cold front. Warm fronts tend to flow 
up over cold masses, but cold fronts flow in under warm masses 
of air. As a result, areas which are known as high- and low
pressure areas develop. These areas move in more or less regular 
paths over the surface of the earth. Figure 19.1 shows some of 
the general paths of these areas in the United States. Lows are 
generally associated with stormy weather and precipitation" 
while highs are associated with light breezes and clear skies. ~ 

114. Work of the Weather Bureau. While it is true that men 
cannot change the weather, they can profit by studying it, and 
by learning as much as possible about the weather conditions 
which will probably exist in the next few hours or the next few 
days. The general trends of changes in the weather for a given 
area are known from a study of the weather records; that is, 
about how cold it will be in the winter, about how hot in the 
summer, when it will be safe to plant certain crops in the spring, 
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and when they will have to mature in the fall in order to avoid 
injury by frost. Of course these conditions vary from year to 
year, but they are a guide( by which to carryon our lives. But 
in addition much more exact information from day to day is 
needed. The health and cortuort and even the Jives of plants and 
animals often depend on k~owing, even a few hours in advance, 
the important weather changes which are expected to OCcur. 
The weather forecast is often the deciding factor as to whether 
a plane starts on a certain trip, whether a vesseHeaves port, or 
whether it is advisable to go on a camping or a hunting trip. 
The forecast warns the farmer in time to make extra provision 
for the comfort of his livestock. School children are often started 
home early in rural districts if a blizzard is due to 'lTrive before 
night. 

Men of all ages have scanned the heavens, searching for 
weather indications which would enable them to plan a little 
farther ahead. As .certain phenomena were observed to recur, 
many weather proverbs were formulated, such as: 

"Moonlight nights have the heaviest frosts." 
"Heavy frosts generally are followed by fine clear weather." 
"Every wind has its weather." 

"Sky rea in the morning, 
Is a sailor's sure warning. 
Sky red at night 
Is the sailor's delight." 

"Curls that kink and cords that bind 
Signs of rain apd heavy wind." 

"Men judge by 'the complexion of the sky 
The state and inclination of the day." - Shakespeare 

There is a good deal of truth in these old sayings, and .from 
this simple beginning the science of meteorology has developed. 
Meteorology is the study oj the atmr:spheric conditions that affect the 
weather. Weather is dependent on many factors, arid if the result
ing conditions always recurred in exactly the same combination, 
weather forecasting would be relatively simple. But since there 
are so many variables in anyone combination of weather con
ditions which may occur in anyone locality, the difficulty of 
forecasting is obvious. • 
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The United States government, seeing the great possibilities 
in working out the relations of the factors that control weather, 
and also the great benefit that would be derived by the public 
from the results of weather study, provided by a special act of 
Congress in 1870 that the Secretary of War should direct the 
organization of weather observations and provide for issuing 
storm .warnings by means of suitable signals along the seacoast 
and the Great Lakes region. 

Prior to this time, the army had kept for its own use fairly 
accurate weather data taken at different military posts over the 
country, but the constant shifting of troops and the insufficient 
training of the observers created a demand for an independent 
service. In addition to the records kept at the military posts, 
many institutions of learning, and many individuals who became 
interested, cooperated with the Smithsonian Institution as early 
as 1847 in keeping daily records or records of unusual weather 
phenomena. The signal service established in 1870 by the army 
proved so valuable to navigation and marine interests that, 
because of the demand of the general public, Congress in 1872 
extended the service to include all commerce and agriculture. 
The value of the service was so evident that in 1891 the Weather 
Bureau was established and was made a part of the Department 
of Agriculture. Since that time liberal provision has been made 
for the work of the Bureau, and the system of making observa
tions and of distributing the forecasts has been greatly improved 
and extended. In 1940 the Weather Bureau was transferred to 
the Department of Commerce. 

The Weather Bureau organization consists of a central admin
istrative and scientific office in Washington, D. C., and many 
offices and stations of various grades throughout the United 
States and in Alaska, Hawaii, and Puerto Rico. For forecast 
purposes the United States is divided into forecast districts. In 
each district forecasts are made several times daily for each of 
the states i.n the district. These forecasts are made up from the 
information sent to the center by some observers in the district 
who report at 6 A.M., noon, 6 P.M., and midnight, and by other 
observers who report only once or twice a day. Forecasts in 
normal times are published in the newspapers, announced over 
the radio, and in some cases over the telephone. The morning 
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forecast is telegraphed from the forecasting station to many of 
the observation stations in the district. Special forecasts are 
made if storms or hazardous weather conditions are expected. 

The Weather Bureau not only prepares weather forecasts but 
accumulates and publishes information concerning existing 
weather conditions and climatic characteristics of a region. A 
partial list of the Bureau's services gives some idea of the Scope 
of the work. These include the agricultural, marine, airways, 
forest fire, rivers and flood, and aerological (upper air) services. 

Fig. 19.2. An anemometer. (Courtesy 
Julien P. Friez & Sons, Inc.) 

Fig. 19.3. A combination 
anemometer and wind
direction apparatus. (Cour
tesy Julien P. Friez & Sons, 
Inc.) 

115. Instruments Used by the Observer. The instruments 
used in the larger weather stations include maximum and mini
mum thermometers, a thermograph, a barometer, an anemom
eter, a wind-direction recorder, a sunshine-duration recorder, 
and a rain gauge. A few stations use radiosondes. 

Maximum and minimum thermometers, the thermograph, 
and barometer have already been discussed . The thermometers 
are kept in an instrument shelter house, which should stand 
well out in the open, over sod, and where air currents can cir
culate freely about it. If not kept in a shelter house, the ther
mometers should be kept on the north side of a building, fastened 
so as to stand out a little _from the building. 
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An anemometer has three hemispherical cups placed on rods 
at 1200 angles with each other. The cups " catch the wind" and 
cause the central spindle to rotate; the .rate of wind flow is 
recorded in terms of miles per hour. 

The wind-direction apparatus is an automatic recording device 
operated by a weather vane. As the wind turns the weather vane, 
dots are recorded by an electrical mechanism on a revolving 
chart, the location of the dot 
showing the wind direction. 
The vane should be placed on 
top of a building which is high 
enough that wind currents will 
not be disturbed by surround
ing buildings and trees. 

The sunshine recorder is a ther
mostatically operated device. 
If the sun shines, a mercury 
thermostat responds to the 
radiant energy received, and 
closes an electric circuit which 
causes a pen to record on a 
revolving chart. The .thermo
stat is enclosed in a glass tube 
from which the air has been 
extracted, therefore the only 

Fig. 19.4. A sunshine-duration 
transmitter. (Courtesy Julien P. Friez 
& Sons, Inc.) 

heat which reaches the mercury is transferred by radiation. The 
bulb of the thermostat is coated with lampblack to make it a 
good absorber of radiant energy. When the sun does not shine 
the black bulb radiates heat rapidly, so it cools, the mercury 
contracts, and the circuit is opened. 

The rain gauge is constructed of sheet metal. It is a cylindrical 
container with a funnel -shaped top, the area of which is ten 
times the cross section of a brass tube placed under it in which 
the rain is collected. Hence 1 inch of water measured in the brass 
tube represents only 0.1 inch of actual rainfall. The depth of the 
water is measured witha special scale on which the units are ten 
times the normal lengths of the units. Thus the rainfall can be 
measured accurately to hundredths of inches. The rain gauge 
should be placed out in the open, securely staked to the ground. 
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Its distance from any higher object should be at least equal to 
the height of that object. The reason for this is that disturbed 
wind currents prevent a representative fall of rain in the gauge. 

In oraer that the forecaster may obtain information about 
the upper atmosphere, radiosondes are used at some stations. A 

.. ~ 

Fig. 19.5. Registering device for recording rainfall, sunshine duration, wind 
direction, and wind velocity. (Courtesy Friez Instrument Division. Bendix Avia
tion Corporation) 

radiosonde is attached to a small balloon and released. It may 
travel to an altitude of 10 to 15 miles before the balloon bursts. 
A small parachute then opens to retard the fall of the apparatus. 
If found, the radiosonde should be returned to the Weather 
Bureau because some of the parts can be used again. Radiosondes 
are equipped with a radio transmitter, a battery, an electri
cal resistance thermometer, an aneroid barometer, and a hair 
hygrometer. The signals which are sent out are controlled by 
the temperature, the pressure, and the relative humidity of the 
atmosphere. These signals are received at a ground station where 
they are interpreted. 
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Not all weather observers have all of these instruments. Some 
are provided only with maximum and minimum thermometers 
and a rain gauge. While the ubserver may be required to read 

Fig. 19.6. Rain gauges. (Courtesy Taylor 
Instrument Companies) 

the rain gauge only once every 24 hours, he may obtain interest
ing and valuable data for local drainage problems by reading 
the rain gauge for a particular rain, and noting the time it took 

a b 

Fig. 19.7. (a) A radiosonde opened to show placement of parts. The pressure 
unit is in the top, the radio transmitter at the lower left, and the battery at the 
lower right. (b) The humidity and temperature units of a radiosonde. (Cour
tesy U. S. Weather Bureau) 
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for the rain to fall, and the time it took for it to drain off. He may 
also note the height to which the water rises in the existing 

Fig. 19.8. Observer is ready to release balloon with parachute and radiosonde 
attached. (Courtesy U. S. Weather Bureau) 

drainage ditches. In towns, note should be made as to whether 
the storm-sewer system is able to take care of the drainage. 

STUDY QUESTIONS 

1. What is the difference between weather and climate? Do they 
both change? 

2. What gas is most abundant in the atmosphere? 
3. Approximately what per cent of the air is oxygen? 
4. What is the chief factor that determines the temperature of a 

region? What are other important factors that enter into deter
mining the temperature? 

5. Describe the general circulation of the atmosphere of the earth. 
6. What is a wind? What is an air current? 
7. What is the difference between a fog and a cloud? Between cleve 

and frost? 
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8. What is an air mass? 
9. Name the four main types of air masses. 

10. What is a frost? 
11. H ow does a warm front displace cold air? 
12. H ow does a cold front displace warm air? 
13. What are the characteristics of a low-pressure area? 
14. What are the characteristics of a high-pressure area? 
15. Define meteorology. 
16. O f what value are continuous weather records? 
17. What factors does the forecaster need to know in order to make 

a forecast? 
18. H ow is the information collected for making forecasts? 
19. H ow are the weather forecasts distributed? 
20. What other work does the Weather Bureau carryon in addition 

to making forecasts? 
21. Describe the various "weather" instruments. 
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SOURCES AND USES OF ELECTRICITY 

In ancient times a few isolated bits of information constituted 
all that was known about electricity - the ancients were not 
aware of the slightest connection between the few peculiar 
phenomena which they had observed. They had found some 
pieces of magnetic ores and were puzzled at the attraction these 
pieces of material had for each other and for small bits of iron. 
They knew that if a piece of amber was rubbed with silk that 
the amber acquired the ability to attract the silk to it. The 
ancients had seen flashes of lightning and knew some of the 
effects of lightning. They had seen the "northern lights," and 
the glowing discharge that frequently appeared around the 
metal tips on a ship's mast and which was called St. Elmo's fire. 
All of these phenomena were attributed to the gods - the gods 
were showing either pleasure or wrath as the occasion required. 
Some had experienced the sting of the electric eel. But these few 
bits of information constituted the sum total of their informa
tion about" electricity. For centuries after that, even after some 
other discoveries had been made, electricity was only something 
to play with - something peculiar and interesting, but not of 
any practical value. 

116. Significant Electrical Discoveries. In 1752 Franklin 
performed his kite experiment and learned several things about 
lightning. He was the first to advocate the use of lightning rods 
for protecting houses during electrical storms. Volta in 1793 
found that a continuous current of electricity could be outained 
by chemical methods, _and currents generated in this way 
have been very useful. However, as a Source of energy for 
operating electrical machinery as we know it now, batteries 
would be quite inadequate and very expensive. 

237 
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In 1819 Oersted faund that a wire which had a current flawing 
"t~raugh it had same .of the same praperties as a magnet. Faraday 

reasaned that, if a wire which was carrying a current had mag
netic praperties, he shauld be able ta use a magnet ta praduce a 
current in a wire~ He experimented alang this line far several 
years, and in 1831 made\ the first simple electramagnetic gen
eratar. But Faraday was 'nat interested in the develapment of 
generators far praducing electrical energy for cammercial pur
poses and it was abaut thirty years later befare the first successful 
cammercial generator was built. It was later used to supply Cur
rent for carbon arc lights. Edison, in 1879, was successful in 
making incandescent lamps. Since 1880 there has been rapid 
progress in the develapment of the theory and use .of electricity. 

Electricity has changed .our mode of living decidedly. It .offers 
a clean, convenient way .of transferring energy, and has made it 
possible far machines ta do huge amaunts of wark which were 
farmerly done by peaple. One electric motor can do the }Vark 
that required thousands of slaves in ancient times. We are so 
accustomed to having electricity furnish light and heat and 
.operate rna tars that we laak upon it as a necessity. Many people 
today can scarcely realize what living conditions would be 
without electricity; yet, while something has been known of 
electricity for aver 2500 years, most .of the development in elec
tricity for the home has taken place within the last 60 years. 

Electric lights were installed in a few homes saan after 1880, 
but electrical heating devices and motors for use in the home 
have been developed chiefly since 1915. The llousewife now uses 
electricity for lighting, cooking, sewing, washing, ironing, clean~ 
ing, and refrigeratian. Electricity does all of these things quietly, 
efficiently, and safely. An end~ess supply .of energy comes thraugh 
wires hidden in the walls where they are out .of sight and aut of 
the way. In fact, sa many things are done with the aid of elec
trical energy that this is sometimes spoken of as the "electrical 
age," and a housewife is now expected to knaw what was farmerly 
deemed necessary .only for a scientist. 

But for all the great progress which has bee:Q. made we have 
probably just begun to realize the possibilities .of electricity. In 
the total consumption of electrical energy .of all kinds the 
United States now leads _the world. We use 1 1/2 times as much 
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per capita as is used in Great Br'tain. We use 150 times as much 
per capita as is used in China. 

This great expansion has been possible only because efficient 
generators have been built and efficient methods of distribution 
have been worked out. The transformer has made long-distance 
transmission..of electrical energy practical. When we pay for 
electricity we are paying for the electrical energy which has been 
delivered to us at our homes or in our places of business. 

117. A Current of Electricity. What is a current of elec
tricity? Our present concept of matter is that it is made up of 
atoms which in turn are composed of various kinds of particles, 
including ti~y. n~ga~vel'y charged particles_called_electwns._In 
some materials, notably metals, some of these electrons are 
relatively free to migrate through the material if a [t)rce is applied 
to cause them to move. When the eltctrons move the result 
is a current of electricity. For years ~:_current of electricity was 
a mystery - now we kno~_~t:_ i~ a stream of electrons. We use it 
dozens of times a day, and even cease to be amazed when we 
hear of some new electrical discovery. 

Before the real nature of an electric current was known, it 
was customary to say that the current floweu from the positive 
to~__the current is really a stream ~f_n~ativ_ely 
cliarged particles flowing from the negative to the positive. But 
since so much lias been ·Written about electriCity according to 
the old convention, and since most electrical measuring instru
ments still are marked accordingly, the direction of the current 
will be spoken of in this text as being from positive to negative. 

While the human body has no sense organ especially adapted 
b respond to electrical energy, we can see the light from an 
electric lamp, feel the warmth of an electric heater, and feel the 
breeze from an electric fan. We can hear sounds, which occurred 
thousands of miles away, by means of the radio or telephone.· 
We can sometimes smell the ozone (free oxygen) which results 
when an electric discharge takes place through air. If wires lead
ing from the terminals of a small-electric ceU ate placed on the 
tongue, the resulting taste is slightly sour. 

118. Transformations of Energy. Some of the devices which 
may be used to produce electric currents are batteries which trans
form chemical energy into electrical en~rgy, generators which 
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transform mechanical energy into electrical energy, _thermocouples 
whicllchange-heat-energy-into" electrical energy, ~etectric cells 
which co~vert light energy into electrical ~nergy,(t~d mlcrophones-

r
hidlCO:h~ertsound enet~j!lt2 ~lectrical energy) -
Electrical energy max \ in turn be transformed into chemical, 

mechanical, heat, light, and sound energ),.(If current is sent through 
a solution of some compobnd, decomposition takes place, which 

:: may result in some kind of electroplating, '~uch as silver or COpper 
plating, or which may leave the chemicals in a form capable of 
furnishing a current again, as in a storage battery) If an electric 
current is sent through a washing~ac~ine motor, the final result 
is wechanical ~gitation of the clothes through the water in the 
tub ~nhe machine. If current is sent through a t_aasg:_r, teat i§ 
the result, or if it is sent through the filament of a light b{JUl,. the 
resulting temperature is so high that part of the el~ctrical energy 
is converted into light energy:.. If an electric current is furnished 
to a telephone recci'yer, a record player, or a loud speaker, sound 
energy. is the result. . 

- -Each ~f the/m~thods of producing an electrical current, and 
the various effects caused by a current, will be explained. Since 
practically all of the current used in the home comes from gen
erators, the first question to be asked might be: What is a gen
erator, and how is a current of electricity obtained from a 
generator? Other questions might be: How is a current trans
mitted from the generator to the place where it is to be used? 
Why does a current cause a motor to rotate? How does electricity 
produce heat and light? How does it cause chemical changes? 
Before these questions can be answered some of the interesting 
properties of magnets must be demonstrated because magnets 
are used in generators. Other-methods of producing currents will 
be studied also, as well as static electricity or "electricity at rest." 
Then we will haveaoackground. for: studying the generators
which produce the electricity which is used i:r'J. our homes, the 
method which consequently is of greatest interest to the student 
of home economics. 

STUDY QUESTIONS 

1. What phenomena of an electrical nature were known to the ancients? 
2. What date marks the beginning of the rapid increase in the develop

ment of electrical power and the use of electrical equipment? 
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3. What date marks the beginning of the widespread development of 
electrical equipment for the home? 

4. What is a current of electricity? 
5. What types of energy may be transformed into electrical energy? 
6. What forms of energy may result from an electric current? 
7. Why are we especially interested in the currents produced by gen

erators? 
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MAGNETISM 

Natural magnets were discovered by the ancients near Mag_ 
nesia in Asia Minor. Many mythical tales have been handed 
down through the ages concerning the strange properties of these 
magnets. Shepherds, who carried staffs with iron crooks at one 
end, often noticed that small pieces of 'black stone became 

attached to their crooks, and that it required 
a certain amount of force to remove these 
pieces of material. They also noticed that 
their crooks seemed to be attracted to larger 
pieces of this mate!'ial. Stories were told of 
people who could not walk away from cer
tain places on the earth because of the attrac
tion of some material, in the earth for the 
nails used in their shoes. It was believed that 

Fig. 21.1. A natural 
magnet. ships sometimes had fallen apart because 

they had sailed too near to certain moun
tains, and the nails had' been pulled out by a force emanating 

I 

from this mysterious material. This material was called lodestone 
(leading stone); it 'is now known that it was iron oxide (Fea04) 
or magnetite, and, it has since been found in various parts of the 
world, especially in Norway and. Sweden, and in the United 
States around the Great Lakes. 

119. Early Experiments with Magnets. It was known in 
ancient times that pieces of lodestone would pick up iron filings 
or other small pieces of iron and that the effect was especially 
noticeable at certain places on the lodestone which were called 
poles. A pole is a region on a magnet Jrom which the magnetic Jorce seems 
to emanate. It was also discovered that if a piece o( iron was stroked 
with a lodestone that the iron then had a pole at each end, and 

. 242 
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that it would pick up other small pieces of iron. If a long slender 
piece of lodestone, or of magnetized iron, was suspended so that 
it was free to turn in a horizontal plane it would always come to 
rest in a north and south position. Moreover, when the experi
ment was repeated, it was always the same end that pointed to 
the north; hence it was called a north-seeking pole, and the other 
end was called a south-seeking pole. 

These experiments also indicated that the earth had magnetic 
properties, but it was not until 1600 that Dr. William Gilbert, 
who was Queen Elizabeth's physician, fashioned a piece of 
lodestone into a ~mall sphere which he called a terrella, and with 
which he proved that the earth does act as a huge magnet. 
Further experiments showed that if a north-seeking pole and a 
south-seeking pole were brought close together they were 
attracted to each other, but if two north poles or two south poles 
were brought together they repelled each other. It is therefore 
evident that there are two kinds if poles and that unlike poles attract each 
other, but like poles repel each other. 

120. Theory of Magnetism. Questions which naturally arist' 
in anyone's mind are the following: (1) Are there other magnetic 
materials? (2) What causes these magnetic effects? (3) How may 
the force of attraction or repulsion be measured? The most im
portant magnetic materials are iron and its alloys. Cobalt and 
nickel also are somewhat magnetic, and many other materials 
are slightly magnetic under certain conditions. Some alloys 
which are made of nonmagnetic materials are decidedly mag
netic. 

It is believed that each atom of a magnetic substance is itself 
a tiny permanent magnet because of the arrangement and the 
motion of the electrons in the atom. These atoms are combined 
in the molecules in such a manner that the molecules are also 
tiny magnets. Under ordinary circumstances the molecular mag
nets lie in a haphazard order or in small closed groups, and when 
they are in this condition the material shows no external mag
netic effects. But when the material is magnetized the molecular 
magnets tend to line up in straight rows with all of the north 
poles pointing in one direction and all ofthe south poles pointing 
in the opposite direction. (See Fig. 21.2.) 

Many experimentally determined facts confirm this theory. 
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When a permanent magnet is broken, two new poles appear 
which are equal in strength to the original poles, and each piece 
has a north and a south·pole. Examination of Figure 21.2 indi_ 
.-__ -:--_--0:-____ . .:....1-;:-----, cates why this is true and shows 
~ II ~~ 1:11 y~.., ~ II ~.~ 11 10 the arrangement of the poles. 
~ .,.., ~ co p .,'" \~ OCJ" 

~ II ., ~ ~ .~ ~ III ~ This theory also explains why 
<a~ ~~ !, ~Ii~.! ~ II ~ ~\ II~ there are poles at the ends of 

UNMAGNETIZEO IRON BAR the magnet. At any cross section 

~~~WI:l~a::l~-=tN:lKlKl 
throughout the length of the 

-=:I .., .., -=> KJ '"" '"" ., ., .,., magnet north poles are balanced 
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ICl IO::l -=> -=> IO::l '"" '"" ., IOJ 10:1." ends. The north pote is a group 

MAGNETIZED IRON BAR f b 1 d h a un a ance nort -seeking 
Fig. 21.2. Diagrams showing the molecular poles and the south 

change which takes place in a piece 
of iron when it is magnetized. pole is a group of unbalanced 

south-seeking molecular poles. 
I t may be shown experimentaHy that the force of attraction or 

repulsion between two magnetic poles may be calculated by 

where 

F=,m 1m2 

kd2 

F = force 
ml = strength of one pole 
m2 = strength of other pole 

k = constant depending on medium In which poles 
are located 

d = distance between the poles 
I 

The unit in which the force is measured will depend upon the 
units chosen for ml, m2, and d, but it is important to note that 
the force is directly proportional to the strengths of the poles 
and inversely proportional to the 
sq uare of the distance between the 
poles. 

121. Magnetic Fields. The mag

netic field rif jorce rif a magnet is the 
. Fig. 21.3. Magnetic field around 

region around the magnet in whzch the 
effect oj the magnet can be detected. 

a magnet. 

If a piece of glass or paper is placed over a bar magnet, and 
iron filings are then spr~nlded over it, the filings tend· to form 
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'nlines as shown in Figure 21.3. This lining up of the iron filing~ 
~ccurs because the small particles of iron become magnetized 
and line up with unlike poles together. The iron filings do not 
indicate that the field is any different around the north pole than 
it is around the south pole, but if many small compasses are sub-

Fig. 21.4. Small compass needles line up in the magnetic field and show the 
directions of the lines of force. 

stituted for the iron filings as in Figure 21.4 it is then found that 
the compass needles not only form in lines but that at the north 
pole of the magnet the compass needles all point away from the 
magnet and at the south pole the compass needles all point 
toward the magnet. This indicates that the field is directed away 
from the north pole and toward the south pole. The position of 
the compass needle at any point indicates the direction of the 
field at that point. 

The diagrams in Figures 21.5 and 21.6 show the fields resulting 
from various arrangements of magnets. The field between unlike 
poles shows the lines of force 
reaching across from the north 
pole to the south pole, a re
sult which indicates attraction, 
while the field between two 
north poles sb.ows the lines of 
force leaving the poles and then Fig. 21.5. Magnetic fields between 

like and unlike poles. 
turning aside, a result which 
indicates repulsion. The field between two south poles would 
appear the same as that between two north poles except that the 
lines of force would be reversed in direction. 

122. The Earth as a Magnet. It has been mentioned previ
ously that Gilbert in 1600 first explained that the earth itself acts 
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as a huge magnet with two poles. It is interesting to know that 
the magnetic and geographic poles of the earth do not coincide. 
The earth rotates_about its geographic axis, and when we speak 
of the directions "nortH" or "south," we are speaking with 
reference to the geographic poles. However the compass needles 

'\ 
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do not point to these geographic poles but, instead, to the mag= 
netic poles. The magnetic axis of the earth makes an angle of 
approximately 17 degrees with the geographic axis. Since the 
north magnetic pole is in the region of Baffin's Bay, a compass 
needle in the northeastern part of the United States turns to the 
west of north. Through Georgia, Ohio, and Michigan it points 
to true north since a straight line can be drawn on the earth 
connecting places in this region, the magnetic pole, and the 
geographic pole. At places farther west, in the United States the 
compass needle points to the east of north. The angle through 
which the compass needle turns from true north is known as the 
angle if declination. The lines across the map of the United States 
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in Figure 21.8 connect places of equal declination, and the line 
of zero declination is indicated. 

If a compass needle is mounted so that it i51 free to turn in a l 

vertical plane, it does not lie in a 
horizontal pc;>sition except near the 
equator. In the Northern Hemi
sphere· the north-seeking pole dips 
down, the angle of dip becoming 
larger as the magnet is moved from 
the equator to the pole. The dip at 
the north magnetic pole is 90 de
grees, or in other words at the north 
magnetic pole the compass needle 
stands on end with its north-seeking 
pole toward the earth. At the south 
magnetic pole the dip is also 90 de
grees, and the compass needle stands 
on end, but it is the south-seeking 
pole which is toward the earth. Fig
ure 21.9 shows the dip of the com-

/ 
Fig. 21.7. The earth's magnetic 

pass needle in the central part of field. 

the United States. 
123. Magnetic Field around a Conductor. In 1819, Oersted, 

a Danish physicist, performed an experiment which gave the 
first evidence of the relationship between magnetism and elec
tricity. He found that there is a magnetic field around a wire 
which has a current flowing in it. It is now realized that this is 

20· 

~========~===================~ 

Fig. 21.8. The lines connect points of equal declinatio:;, 
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one of the most fundamental and important discoveries in the 
study of magnetism an~ electricity. The apparatus shown in 
Figure 21.10 can be used to show that there is a magnetic field 
around a conductor, of elFctricity. A wire is put through a smalJ 

Fig. 21.9. The needle shows 
the magnetic dip .. 

hole in a piece of glass and the ends of 
,the wire are connected to some source of 
~,lectrical energy so that a current will 
flow through the wire. If iron filings are 
sprinkled on the glass they will collect 
in concentric rings around the wire. If 
small compasses are placed around the 
wire the needles will indicate the direc
tion of the field around the wire. This 
proves that there is a circular magnetic 
field around the wire. A convenient rule 
jar determining the direction if the field in 
case a compass cannot be used is to hold the 

wire in the right hand with the thumb pointing in the direction the current 
is flowing, and then the fingers will curve around the wire in the direction 
oj the magnetic field. 

If a magnet which is free to turn in a horizontal plane is placed 
at the center of a coil of wire it will be found that when the cur
rent is turned on the magnet will turn until it is parallel to the 
axis of the coil. If the direction of the field around the wires of 
the coil is determined by the right-hand rule, it will be found that 

..--__ ...... __ ----'l8 I 
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Fig. 21.10. There is a magnetic field around a wire which has a current flowing 
in it. 
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the north pole of the compass is pointing in the direction of the 
t11agnetic field on the inside of the coil. 

124. Electromagnets. In modern times electromagnets are 
used far more frequently than are permanent magnets. An electro
magnet is a coil 0/ wire with a current flowing in the wire. The wire may 
or may not be wound on an iron core but in practice an iron core is gen-

Fig. 21.11. A coil of wire without an iron core acts as a magnet. 

erally used. Electromagnets are of great value in the electrical 
industries because they can be built in almost any desired form 
or size, and the pole strength can be controlled by the physical 
properties of the iron used for the core, the number of turns of 
wire in the coil, and the strength of the current sent through the 
wire. Since soft iron is more easily magnetized than hard steel 
and since it also loses its magnetism almost entirely when the 
current is turned off, electromagnets usually have soft iron cores. 
If the polarity of the magnet is to be reversed rapidly, a result 
which is accomplished by revers
ing the current, there is less heat- N --""",,.,:.__~-£..._~~~ 

ing effect due to internal friction 
as the tiny magnets reverse their 
positions. If it is desired to mag
netize a piece of iron for use as a 
permanent magnet, a piece of 
hard steel is placed in the coil, 
and while it will be hard to 
magnetize it, it will retain its 
magnetism after the current is 

-0 
B£fOR£ AND AmR MAGI/WZIIiG 

Fig. 21.12. Magnetizing a nail. 

turned off. Tapping the steel while it is in the magnetic field 
will help to break up the closed groups of molecular magnets 
and will hasten the magnetization. The right-hand rule for indi
cating the direction of the field around a conductor may be 
used to determine the polarity of electromagnets. 

125. Doorbells and Buzzers. Electromagnets are used to 
move the tapper on an electric doorbell or buzzer. The circuit 
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is shown in Figure 21.13, The current is furnished by the battery 
B. When the push button is pressed, it closes the circuit and the 
current flows through the coils of the electromagnets ml and m2. 
They attract the soft irOIl armature A to which the bell tapper 7 

. . is attached. As the armature 
I PUSH. dh 

B ' \ BUTTON IS drawn towar t e magnet, 
IIII~ the circuit is broken at C , 

and the magnets lose their 
magnetism. The armature is 
mounted on a spring S, which 
causes it to fly back and make 
contact at C. The circuit ·is 

Fig. 21.13. Doorbell circuit. again completed, and the proc-
ess is repeated for as 'long a 

time as the push-button switch is kept closed. 
Doorbells and buzzers may also be operated on the legular 

house current if the voltage is reduced by means of a small step
down transformer. 

STUDY QUESTIONS 

1. When wer~ magnets first discovered? 
2. What is a magnetic pole? 
3. What is the theory as to what happens to a piece of iron when it 

is magnetized? 
4. How many poles does a magnet generally have? 
5. Why do iron filings form in lines when sprinkled around a magnet? 
6. What is a magnetic field? ' 
7. Explain how the earth is like a magnet. 
8. Why does the magnetic needle "dip"? How much does it dip in 

your locality? I 

9. Where is the north magnetic pole in relationship to the north 
geographic pole? 

10. How maya piece of iron be magnetized? 
11. If you hold a wire in your right hand with the current coming 

toward you, will the field be in a clockwise or counterclockwise 
direction? . 

12. How can you determine which end of an electromagnet is the 
north pole? 

13. Which makes the better permanent magnet - a piece of hard 
steel or a piece of soft iron? Which makes the better core for an 
electromagnet? 

14. Explain how electromagnets are used in the mechanism of an 
electric buzzer. 
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ELECTROSTATICS 

!The earliest record of any knowledge of static electricity dates 
back to about 600 B.C., when Thales, one of the seven wise men 
of Greece, recorded his observations concerning a peculiar prop
erty of amber. He observed that if the amber was rubbed with 
silk, it then had an attraction for the silk or for small bits of 
paper or straw. It is probable that the discovery of this property 
was quite accidental, for the people of that time often wore strings 
of amber beads which they rubbed with silk to restore their 
luster. This property of amber was attributed to a spirit which 
slept in the amber and was believed to be awakened by the fric
tion or rubbing. Several centuries elapsed before there is any 
record that other materials had been discovered to have this 
property. The first serious discussion of the subject was published 
about 1600 by Dr. William Gilbert, who was the first person to 
approach the problem in a scientific manner. He knew that 
many substances could be given a static charge by rubbing them 
with some other material, and he listed those which he knew 
could be charged and those which he thought could not be 
charged. What Gilbert did not know was that he had discovered 
that some-materials are conductors and some are nonconductors, 
or insulators, and that the materials which he thought could 
not be charged were really conductors and lost their charge as 
fast as it w;s acquired. It was 129 years later, in 1729, that 
Stephen Gray proved that conductors can be given a charge if 
they are insulated by means of some nonconductor. 

We are all familiar/with examples of static charges in our 
everyday lives. If a cat's fur is rubbed with a dry hand, one hears 
a faint crackle, or if it is dark one can see tiny sparks. Sometimes 
When a person combs his hair the individual hairs repel each 

251 
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other but are attracted to the comb. A silk slip under a wool 
dress sticks tightly to the'qress after the two have been worn for 
a short time. Oft<:n childr.en scuff their shoes across a wool rug 
and then touch their fingers to the tip of some person's ear to see 
the person jump as the discharge takes place. 

126. Conductors and I~sulators. There is no sharp dividing 
line between conductors aqd nonconductors or insulators. Mate
rials vary widely in their ability to conduct, and those whichare-

_., extremely poor ~ondu'"ct~~are 
~------------------------------------, 

0'- e 0 0 0 0 0 classed as insulators. According 
o 0._ 0'- 0 h 

e._ 0 0 e 00 e 0 to our present t eory we now 
believe that each atom of any 

IRON 

., e 0 e 0 e 0 0.~ 
.- 0 

o e 0 o.! 0'e .- 0 e, 
COPPER 

Fig. 22.1. Diagrams showing the 
variation in the number of free elec
trons in different conductors. 

r element consists of a nucleus 
around which electrons are ro
tating in various orbits. All of 
the atoms of any particular ele
ment are alike; an atom of one 
element differs from an· atom 
of another element\ only in the 
quantity of charge on the nu
cleus and in the number and 
arrangement of the electrons 

around this nucleus. In some materials part pf the electrons are 
so loosely hound to the atom that they are quite free to move 
about in the interatomic space. In other materials the electrons 
are closely hound in the atom and are not free to move about. 
Substances which possess so-called free electrons are calJed 

.------ ----- -~. ~ -_ 
conauctors but those in wIiich the' electrons are tightly bound are 
called nonconductors 011 insulators. 
127. Positive and Negative Charges. In its normal state any 

atom is neutral, i.e., the sum of the negative charges of the eJec
trons surrounding the nucleus is equal to the positive charge of 
the nucleus. However, the atoms of so~e materials lose their 
electrons more readily than others, and when any two dissimilar 
substances are rubbed together the normal state is disturbed. 
When the materials are separated, one is found to have an excess 
of electrons and hence is negatively charged, while the other has 
less than the normal number of electrons and is positively 
charged. When glass is .rubbed with silk the glass receives a 

/ 
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positive charge and the silk a negative charge. When hard rubber 
is rubbed with fur the rubber becomes negatively charged and 
the fur is positively charged. It has been found by experiment 
that if either two positively charged bodies or two negatively 
charged bodies are brought close together, they repel each other; 

............ yss / -""" GLASS 

a:::::;~?i::n>.~ / ~ 

\ I ' 

REPULSION ATTRACTION 

Fig. 22.2. Showing the repulsion and attraction of charged bodies. 

but if a positively charged body and a negatively charged body 
are brought close together, they attract each other. Thus it is 

'proved that like charges repel each other, but unlike charges attract each other., 
'This force of attraction or repulsion between two charged 

bodies may be calculated by 

. F = qlq2 
kd2 

where F = force 
ql = size of charge on one body 
q2 = size of charge on other body 
k = constant depending on intervening medium 
d = distance between the charged bodies 

+ + + 

+ 

+ 

+ 

Fig. 22.3. The charge is distributed uniformly over the surface of a sphere. 
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The unit in which the fOI:ce is given will depend upon the units 
chosen for ql, q2, and d" but it is important to note that the 
force is directly proportional to the sizes of the charges and 
inversely proportional to the square of the distance between the 
charges. I 

The static charge on a pody is always on the surface because, 
since like charges repel each other, the charges get as far away 

Fig. 22.4. Distribution of charge on irregularly curved bodies. 

from each other as possible. If a body is spherical in shape, the 
charge is uniformly distributed over the surface, but if the body 
is irregular in shape, the charge is found to be more, concentrated 
at the edges and points. Bodies which have edges, corners, and 
sharp points lose their charges more rapidly than smoothly 
curved bodies. 

128. Electrostatic Fields. It has been found by experiment 
that an electrical field exists around a charged body. If the body 
is positively charged, the field around it is found to be in the 

Fig. 22.5. Lines of force between unlike charges. 

opposite direction to the field around a negatively charged body; 
so it has been agreed that the field around a positively charged 
body shall be indicated by arrows pointing away from the bodY1 
while that around a negatively charged body shall be indicated 
with arrows pointing toward the body. The strength of the field E 
at any point is directly, proportional to the size of the charge q 
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and inversely proportional to the square of the distance from 
that point to the charged body. 

q -
E = kd2 

The field includes all of the space about the charged body in 
which the effect of the charge can be detected. 

129. Electrostatic Induction. If a charged body is brought 
near an uncharged conductor, the uncharged body will be 
charged by induction. Figure 
22.6 shows that if the nega
tively charged rod B is brought 
near the uncharged metal ball 
A, there is a positive charge 
induced on A on the side next 
to B, and a negative charge is 
induced on the opposite side 
of A. This condition results 

o -

Fig. 22.6. Effect of a charged body on 
because the positive charges of an uncharged body.~ 
A are attracted by the nega-
tive charges on B while the negative charges of A are repelled. 
If B is now moved away from A, the charged condition of A 
disappears because the charges go back to their normal posi
tions. But if, while B is near to A, the latter is touched with a 
grounded conductor the negative charge will be conducted away. 

If first the conductor is removed, and 
then B is removed, A will be left with 
a positive charge. Thus A has been 
charged by induction. 

If this experiment is done using for 
A a light pith ball suspended on a silk 
thread, the pith ball will first be at
tracted to B because of the positive 
charges on the side next to B; but if 
the pith ball touches B some of the 
negative charges of B will be trans
ferred to A, neutralizing its positive 
charges and leaving it with a negative 

Jrig. 22.7. A pith-ball elec- charge. Then A and B will repel each 
troscope. other. 
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130. Electroscopes. An electroscope is any device that enables one 
to determine whether or not a body is charged. The gold-leaf elec
troscope, Figure 22.8, is often used for this purpose. It consists 
of a metal ball A at the tOR, attached. to an insulated metal rod B \ , 

which has a piece of gold foil C at-
D : \ tached at its lower end. When the 

I electroscope is not charged, the leaves 
hang down; but if a charged body is 
brought near A, the leaves at C stand 
out at an angle from each other. For 
example, if D has a negative charge, 
then the negative charges on A-B-G 
will travel down to C and the leaves 
will repel each other. 

131. Lightning. Lightning, which 
is a huge electrical discharge, is in 

Fig. 22.8. A gold-leaf .electro- no sense the cause of a thunderstorm 
scope. 

but is simply a release of the static 
charges built up by the storm. In the process of cloud forma
tion some parts of the clouds become positively charged and 
other parts negatively charged. Other clouds and the earth 
below the clouds become charged by induction, and when the 
clla.rg~gr~ -~1l0~g!!2r discharge; tak~s pI~ce. Thi~ 
-disc~ge_IlJ,ay: _be_ betw.e~n 0o~ds, or between a cloud and 
the earth, depending on the distribution of the charges-anatlie 

-diStances-between th~ charged bodies. It has been estimated-with 
so~~·degree of ~ccu~cy that perhaps 95 per cent of all lightning 
discharges take place between clouds, and only 5 per cent be
tween clouds and the, earth, and of this 5 per cent a large propor
tion strike where no damage results. The loud noise called 
thunder, which is heard after tne -discharge, is due to vibrations in 
the air caused by the sudden expansion of the air that is heated 
by the discharge. 

The function of lightning rods is to prevent a building from 
being struck by lightning - not merely to protect -it in case a 
sudden discharge takes place. They are made of a metal which 
does not corrode easily, must extend into the ground far enough 
to reach moist earth, and should extend above the highest point 
of the building on which they are placed. Then if a charged cloud 
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floats over the building, the charge which is induced on the 
building and the surrounding earth will gradually be discharged 
instead of being built up in intensity until a violent discharge 
takes place. Protection by lightning rods is probably more imw 
portant for isolated buildings and very high structures such as 
towers and steeples than it is for buildings which are in groups or 
which are surrounded by trees. 

Fig. 22.9. Lightning discharges may be between clouds or between a cloud and 
the earth. 

A person should not seek shelter under a lone tree, and if he 
is on a golf links· or in an open field when an electrical storm 
occurs, he will be in less danger if he lies down instead of standing 
up. Livestock may be killed if they stand against a wire fence, 
for even though the lightning strikes some distance away, it may 
travel in the wire to the place where the animals are against the 
fence and pass into the ground there. 

132. The Aurora. The aurora is a discharge in the upper 
stratospnere and is frequently visible as glowing streamers which 
seem to diverge from the poles. It is probably caused by electrons 
which come from the sun and are trapped by the earth's magw 

netic field. These displays are often associated with sun spots, 
an association which indicates their solar origin. The more 
brilliant displays are accompanied by magnetic storms and 
heavy earth currents which seriously disturb telegraph and 
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telephone lines and radio reception. This phenomenon in the 
Northern Hemisphere is' the aurora borealis and in the Southern 
Hemisphere is the aurora australis. 

133. St. Elmo's Fire. 1St. Elmo's fire is a glowing discharge 
sometimes seen on masts of ships, the wing-tips of planes, the 
tops of steeples or spires,\ the points of lightning rods, or other 
high, pointed objects. As ras been mentioned before, it was one 
of the few electrical phenomena familiar to the ancients. 

STUDY QUESTIONS 

1. How are static charges produced? 
2. Who published the first ~erious discussion of electrostatics? When? 
3. What are the characteristics of a conductor? Of an insulator? 
4. What is the difference between a neutral body and a positively 

charged body? 
5. If a body is negatively charged has it gained negative charges or 

lost positive charges? 
6. What determines the force of attraction or repulsion between two 

charged bodie~? 
7. What is an electrostatic field? 
8. How may. a body be charged by induction? 
9. How must 'it metal object be mounted in order to retain a charge? 

10. Describe an electroscope. 
11. What is a flash of lightning? Why is it visible? 
12. About what per cent of lightning discharges take place between 

the clouds and the earth? 
13. How do lightning rods protect buildings? 
14. What precautions should a person observe during an electrical 

storm? 
15. What is the aurora? 

--~." 
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SOURCES OF ELECTRICAL ENERGY 

As has already been pointed out, according to the law of con
servation of energy, energy cannot be created or destroyed, bu~ 
can be changed from one form into another. In this chapter some 
of the devites which are used for changing other 'kinds of energy 
into electrical energy will be discussed. They will be explained 
in the order in which it was discovered that these transformations 
of energy were possible: 

1. Chemical cells for changing chem~ energy to electrical 
energy I 

2. Thermocouples for changing heat e~ tq electrical 
energy 

3. Generators for changing mechanical energy to electrical 
energy -./ 

4. Photoelectric cells for changing light energy to electrical 
energy. .. 

134. Chemical Cell~n 1786 Galvani, an Italian professor 
of anatomy, observed that the frog legs which he was dissec.ting 
twitched whenever his electrostatic machine discharged and, 
since he was interested in the physiological effects of electric 
sparks, he continued his experiments. He found also that there 
was a pronounced twitching in a frog leg when he touched a 
nerve with a strip of copper, the muscle with a strip of iron, and 
then brought the two free ends of the metals together. Since he 
could usually produce a twitching effect when only one metal 
was connected between the nerve and the muscle, Galvani de
cided that the source of the current was in the two unlike animal 

-tissues rather than in the two unlike metals. 
Volta, an Italian professor of physics, in 1796 decided that the 

source of the current was in the unlike metals beca~se he could 
259 
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cause a muscle to contract if he connected two unlike metals and 
then touched the free ends to two points on the same muscle. 
To prove that the muscle tissue was not essential, in 1800 he 
experimented with plates of dissimilar metals stacked with 
pieces of cloth or paper which had been soaked in brine or in 
dilute acid. He found that if he then connected the top and 
bottom plates to the terminals of a galvanometer,l there was a 

Fig. 23.1. A galvanometer. (Courtesy Central Scientific Company) 

current and the size of the current varied with the number of 
plates used, the kind of plates, and the material with which the 
intervening cloth or paper was soaked. Then he tried put ting 
strips of copper and zinc in jars of dilute sulphuric acid, and 
whetl he connected the ends of the strips to a galvanometer he ' 
found there was a current flowing through the external circuit 
from the copper to the zinc. 

A cell made up in the manner just described is called a simple 
voltaic cell, in honor of Volta, and is a'deviceJor traniforming chem-

1 A galvanometer is a device which may be included in an electric circui4' to 
show (1) whether there is a current, (2) changes in the size of the current, and 
(3) the direction of the current. Notice that the device has been named in honor of 
Galvani. One form of galvanometer consists of a small, light-weight coil of wire 
mounted between the poles of a horseshoe magnet. If a current flows through the 
coil it turns and the pointer which is attached to it is moved over a scale, thus indi
cating that there is a current. The larger the curreEt the farther the pointer moves. 
Since the coil is free to turn in either direction , its motion indicates the direction of 
the current, and if the current is reversed , the motion of the coil is also reversed . 
The reason why a wire, which is in a magnetic field, moves when a current is sen t 
through it will be more fully el'plained in Sec. 155 and 173. 
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ical energy into electrical energy. The two metal plates are called 
electrodes, and the liquid is the electro~yte . The chemical action 
which occurs is shown by the equation 

Zn + H 2S04 = ZnS04 + H2 + heat 

The ZnS04 is formed at the zinc electrode 
and the hydrogen appears as a gas at the 
copper electrode. 

If one metal, copper for instance, is used 
as one electrode in an electrolyte and then 
various other metals are used as the second 
electrode, it is found that the copper is Fig. 23.2. A simple 

h cell converts chemi-
Positive wit respect to some and negative 

cal energy into electri-
with respect to others; The various metals cal energy. 

may be arranged in a series starting with 
the one which is most positive with respect to copper and con
tinuing to the one which is most negative. If another metal is 
chosen for the reference metal or if another electrolyte .is us~d, 
the series will still be arranged in the same order. The follow
ing list of metals is so arranged that each metal is positive to 
each of those listed below it. 

Carbon Lead 
Gold Tin 
Platinum Nickel 
Silver Iron 
Mercury Zinc 
Copper Sodium 

The farther apart the two metals are in the series the greater is 
the voltage furnished by the cell, and the voltage of the cell is a 
measure of the work which the cell will do in sending a unit 
quantity of electricity through the outside circuit. 

Many types of cells have been developed since Volta made his 
first cell in 1800, and for years currents from cells were the chief 
sources of electrical energy. Electrical energy obtained in this 
way is expensive, and the use of electricity could never have 
developed to its present stage if chemical cells had been the only 
source of electrical energy. However we still use cells for some 
purposes. The two types of cells used by the average person are 
(1) the dry cell used to operate flashlights, doorbells, and country 
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telephones, and (2) the storage battery used to furnish current 
for the ignition system, the lights andthe self-starter on a motor 
car, and for farm electric plants. 

135. Dry Cells. I.e. dry cell is dry only in that the liquid is 
absorbed by some material to form a porous paste, so that the 
liquid does not run out when the cell is tipped. There must be 
two unlike electrodes and an electrolyte which acts on one elec

WAX 

'" 
-I-

trode in a different way than on the 
other electrode. Zinc and carbon 
electrodes are most commonly used 
- the zinc forms the negative elec
trode and is in the form of a cylindri
cal cup, while the positive electrode 
is a carbon rod placed in the center 
of the cup. The space between the 
zinc and the carbon is filled with a 
paste mixture of granulated carbon, 
manganese dioxide, saturated am
monium chloride, and a filler such 
as sawdust. The cell is then sealed 

Fig. 23.3. A dry cell. with wax to prevent evaporation. 
Such a cell furnishes 1.5 volts~ 

When the terminals of the cell are connected to an e~ternal 
resistance the curren!} may gradually decrease, because the 
hydrogen which is set free during the chemical action collects 
around the carbon electrode forming a gaseous layer which 
interferes with the action of the cell. This process is known as 
polarization. But the manganese dioxide continually combines 
with the hydrogen to form water and thus the cell is depolarized. 
If a large current has been used from the cell, it may have to be 
left on open circuit for a time to become completely depolarized. 
This is the reason that dry cells are not suitable for continuous 
use or where large currents are needed. 

136. Storage Batteries. A battery is simply a group of two 
or more cells - a car battery for example is a group of three 
cells connected in series. A storage cell is one in which the 
chemical actions are reversible . The materials which undergo 
chemical changes when the cell is furnishing a current can be 
restored to their criginaJ forms when a current is sent into the 
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cell in the opposite direction. While there are many kinds of 
storage cells, the lead cell is the one most commonly used. It has 
tWO sets of plates - the positive plates are lead peroxide (Pb02) 

and the n egative plates are a spongy form of lead (Pb) . These 
plates are arranged alternately and are separated by insulators. 
The electrolyte is dilute sulphuric acid. When the cell is furnish
ing a current both sets of plates change to lead sulphate (PbS04) 

Fig. 23.4. A sectioned storage battery. (Courtesy Willard Storage Battery Co.) 

and the electrolyte changes from a relatively strong acid to a 
relatively weak acid because of dilution due to the formation of 
water in the chemical reactions which take place during dis
charge. When the battery is charged all of the reactions are 
reversed and the cell is restored to its original state so it can 
again send out a current. Such a cell furnishes 2 volts when it is 
fully charged. A car battery consists of three such cells connected 
in series (so that the voltages add up); therefore a car battery 
furnishes 6 volts. 
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In order that a storag~ ,battery may give its best service and 
have a maximum life, it must have proper care. ""hen a cell 
is given very little ca~e .or rs badly misused, it may become sul~ 
phated even though it is c()mparatively new, i.e., the materials 
change into a hard insoluble white sulphate which will not break 
down when a current is seAt into the cell or, even if it is broken 
down, the plates have beed permanently damaged. Sulphating 
may be caused by failure to keep enough water in the cell, by 
allowing the plates to stand in the acid when the cell is discharged, 
by letting the cell stand too long without having current either 
sent into it or taken from it, or by charging at more or less than 
the normal rate. The specific gravity of the electrolyte should be 
kept at about 1.250 to 1.200. It should never go below 1.150. 
The electrolyte should cover the plates and if it is decreased in 
volume by evaporation, distilled water should be added rather 
than more electrolyte (dilute H 2S04) because only water has 
evaporated. Then when the specific gravity is tested with a 
hydrometer the reading is a true indication of the state of charge 
or discharge. Tp.e cell should never be allowed to freeze, and if 
it is fully charged, there is little danger of freezing; but if it is 
partly discharged, it may freeze and the life of the battery will 
be shortened if not terminated. The terminals of the cell should 
be kept free from corrosion, otherwise the binding posts and con~ 
necting cables may be eaten away. 

The battery should not be overcharged and should not be 
charged or discharged too rapidly or the life of the battery may 
be shortened. Most cars have both an adjustment on the gen~ 
erator so that the rate of charging can be regulated, and an 
automatic cutoff that stops the current to the battery when it is 
fully charged. ~__ -

The capacity of a storage battery aepends on the size and the 
number of the plates since an increase in either of these factors 
will increase the amount of active material. Most car batteries 
have from eleven to seventeen plates per cell. The larger number 
of plates is desirable for heavy duty, i.e., if the starter is used 
many times in comparison with the total number of miles the 
car is driven, or if the heater, radio, and lights are used con~ 
siderably. Tests show that about 85 to 90 per cent of the energy 
put into a battery is available for use. 
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137. Farm Electric Plants. Complete electric plants of a 
suitable size to supply energy for an individual home are some
times installed for farm homes located so far from a transmission 
line that it is not practical to build an extension line. In rllany of 
these plants the current is furnished to the house circuit by a 
group of storage cells - either 16 cells which furnish 32 volts or 
S6 cells which furnish 112 volts. The batteries are charged by a 
generator which may be operated by a gasoline engine, by water 
power, or by wind povv-er. Some radios are operated from a 
6- or 12-volt battery that is kept charged by a wind charger - a 
generator run by wind power. 

138. Thermocouple~.An 1821 Seebeck discovered that when 
tWO wires, made of different materials, are joined together at 
their ends to form a cloged circuit a currel!t flows in the wires if 
the two junctions are at differ-
ent temperatures. If a sensitive FCO.:..;_PP.::;_ER;___-i 

galvanometer is included in the 
circuit, the size and direction of 
the current can be determined. 
The size of the current depends 
on the materials used for the 
wires and on the difference in 
temperature between the two 

COLD 
JUNCTION 

Fig. 23.5. A thermocouple converts 
junctions; the direction of the heat energy into electrical energy. 

current depends on whichjunc-
tion is at the higher temperature, and the direction of the current 
is reversed when the other junction is at the higher tempera
ture. Such a device for changing heat energy, into electrical energy is a 
thermocouple. 

While thermocouples do not provide an economical means for 
transfo~ming heat energy into electrical energy on fL commercial 
scale, they do provide a very convenient means of measuring 
temperatures which are too high to measure with ordinary 
thermometers, or to measure temperatures in places where it 
would be difficult to place an ordinary thermometer. For ex
ample, if the hot junction of a thermocouple is placed in a roast, 
or in a cake, during the baking period, the wires can be led out 
of the oven through a small hole in the oven wall to the cold 
junction which, since it must be kept at some constant ,tempera-
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ture, is usually placed in melting ice. The galvanometer may be 
calibrated to read temperatures directly, or the galvanometer 
deflections may be converted into the corresponding tempera_ 
ture readings by mea~s of la previously made calibration chart. 
This method of measuringl the temperature eliminates opening 
the oven door at different I times during the cooking period. If 
several thermocouples are placed at various points in the oven, 
data can be taken to show whether the oven heats uniformly. If 
a number of thermocouples are inserted in the sole plate of a 
pressing iron the temperatures of various parts of the plate can 
be determined under actual ironing conditions. 

139. Electromagnetic Generator~:flJntil the early part of 
the nineteenth century the chief sources of electrical currents 
were batteries. Electrical energy obtained in this way was expen
sive, the equipment was cumbersome, and as a result its use was 
very limited. About 1831 a young English physicist and chemist 
Michael Faraday, ~ho was interested in the connection between 
electricity and magnetism, began experimenting with the possi
bility of produ<;ing a current by moving a wire in a magnetic 
field, and soon he discovered that a current does flow in a closed 
conductor if it is moved across a magnetic field. Thus we realize 
that the mechanical energy which is used to move the wire is 
being transformed into ekctrical energy. A mechanical force is 
used to move the wire in a magnetic fidd and as a result there is 
a force which causes the electrons to move in the wire, but when 
the electrons mOVe in: the wire, that is a current of electricity. 

Fig. 23.6. When a wire is moved 
across the lines of force of a magnetic 

_ field, a current of electricity is gen
erated. 

If a heavy piece of copper 
wire is connected to the ter
minals of a sensitive galva
nometer and then the wire is 
moved across the lines of force 
of a magnetic field, the galva
nometer needle will move. 
The direction in which the 
needle moves d'epends on the 
direction of the field ana on 

the direction in which the wire is moved across the field. Revers
ing either the field or the motion of the wire across the field will 
reverse the galvanometer deflections. If the wire is moved at 
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right angles to a given field - first one way and then the op
posite way - the galvanometer needle deflects first one way and 
then the other. It is evi(Jent that an alternating current lS being generated, 
jor if a current oj electricity is a. stream of electrons an alternating current 
must be one in which the electrons flow one wqy and then reverse and flow 
the other way. The rate at which the current all£rnates will depend , 
upon the rate at which the motion of the conductor in the field 
is reversed. 

In Faraday's discovery lies the beginning of the production of 
electric currents by electromagnetic generators. Because of the 
importance of this me thud of obtaining a current of electricity 
some of the devices which have been developed for this purpose 
will be more fully discussed in the next chapter., 

140. Photoelectric Cells.J't was known as early as 1886 by 
Hertz that under certain conditions electrons are liberated from 
a metal surface when light falls on it. The metals vary widely 
in their response, and the alkali metals - potassium, sodium, 
caesium, and lithium - are the ones from which electrons are 
liberated most abundantly. Some metals show a greater response 
to ultraviolet or X rays than to visible light, but some metals in 
which the outer electrons of the atoms are less firmly held in the 
atom respond to visible light. The number of electrons liberated 
in a given time depends on the intensity of the light falling on the 
surface, but the velocity at which the electrons leave the metal 
depends on the wave length, or 
the color, of the light. 

This emission of electrons from 
a metal when light falls on it is 
known as the photoelectric ~ffe(f, 

and the device which is used to 
change the light energy into elec
trical energy is called a photoelectric 
ceil or an ." electric rye." Figure 23.7 

UGHT 

shows one form of photoelectric Fig. 23.7. A photoelectric c?ll. 
cell. It may be evacuated or 
filled with an inert gas at low pressure. It is connected in 
series with a battery B and a galvanometer C. When light falls 
on the metallic plate P, which is made of a photosensitive 
material, the electrons which are emitted are attracted to 
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the positive plate and the rate of emission is measured by the 
galvanometer. Since the response of the cell to changes in light 
intensity is practically instantaneous, various forms have been 

\ adapted for use in television, sound 
,'\reCOrdin~, burglar alarms, fire alarms, 

Fig. 23.8. A photronic 
cell. (Courtesy Central Sci
entific Company) I 

automatlc controls for turning lights 
loff and on, electric counting devices , 
and many other purposes. 

Figure 23.8 shows a second type of 
cell which responds to light and which 
is known as a photronic cell. This cell is 
not highly evacuated and requires no 
battery. One cell of this general type 
which has practically the same response 
as the human eye to the visible spec
trum may be connected with a gal
vanometer calibrated to read directly 
the intensity of illumination, and the 

assembly is known as a light 1'(leter. (See Sec. 231.) A modification 
of this assembly is used by photographers as an "exposure meter." 

STUDY QUESTIONS 

1. What is the purpose of a galvanometer? What causes the needle 
to move? . 

2. Describe a simple voltaic cell. 
3. What uses are found for dry cells around the house? 
4. Name several uses for storage batteries. 
5. Give several ruld to be observed in caring for a car battery. 
6. Suggest some uses for thermocouples in research work in home 

economics. 
7. Who first discovered that, if a closed wire is moved across a 

magnetic field, a current fiow.,s,.iQ the wire? 
8. What is the importance of this .discovery? 
9. What is an alternating liurrent? . 

10. Where have you not~ced! photoelectric cells in. use? 
11. What determines t!te, number of electrons emittedjn a given time 

from a photosensitive material? . 
12. What is a photronic cell? 
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SIMPLE ELECTROMAGNETIC GENERATORS 

Faraday's discovery in 1831 that a current flows in a closed 
conductor when it is moved across a magnetic field was discussed 
briefly in the last chapter. How little did Faraday realize that his 
discovery would open up a whole new era in the development of 
electricity. Starting from his simple experiments performed only 
a little over one hundred years ago, physicists, electricians, and 
engineers have developed huge generators furnishing energy to 
thousands of people all over the world. This energy is used to 
operate lights, heating devices, motors and other devices in our 
homes, and to furnish energy for countless industrial processes 
from which we benefit. The amount of energy used by all of 
these devices could never have been furnished by batteries, and 
if generators had not been developed, we could never have en
joyed the widespread use of electricity which we have today. 
How much we owe to Faraday and his interest in what he could 
do with a magnet and a few pieces of wire! 

141. A Simple Demonstration Generator. A simple demon
stration generator can be made by winding a long insulated wire 

IN s1 

Fig. 24.1. A simple electromagnetic generator. 

on a pasteboard tube (making the turns of wire much closer on 
one end of the tube than o~ the other) and then connecting the 
ends of the wire to a galvanometer. (See Fig. 24.1.) If either a 
permanent magnet or an electromagnet is inserted in the coil, 
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and then the coil and the magnet are moved with respect to 
each other, the galvanometer needle moves, indicating that there 
is a current. Since the galvanometer needle reverses its movement 
when the motion between the coil and the magnet is reversed 
it is evident thqt an alternating current is being generated. ' 

If the end of the colI h~ving many turns of wire is used, the 
deflections of the galvanometer needle are greater than if the 
end with few turns is used, provided that the speed of the moti.)Il 
is the same in both cases. The deflections are greater also if a 
strong magnet is used instead of a weak magnet, provided that 
the speed of the motion is the same for each magnet. But if the 
speed of the motion is changed, it is found that the deflections are 
smaller when more time is used to move the wires and the 
magnetic field with respect to each other. 

Thus we conclude that the size of the deflections varies directly 
with the number of turns of wire, and with the strength of the 
field, but inversely as the time involved. Hence the size of the 
deflections is proportional to NL/T 

where N = number of wires cutting the lines of force 
L = number of lines of force cut by each wire 
T = time (in seconds) 

It is also found by experiment that the work.required to oper:1te 
the generator is proportional to NL/T so we realize that the 
deflections of the galvanometer are proportional to the work put 
into the generator. 

If the circuit is broken at any point or if the coil is moved 
without having a magnet in it or near it there is no indication of 
current through the galvanometer. Also, even though the mag
net is in the coil, and the circuit is closed, if neither the magnet 
nor the coil is moved or if both are. moved but with no relative 
motion between the two there is no current. These tests prove 
that mechanical energy must be supplied to the generator before 
it can supply electrical energy, and that no current will be gen
erated unless there is (1) a closed conductor, (2) a magnetic 
field, and (3) relative motibn between the conductor and the 
magnetic field. Since the wires cut across the field first in one 
direction and then in the opJX>site direction, the current which 
is generated is an alternating current. 
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142. Motion of a Wire in the Earth's Magnetic Field. 
While it is not a practical method of obtaining a current 1)[ elec
tricity, it is an interesting experiment to move a wire in the 
earth's magnetic field and to observe .that as a result a current 
flowS in the wire. If a long heavy piece of copper or aluminum 
wire is connected to the terminals of a sensitive galvanometer 
and then a section of the wire is swung around and around like a 
Jumping rope, at right angles to the earth's field, a small alter
nating current results as the wire ~uts across the field first one 
way and then th~ other way. 

143. Alternating-Current Generators. Many commercial 
v,enerators or dynamos have been developed based on the ideas 
developed above .. In one .type 
the armature, which is the mov
ing part of th-e' generator, co~-' 
sists or~ires- Wound OB an_iroi( 
framework. The armature is 
rotated - in - thr:: mag'{_lrl_tic field 
wliich may b_s- furnished_ by _per-_ 
manent ma_gnets bout which_ is 
usu-al1y furnished by electro
magnets referred to as the field 
coils. (See Fig. 24.2.) The ends 
of the armature wires are fas
tened to two rings S 1 and S 2 

~,--

Fig. 24.2. An alternating-current 
generator. 

called slip rings which are mounted on the armature frame
work and rotate with it. Connection is made from these rings to 
the outside circuit through stationary pieces of carbon Bl and B2 
called brushes which are always in contact with the rotating rings. 
Since the wires on the armature cut through the field first in 
one direction and then in the opposit~ direction __ <lll glternating 
current is generated and sent out through the slip rings and 
brusnes TO the' outside circuit. 

If the armature in Figure 24.3, which consists of only one turn 
of wire, is rotated at constant speed in the magnetic field, it is 
evident that it will be cutting lines of force most rapidly when 
moving at right angles to the field as in Band D. The current 
will then be a maximum. In A and C the wires are not cutting 
any lines of force since momentarily they are moving parallel to 
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the field, and so for an i,nstant no current is generated. Also, as 
the armature is moving from the position shown in A through B 
to the position show~ in C

l 
t~e bl~ck side of the loop. is ~~ving up 

through the field and the directIOn of the current m It IS shown 
by the arrow, but at the Isame time the white side of the loop is 

. moving down throl!_gh th~ field and the current in it is also in
dicated by an arrow. It will be noted that at any given time the 
arrows follow each other around the armature indicating that 

Fig. 24.3. Showing how the current changes in size and direction as the arma
ture makes one complete revolution. 

for one-half revolution the current is flowing around the arma
ture in one direction. But as the armature continues its motion 
from the position shown in C through D to the position shown in 
A the black side of the loop is moving down through the field and 
the white side is moying up through the field. The direction of 
the current is again indicated by arrows and, as indicated, the 
current in the wire has-reversed. TherefoIe-during one half turn 
of the armature current will kave the generator through one 
ring and brush, travel around the outside circuit, and return to 
the generator through the other brush and ring. During the next 
half turn of the armature the current in the whole circuit is 
reversed. The curved line in Figure 24.3 is a diagrammatic way 
of showing the changes in the size and in the direction of the 
current resulting from one 'complete rotation of the armature 
in the field. So we realize that an alternating current is not a 
steady current but one which gradually increases to. a maximum 
and then gradually decreases to zero, with the current in first 
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ope and then the other direction. The current resultinglJ:.Oj:n 01l~ 
cornp~<':Y.911J_ti_Q!L Q( tb~_Q.t_mature J§_knQwn-as-one-cyde-of 
alternating current.:_ The number of complete revol~ti~~s_.Eer 
second ,gives the jrequency or the nurrl.be!_' ~f_ _cycles per seco!!!!.. 
furnished by the generator. 

144. Direct-Current Generators. lr a direct current is de-
" sired in the outside circuit, the slip rings are removed and a 

divided ring called a commutator 

is used. If Figure 24.4 is com- ~ ~. 
pared with Figure 24.2 the . 
essential difference between 
an alternating-current and a 
direct-current generator is evi
dent. One end of the armature 
wirr--is fastened to one segment 
of the commutator and the 
)ther end to the opposite seg- Fig. 24.4. A direct-current generator. 
ment. The brushes are in con-
tact with the commutator' and are so placed that just as the 
current reverses in the armature the next section of the com
mutator comes in contact with a given brush. Therefore the 
current always leaves through one brush, travels around the 
outside circuit, and returns to the generator through the other 
brush. The current resulting from one turn of wire on the arma· 

ONE COIL 

~ 
I "I ., " '" ", '," ", " 

TWO COILS 

ture is shown in Figure 24.5. It 
is not a steady current, but it is 
always in the same direction. It 
can be made steadier by putting 
more wires on the armature and 

Fig. 24.5. Current from a direct- having more segments in the com-
current generator. 

mutator. 
145. Sources of Energy for Generators. Various means are 

used to furnish mechanical energy to the generator. The arma
ture may be turned by a gasoline or a steam engine, or by water 
power; small direct-current generators called wind chargers are, 
as the name indicates, operated by wind power. In any case some 
form if mechanical energy is put into the generator and traniformed into 
electrical -energy. - -The generator does not make or create_ qIrrgy ~ i l 

changes one jorm oj energy into anotherjorm. -_ -
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Experience has shown that sometimes generators which difler 
considerably in construction from the ones described above are 
more efficient in. commercial installations; therefore various 

I 

types of generators have been developed, but the basic principle 
is the same in all types. , \ 

STUDY Q,UESTIONS 

1. Why is a galvanometer included in the circuit of the demonstra_ 
tion generator? Would a lamp be a suitable substitute for the 
galvanometer? 

2. What is the purpose of an electric generator? 
3. What factors influence the size of the galvanometer deflections? 
4. What are the necessary conditions for transforming mechanical 

energy into electrical energy? 
5. What is an armature? 
6. What are slip rings? What is their purpose? 
7. What are brushes? What is their purpose? 
&. What is an alternating current? 
;. What causes ~n alternating current? 

10. What is:a commutator? What is its pur!Jose? 

.; 
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ELECTRICAL MEASUREMENTS 

Many of the names of units used in electricity are more.orless 
familiar words but often the exact meaning of the words is not 
definitely known. In our everyday conversation we may talk 
about the voltage of the power line, the number of amperes used 
by a toaster, or the resistance of a hot plate. Whenever we buy 
new light bulbs, we indicate the size we want by stating the 
number of watts, and we pay the electric bill at the end of the 
month by paying for a given number of kilowatt-hours of elec
trical energy at a certain rate per kilowatt-hour. 

It is well to recognize in the first place that most of the terms 
used in electricity are simply the names of scientists who were 
interested in electricity and who tried to learn something about it. 
When definite units for measuring electrical quantities were· 
decided upon they were named to honor these scientists. 

Scientists first began to work out a definite terminology for
electricity about 1820. For the next forty years there was con
siderable confusion because many new discoveries were made 
and still units were not definitely established. In 1863 the British 
Association for the Advancement of Science tried to organize 
the information available at that time· and made an effort to 
establish units, but much revision of this work was necessary, 
and many units were not internationally defined until near the 
end of the nineteenth century. 

146. Quantity of Electricity. The unit for quant~ty oj electricity 
is the coulomb, named for the French sclentist, C-o~lomb, and the _----
symbol Q is used to indicate this quantity. TEe coulbmb-wa-S 

-""-"-
originally defined in terms of electrolysis, 1 but scientists gradually 

1 A coulomb of electricity is the quantity of electricity which will deposit 
0.001118 g of silver from a silver solution in an electrolytic cell. (See Sec. 181.) 

275 
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came to know that electricity is made up of small unit charges 
called electrons. After the existence of the electron was definitely 
established and its charge measured, the number of electrons in 
~ ::_o~l~mb was determirie~. The acceptedV~iue - n~l.{J is 6.~~jjjJ8 
electrons per coyJf2!!.lb. \ - \ 
'_ i47. Current Int~ The number of couloJbs which flow 
through a given cross-sectional area of a condll:ctor in 1 second i~ TIle, 
current' ziffensiW-an([ i.s-'mea;ured in amperes, in honor of Ampere 

_"t _ • - ~~-. • - - , 

another Frencnsci"entist; who made many important discoveries 
regarding electricity and magnetism. The symbol I is _u.§ed to 
indicate current intensity. 

Quantity of electricity = current intensity X time 
(in coulombs')" - (i'; amPe;;s)--'- -",(in seconds) 

Q=[[ - --_ 
The number of ampere~ flowing through a conductor may__Q_e 

measured by an ammeter which is simply a galvanometer 'Gali
brated to read iI{ amperes and which is placed in the circuit 

GENERATOR /' 

R 

Fig. 25.1. The generator, 
the resistance, and the am-
meter are in series. 

"in series" with the conductor so that 
whatever current flows through -the 
conductor will also flow through' 1:he 
ammeter. (See Fig. 25.1.) 

148. Electrical Resistance. Electri
cal resistance is the opposition ciffered by 
conduc7orno ihe-flow rif a curreni. It acur
rent is a stream of electrons, it must be 
that in some conductors the electrons 

move along more freely than in others since the resistances of con
ductors vary decidedly. This difference is due in part to the num
ber of free electrons, or in other words, the resistance varies with 
the kind of material. (See Sec. f26.) Most metals are good con=
du~t~rs and silver, copper, and aluminum are especially good. 
Other materials such as glass, sulphur, and mica are poor con
ductors br insulators. 

The resistance of a conductor also depends on its temperature. 
In general, the resistance int::reases when the temperatur:e in- / 
creases, but there are various exceptions to this general rule and 
the change in resistance is not directly proportional to the change 
in temperature. However,> the'resistance does vary directly with 
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tile length and inversely with the cross-sectional area of the con
ductor. T1ze unit jor resistance is the ohm,! named for Ohm a 

---"---' ----- /' 
German physicist, who made .... a detailed study of the factors 
which determine the resistance of a conductor. 

The resistance of a conductor for any give~mp_erature.may 
be foullirOy '. . . -

-'__R = KL 
A 

where R = resistance in ohms 
K = a constant depending on the kind of material and 

its temperature 
L = length of conductor 

/A = cross-sectional area of the conductor 

In commercial practice it has become customary to combine K 
and A into one constant, the numerical values for which are 
tabulated in handbooks according to the kind of material, the 
cross-sectional area of the conductor, and its temperature. This 
constant can then be multiplied by the length to find the total 
resistance of the conductor. 

149. Potential Energy Difference or Voltage. In the last 
chapter it was shown that, ,when a conductor is moved at right 
angles to a magnetic field, there is a resulting force which urges 
the free electrons to move along the conductor. When these 
electrons are moved along the conductor they are capable of 
doing work, i.e., they possess potential energy. The amount of 
work they .can .do is directly proportional to the energy that is 
furnished to the generator. It can also be shown experimentally 
that the work required to operate the generator varies directly 1 
with the strength of the magnetic field L, the number of wires N 
which cut the magnetic field, and inversely with the time T ' 
required to move the wires through the field. Therefore ~he work . 
which the moving electrons can do as they are moved along the 
conductor is proportional to NLj T. 

The unit jor potential energy dijference is the vo# named in honor of 
Volta:; an lialian, who was one of the first sclentists to discover 
anything about potential energy difference. The unit has been so 

1 The international ohm is defined as the resistance' offered by a column of 
mercury 106.3 cm long, 1 sq mm in cross-section, at the temperature of melting ice. 
This quantity of mercury weighs 14.4521 g. 
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chosen that the potential energy difference between arry two. points is the 
amount rif work which can'. be_jl__Qne. by a unit charge when it is moved by 
the generator jro'f!l_o.ru: rif_those.points to the other. It takes 100,000,000 
or'1Os cuttings per second [to equal one volt, therefore the poten
tial energy difference V furnished by a generator may be found by 

:\ NL 
t = 108T 

In practice it has become customary to drop the word "energy" 
and to speak of the potential energy difference as:potential dijfer

GENERATOR 

R 

, J' ~ 

ence. In everyday life it is usually referred 
to SImply as the voltage. 

The potential difference or the voltage 
across a conductor may be measured 
with a v.£!t!:£leter which is simply a gal
vanometer calibrated to read in volts. It 
isconnected)n the_c_irc.uit ':in_paralleP' 

Fig. 25.2. The voltJ;ne- !Ylt~ ·the conductor, or across the con
ter is in parallel with I the ductor, i.e., one terminal of the voltmeter resistance. 

/ 
is connected where the current enters 

the conductor and the other is connected where the current 
leaves the conductor. (See Fig. 25.2.) 

150. Ohm's Law. The mathematical relationship between the 
currept intensity, the. potential difference, and the resistance is 
expressed by Ohm's law. 

where 
./ 

1= f. 
~ 

I = current intel1sity in amperes 
V =, potential difference in volts 
R = resistance in ohms 

Thus it is evident that lke.. currerzt-whicbjlows through a condyctor is 
directlJI proportional to the potential difference applied across ,the con
ductor and inversely proportional to the resistance if the conductor. -. -

Any electrical device, such as a lamp, a toaster, or. a fan, may 
be connected directly to ,the wires .lea<;ling from the generator, 
and the device will operate ~i:ltisfactorily. However, it will not 
be pos5ible to learn anything about the potential difference 
across the device, the current passing through it, or the resistance 
offered by it, urtless electrlc, mete,rs are included in the circuit. 
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Figure 25.3 shows a circuit containing a conductor and an ammeter 
wired in series with the terminals oj a generator, 'and a voltmeter con
nected in parallel with the conductor. The ammeter is made with a 
very low resistance so that it will not appreciably increase the 
total resistance of the circuit and thus decrease the current. The 
voltmeter is made with a very high 
resistance so that only a small current GENERATOR 

~~----------~ 

passes through it, but since it is con-
nected to the terminals of the conduc
tor, the voltage across it is the same 
as the voltage across the conductor. 
After the current intensity in amperes 
and the potential difference in volts 
have been determined, the resistance 
in ohms may be calculated by use of 
Ohm's law. In general, it_js m,:!ch 
simpler to read the a~meter and -the 
voltmeter, and calculate the resistance 

Fig. 25.3. An electric cir
cuit containing a generator, 
a resistance, and an ammeter 
in series, with a voltmeter in 
parallel with the resistance. 

by !lse of the formula R = V/I than it is to measure the _length 
and .cross-sectional area of the conductor and calculate the 
resistance by use of the formula R = KL/ A. 

1S-1. -Electrical Work and Power. The potential difference 
between any two points has been defined as the amount of work 
which can be done by a unit charge when it is moved by the 
generator from one of those points to the other. Therefore, the 
total amount oj work done in a conductor is equivalent to the product oj 
the potential difference across the conductor and the number oj unit charges 
Q which pass through the conductor. 

Work = potential difference X number of unit charges 
W=VQ 

Since we have no meter for measuring Q dir~ctly but we do 
know that Q = IT we may substitute IT for Q in the above 
equation and get 

W= VIT 

And since power is rate of doing work 

p = W = VIT = VI 
T T 
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The unit for the product of Vand I has been named the Watt 
for James-Watt; an English physicist. A larger ui{it: the kilowatt 
is obtained from VI/l_OQO. Therifore the units jor power arelhe'wat; 
and the kilf2w~t._JJze units Jor work are --_- - \ 

watt-secoM kilowatt-second . I 
watt-minute kilowatt-minute 

kilowatt-hour watt-hour 

The unit for the amount of work depends upon whether the 
product of V and I is left in watts or changed to kilowatts, and 
upon the time unit chosen. It will be found that the two units for 
work which are used the most are the watt-second and the 

GENERATOR 

R 

Fig. 25.4. A circuit con
taining a generator, a resist
ance, and a wattmeter. 

kilowatt-hour. The work is usually 
measured in watt-seconds when We 
wish to find the corresponding number 
of calories. The reason for this will be 
explained in the next chapter. It is 
usually measured in kilowatt-hours 
(kwhr) when we wish to calculate the 
cost of using an electrical device. 

Figure 25.4 shows a circuit in which 
a wattmeter is used instead of an am
meter and a voltmeter.' Since a watt-

meter is a combination ammeter-voltmeter, it has both ammeter 
and voltmeter terminals. The ammeter terminals of the watt
meter are wired in series with the resistance and the generator, 
and the voltmeter terminals are wired in parallel with the resist
ance. The reading of the wattmeter is equivalent to the product 
of IV. 

152. Cost of Using Electrical Energy. The electrical energy 
which is used by any ~consumer is· measured in kilowatt-hours 
since that unit is large enough to be practical as a ~ommercial
unit, and the energy is soid at a given rate per kilowatt-hour. 

Cost = kwhr X rate per kwhr = ~~;; X rate per kwhr 

One factor which affects the rate per kilowatt-hour is the 
method, and therefore the cost,. of operating the generator:"If the 
generator is run by a steam, a gas, or a Diesel' engine, the cost 
of operation is dependeril on the cost of the fuel used. The fuel 
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may be coal, gasoline, or crude oil. In many sections of the 
country where water power is available, hydroelectric power 
plants have been built. They may be operated by a natural 
waterfall, or the contour of the land may be such that a dam can 
be built across the stream and the generator operated by a man~ 
made waterfall. In general, the power plants operated by natural 
waterfalls are able to furnish energy at a lower cost per kilowatt~ 
hour. If a dam has to be built, the cost of building and maintain~ 
ing the dam offsets the cost of fuel for the engine-driven gen~ 
erators. 

Another factor which affects the cost per kilowatt-hour is the 
distance from the power plant to the place where the energy is to 
be used. The cost of building and maintaining the line, the energy 
loss due to heating effects, and the energy loss due to corona 
effects (ionization of the air which results in a glow along trans
mission lines) are all factors which increase as the length of the 
line increases. The uniformity of the load from hour t6 hour and 
from day to day also enters into the cost. The power company 
can operate more economically and furnish energy at a lower 
rate per kilowatt-hour if the load is fairly uniform. Power plants 
must be prepared for the peak loads, and if a large percentage 
of the equipment is not in use a greater part of the time, the 
overhead expeme is increased. The company can also sell energy 
at a lower rate per kilowatt-hour as the amount required in
creases. Other factors which enter into the cost per kilowatt-hour 
are the cost of the transformers, meters, meter reading, book
keeping, and collecting bills. 

The rates in the United States vary from $0.01 to $0.15 per 
kilowatt-hour. The average is about $0.05 per kilowatt-hour. 
Usually there is a sliding scale; that is, the rate per kilowatt-hour 
is less for larger quantities, or for all above a given minimum. 
The cost to the consumer for a month is found by multiplying 
the number of kilowatt-hours recorded for that month on the 
kilowatt-hour meter by the rate per kilowatt-hour. If there is a 
sliding scale, the number of kilowatt-hours for each rate must be 
considered. 

STUDY Q.UESTIONS 

1. What is a coulomb of electricity? 
2. What is a current of 1 ampere? 
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3. How does a material which is a good conductor of electricity differ 
from one which is a poor conductor? 

4. Define electrical resistance. " 5. 
6. 

Name four factors_that influence the resistance of a conductor 
How does the term '{electrical potential energy" correspond· to 
mechanical potential energy? 

7. What determines the ~umbeIi of volts furnished by a generator? 
8. If the resistance of a copductor is increased but the voltage applied 

across it is kept constant, is the current intensity increased Or 

decreased? 
9. 

10. 
11. 
12. 

What are the units for electrical power? 
What are the units for electrical energy? 
What two instruments are combined in a wattmeter? 
What factors determine the cost of using an electrical device? 

PROBLEMS 

1. If 40 coulombs of electricity pass a given point in a conductor in 
5 seconds, what/is the current intensity in amperes? Ans. 8 amp 

2. If 4 amperes flow for 5 minutes, how many coulombs of electricity 
have passed any given point in the cir.cuit? . 

3. If the resistan'ce of No. 6 copper wire 1 is 0.0004 ohm per foot, how 
many feet are required for a resistance of 1 ohm? Ans. 2500 ft 

4. If the resistance of No. 14 copper wire is 0.0026 ohm per foot, 
what is the resistance of a piece 50 feet long? 

5. If 20,000 wires cut 300,000 lines of force in 0.5 second, what is 
the resulting voltage? Ans. 120 v 

6. If 10,000 wires cut 100,000 lines of force in 2 seconds, what is the 
resultirig voltage? 

7. If the potential difference across a toaster is 120 volts and its re
sistance is 15 ohms, how large is the current through it? Ans. 8 amp 

8. If the potential difference across a heating pad is 115 volts and the 
current throughdt is 0.5 ampere, what is the resistance of the 
heating coil? 

9. What voltage is required to send 0.6 ampere through a 200-ohm 
lamp? How many watts does the lamp use? Ans. 120 v; 72 w 

10. What voltage is ne<,:ded to send a_ current of 1.25 amperes through 
a 96-ohm lamp? How many watt;does the lamp use? 

11. What is the resistance of a lamp which is operating on 115 volts 
and is using 60 watts? Ans. 220 ohms 

12. What is the resistance of a lamp which is operating on 110 volts 
and is using 100 watts? 

1 It is customary to list wires by number. Large wires have small numbers. A 
given number always indicates a given __ diameter or cross·sectional area. No.6 wire 
has a diameter of 0.16 in. and a cross·sectional area of 0.02 in. 2 and is used for J:leavy 
duty wiring such as a line for an electric stove. No. 14 wire has a diameter of 0.06 in. 
;: nd a cross-sectional area of 0.003 in. 2 and is used for lighting circuits in a house. 
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13. What does it cost to use a 100-watt lamp for 3 hours at $0.04 per 
kilowatt-hour? Ans. $0.012 

14. What does it cost to use a 1000-watt iron for 30 minutes at $0.04 
per kilowatt-hour? 

15. How many kilowatt-hoUl:s of energy are used by a 1200-watt 
toaster in 10 minutes? Ans. 0.2 kwhr 

16. How many kilowatt-hours of energy are used by a 60-watt heating 
pad in 5 hours? 

17. How many watt-seconds of energy are used 
in 1 hour? 

18. How many watt-minutes of energy are used 
in 10 minutes? 

by a 15-watt lamp 
Ans. 54,000 wsec 

by a 25-watt lamp 



26 

RESIST ANCES IN SERIES AND IN PARALLEL 

There are two general methods of connecting electrical resist
ances or conductors - (1) in series and (2) in parallel, and the 
terms are descriptive of the ways in which the resistances are 
connected. In series the resistances are connected one after the 
other as shown in Figure 26.1 and all of the current passes 

" r, r, r, 

Fig. 26.1. Resistances connected in series. 

through one reSistance, then the next, and so on through all of 
the resistances in the circuit. This type of wiring seems very 
simple, but for some purposes it would not do at all, for if sev
eral electrical devices are connected in series and one of them 
is turned off or burns out, the circuit is broken and no current 
will flow. Everyone- IS familiar with the small Christmas-

~ 
~ \;;;J-

" 
" 

" 

tree lights which are wired in 
series and remembers the diffi
culty experienced in trying to 
find which bulb has burned out 
- thus disconnecting all of the 
others. In parallel the circuit is 
branched, and current may flow 

Fig. 26.2. R.esistances connected in 
parallel. ~ between two points by several 

independent paths, as shown in 
Figure 26.2. Houses are wired in parallel. The advantages of 
this method are evident imm~diately. Any device in the house 
may be turned off without breaking the circuit for any other 
device. Also the same voltage is supplied to each outlet in 
the circuit. 

284 
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153. Resistances in Series. It has been found experimentally 
that the total resistance of several resistances joined in series is equal to 
the sum if the individual resistances. 

The current intensity is the same 
through each of the resistances be
cause, for a given voltage, the size of 
current which can flow through the 

GENERATOR 

circuit is determined by the total re- Fig. 26.3. A circuit con
sistance of the circuit. If the resistance taining a generator, resist-

d b ances in series, an ammeter, 
of the circuit is increase y adding and a voltmeter. 
another resistance, then the current 
will be decreased, but it will still be of equal intensity in each 
part of the circuit. The voltage across each resistance is pro
portional to the resistance of that part of the circuit and the 
total voltage is equal to the sum of the voltages across t~e 
individual resistances. 

Vl == Irl V2 = Ir2 Va = Ira 

and V = Vl + V2 + Va + .. · 
For example, if resistances of 4, 6, and 12 ohms are joined in 
series the total resistance is 

R = r1 + '2 + ra = 4 + 6 + 12 = 22 ohms 

If the voltage across the total resistance is 110 volts the current is 

V 110 1= - = - = 5 amp 
R 22 

The voltages across the individual resistances are 

VI = Irl = 5 X 4 = 20 V 

V2 = Ir2 = 5 X 6 = 30 v 
Va = Ira '= 5 X 12 = 60 v 

The total voltage is equal to the sum of the individual voltages 

V = VI + V2 + Va = 20 + 30 + 60 = 110 v 
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If another resistance of 5.5 ohms is added to the circuit the 
total resistance is then 

R = rl + r2 + r3 + r4 ;= 4 + 6 + 12 + 5.5 = 27.5 ohms 
V 110 

and I = R = 27.5 = 4 amp 

VI = Irl = 4 X 4 = 16 V 

V2 = Ir 2 = 4 X 6 = 24 V 

V3 = Ir3 = 4 X 12 = 48 v 
V4 = Ir4 = 4 X 5.5 = 22 v 

and V = V 1 + V2 + V3 + V4 = 16 + 24 + 48 + 22 

If the various resistances are equal, the equation 

R = r1 + r2 + r3 + ... 

110 v 

reduces to R = nr where n is the number of conductors included 
in the series circuit and r is the resistance of one of the conductors. 

Series wiring is very useful in experimental work. If a certain 
voltage is desired, for example 50 volts, and the only available ' 
voltage is 110 volts, other resistances may be wired in series to 

Fig. 26.4. A wire rheostat. (Courtesy Central Scientific Company) 

use the extra 60 volts. Or, if a smaller current is desirable, extra 
resistances in series will increase the resistance of the circuit and 
decrease the current through the circuit. Usually a rheostat, 
which is a variable resistance, is used because it is easily adjusted 
so that the voltage across it or the Cu:r;rent through it can be 
made any desired amount. Some rheostats are made of long 
lengths of wire wound on a framework, and the connection is 
made at one end through a metal bar which has a sliding con
tact key so that all or only a part of the resistance may be 
included in the circuit. (See Fig. 26 .4.) Other s are made of 
plates of carbon which are placed in a nonconducting holder 
with a screw at one en_d to adjust the pressure on the carbon 
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plates, which varies the contact between the plates, and there
fore the resistance of the rheostat. The maximum current a 
rheostat can carry and its maximum resistance are usually stated 
on the rheostat. Rheostats are made in a great variety of sizes. 

Fig. 26.5. A carbon rheostat. (Courtesy Central Scientific Company) 

The speed control on a motor, for example on a sewing 
machine, is a wire rheostat. As the pressure on the rheostat is 
increased, the sliding connection moves along the wire so that 
less and less of the resistance is included in the circuit, and the 
speed of the motor is increased. When the pressure is reduced 
a spring moves the sliding contact 
back and the speed of the motor IS 

decreased. 
154. Resistances In Parallel. If 

several resistances are connected in 
parallel as in Figure 26.6 it is found 
by experiment that the total current is 
equal to the sum oj the individual currents. 

I = i1 + i2 + i3 + ... 
The voltage across each of the resist
ances is the same because each resist
ance furnishes an independent path 
for the current, and the same potential
energy difference exists across each 

GENERATOR 

" 

Fig. 26.6. A circuit con
taining a generator, resist
ances in parallel, an ammeter, 
and a voltmeter. 

path. But if the resistances differ, the currents through them will 
differ. As we would expect from Ohm's law the largest current will 
flow through the path which offers the least resistance. Thus, 

and 

I = ~ 
R 

V, l2 =~, and l3 
r1 r2 

V 
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If these values are sub~~ituted ~in I = i1 + i2 + ia + ... We 
have 

or 

I t will be found that the total resistance is less than the smallest 
resistance in the group, and that as the number of resistances 
increases, the total resistance decreases. Increasing the number 
of resistances in a parallel circuit decreases the effective resist_ 
ance because it increases the total cross-sectional area. As the 

. effective resistance decreases, the total current increases. For 
example, if a toaster (20 ohms), a pressing iron (15 ohms), and 
a radiant heater (12 ohms) are connected in parallel on a 
120-volt llne the current through the toaster will be 6 amperes, 
through the pressing iron 8 amperes, and through the radiant 
heater 10 amperes. The total current will be 

I 
I = .i1 + i2 + ia = 6 + 8 + 10 = 24 amp 

and 
V 120 

R = - = - = 5 ohms 
I 24 

Also 1=1+1+1 
R r1 r2 ra 
1 1 1 1 
R = 20 + 15 + 12 

and R i= 5 ohms 

If another resistance of 30 ohms is added to the circuit the 
current through it will be 4 amperes and the total current 
will be 

I = i1 + i2 + is + i4 = 6 + 8. + 10 + 4 = 28 amp 

'~nd 
V - 120 

R = I = 28 = 4.3 ohms 

or 1=1+1+1+1 
R r1 r2 rs r4 

--
R = -4:3 ohms 



§ 155] ELECTRIC METERS 289' 

If the various resistances are equal, the equation for the total' 
resistance becomes R = r In where n is the number of resistances: 
included in the parallel circuit, and r is the resistance of anyone 
of the group. Parallel wiring as applied to house wiring is 
discussed in more detail in Chap::·32. 
{ 155. Electric Meters. It will be recalled that a galvanometer 
contains a coil of wire mounted in a magnetic field. (See footnote 
on page 260.) When current flows in the coil, the coil turns - the 

Fig. 26.7. A galvanome
ter contains a coil of wire 
mounted between the poles 
of a horseshoe magnet. 

Fig. 26.8. An ammeter is a 
low-resistance galvanometer. 
Current enters and leaves the 
meter at A and B. 

direction of the motion depending on the direction of the current 
in the coil and on the direction of the magnetic field. Wiry does 
the coil turn? When current flows in a wire, there is a magnetic 
field around the wire. Since this coil is placed in a magnetic field 
furnished by a magnet, there are two fields, and as a result there 
is a force acting on the wire which causes it to move. 1 Current 
enters and leaves the meter at A and B. 

An ammeter is a low-resistance galvanometer. The low resist
ance is obtained by using a high-resistance moving coil in parallel 
with an extremely low-resistance conductor which is called a 
shunt. Since the effective resistance is decreased when resistances 
are connected in parallel, the resistance of the ammeter is slightly 

1 This explanation is reviewed in Chap. 29, Sec. 173, in explaining why a motor 
armature rotates. 
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less than the resistance of the shunt. For a double-range meter 
two shunts with different resistances are used. 

The voltmeter is a high-resistance galvanometer. The high 
resistance is obtained by \using a high-resistance moving coil in 
series with an extremely,high-resistance stationary coil. Conse_ 

: \. " 

I 
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RESISTANCE 

COIL 
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8 

MOVING COil 
OF VOLTMETER 

HIGH RESISTANCE 
,TMETERCOIl 

C 

Fig. 26.9. A voltmeter is a high
resistance galvanometer. 

Fig. 26.10. A wattmeter is a combina_ 
tion of an ammeter and a voltmeter. 

/ 

quently the current through the voltmeter is small. The amount 
the coil turns depends upon the current through it, but since the 
current is proportional to the voltage the cal~bration is in terms 
of the applied voltage. The voltmeter binding posts A and Bare 
connected across the load. 

The wattmeter consists of two coils. One is a low-resistance 
stationary coil (binding posts A and B), which is connected in 
series with the load and serves as an ammeter. This coil is so 
arranged that it furnishes a magnetic field in which the second 
coil is placed. The second coil is connected (binding posts C and 
D) in parallel with the- _load,' and~serves as a voltmeter. The 
amount the moving part of this coiV'turns depends on both the 
current through it and the strength of the magnetic field in which 
it is placed. \ 

STUDY Q,UESTIONS 

'" 1. Name some practical uses for series wiring. 
2. What happens if one bulb in a string of series-connected Christmas

tree lights burns out, or if one is removed from the circuit? 
3. Of what use are rheostatsc Are any used in the home? 
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4. As the number of resistances in a series circuit is increased, does 
the current increase or decrease? 

5. Why is an ammeter wired in series with an electrical device? Since 
it has an extremely low resistance, how does it affect the current 
through the device? Why is this desirable? 

6. Will the individual devices in a parallel circuit operate inde
pendently? Why? 

7. As the number of resistances in a parallel circuit is increased, does 
the total current increase or decrease? 

8. A voltmeter has an extremely high resistance. Does it use a large 
or a small current? Why is this desirable? 

9. Why is a voltmeter wired in parallel with an electrical device? 
10. What are the advantages of parallel wiring - for example, for 

house wiring? 

PROBLEMS 

1. Resistances of 10, 20, and 30 ohms are joined in series and con
nected to a 120-volt line. What is the total resistance? What is 
the current? What is the voltage across each load? 

Ans. 60 ohms; 2 amp; 20 v; 40 v; 60 v 
2. When 8 small lamps are wired in series and connected to a 120-volt 

line, the current is 0.3 ampere. What is the total resistance? What 
is the resistance of each lamp? What is the voltage across each lamp? 

3. The current in a series ci"rcuit is 2 amperes and the resistances are 
20, 40, and 50 ohms. What is the total resistance? What is the total 
voltage? Ans. 110 ohms; 220 v 

4. Resistances of 5, 10, 15, and 25 ohms are joined in series and 
220 volts applied. What is the total resistance? What is the current? 
What is the voltage across each load? 

5. What is the total resistance if 20 lamps of 250 ohms each are joined 
in series? Ans. 5000 ohms 

6. What is the total resistance if 5 lamps of 300 ohms each are joined 
in series? 

7. What is the resistance of a voltmeter if the resistance of the fixed 
coil is 19,900 ohms and the resistance of the moving coil is 100 ohms? 
If the voltage across the voltmeter is 120 volts, what is the current 
througb it? Ans. 20,000 ohms; 0.006 amp 

8. A given voltmeter consists of a fixed coil of 14,800 ohms and a 
moving coil of 200 ohms connected in series. What is the total 
resistance of the voltmeter? If the voltage across it is 120 volts, 
what is the current through it? 

9. Resistances of 20, 30, :<nd 60 ohms are joined in parallel. What is 
the total resistance? If the voltage across the resistancf's is 60 volts, 
what is the current through each? What is the total current? 

Ans. 10 ohms; 3 amp; 2 amp; 1 amp; 6 amp 
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10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

1&. 
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Resistances of 30, 60, and 80 ohms are joined in parallel. What is 
the total resistance? If the voltage across the resistances is 48 volts 
what is the current through each? What is the total current? ' 
If 3 lamps are joined in: parallel and the currents through them are 
0.4 ampere, 0.5 amper~, and 0.6 ampere respectively, what is the 
total current required? If the potential difference is 120 'Volts, what 
is the total resistance? I, What is the resistance of each lamp? Find 
the total resistance, using the values of the individual resistances. 

Ans. L5 amp; 80 ohms; 300, 240, and 200 ohms 
A toaster which uses 10 amperes, an iron which ],lses 8 amperes, 
and a heater which uses 12 amperes are joined in parallel. What is 
the total current required? If the potential difference is 120 volts 
what is the total resistance? What is the resistance of each device? 
Find the total resistance, using the values of the individual reo 
sistances. 
If an advertising sign contains 50 lamps of 200 ohms each, wired 
in parallel, what is the resistance of the combination? Ans. 4 ohms 
What is the effective resistance in your house if you have 5 lamps on 
and the resistance of each is 90 ohms? 
If the resistance of the moving coil in an ammeter is 99.97 ohms 
and the resistance of the shunt is 0.03 ohm, what is the total re
sistance of the ammeter? If the ammeter is connected in series to a 
12-ohm toaster, what is the combined resistance of the two 
devices? Ans. 0.0299 ohm; 12.02999 ohms 
A given ammeter consists of a moving coil which has a resistance 
of 199.95 ohms, and a shunt which has a resistance of 0.05 ohm. 
What is the resistance of the ammeter? If the current through the 
ammeter is 8 amperes, what is the voltage drop across the am
meter? 
a. If a toaster which has·a resistance of 12 ohms is connected to a 

120-volt line, what is the current through it? If an ammeter with 
a resistance of 0;03 ohm is connected in series with the toaster, 
what is the reading of the ammeter? Ans. 10 amp; 9.975 amp 

h. If a voltmeter which has a resistance of 12,000 ohms is connected 
across the toaster, how much current passes through the volt
meter? What does the ammeter: r~ad after the voltmeter is added 
to the circuit? Ans. 0.01 amp; 9.985 amp 

a. If a lamp which has a resistance of 50 ohms is connected to a 
120-volt line, what is- the current through it? If an ammeter 
with a resistance- of 0.05 ohm is connected in series with the 
lamp, what is the reading of the ammeter? 

h. If a voltmeter which has a resistance of 24,000 ohms is connected 
across the lamp, how much current passes through the volt. 
meter? What does the ammeter read after voltmeter is added 
to the circuit? 
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ELECTRIC HEATING DEVICES 

Every electrical heating appliance is fundamentally a con
ductor of electricity mounted in a suitable framework. The 
conductor is so chosen that the desired amount of electrical 
energy can be transformed into heat energy at the place where 
heat is needed. Electrical heating devices are sometimes said to 
be 100 per cent efficient, since all of the electrical energy is con
verted into heat energy, but usually not all of this heat is avail
able for the original purpose. For example, in a coffee percolator 
an average of 80 per cent of the heat is absorbed by the coffee 
and 20 per cent is absorbed by the metal or has eSVlped into 
the air. An electric iron may transfer from 65 to 85 per cent of 
the heat through the sole plate to the damp clothes, but the 
remainder is lost through the top and sides to the air of the 
room. Electric room heaters might really be considered as 100 
per cent efficient since even though some of the heat is required 
to warm the metal framework, the heat is eventually transferred 
to the contents of the room. But some heaters are constructed 
so that a larger percentage of the heat is immediately transferred 
to the contents of the room and therefore the same amount of 
energy will warm the room in a shorter time. 

If a small amount of heat is needed for a short time, electricity 
furnishes the quickest, cleanest, and most convenient way of 
obtaining the energy. In many devices, localizing the heat re
duces the total quantity needed to a minimum. Electrical heat
ing is also the safest method - fire hazards are at a minimum 
and there are no fumes or smoke from combustion. If larger 
amounts of heat are needed, for example enough to heat a 

, house, the total cost is usually higher than most consumers can 
afford. 

293 
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156. Materials Used ,for Heating Elements. In some of the 
first electrical devices made for household use the heating ele_ 
ments were made'-of mefals which oxidized at relatively low 
temperatures and were either short-lived or could not be heated 
to as high temperatures a~ were desired. Since metals were such 
good conductors of electri,city, the conductors had to be either 
very long or else very small in cross-sectional area in order that 
the current in amperes, and consequently the resulting amount 
of heat, would not be too great. If heat was developed too 
rapidly the resulting temperature was too high, the food Was 
burned instead of cooked, and the clothes were scorched before 
they could be properly ironed. Stich long, fine wires were also 
easily broken and hard to install. 

The difficulties encountered in trying to use pure metals for 
heating elements led to the development of high-resistance alloys 
which withstand relatively high temperatures without oxidizing 
and, since they offer more resistance, shorter pieces of larger 
cross-sectional area furnish the necessary resistance. The ele
ment is not only easier to make and install, but it is sturdier and 
has a longer life. The alloys may be made of various propor
tions of nickel, chromium, and iron. 

The following table shows the relative resistances of a num
ber of materials of the same length and cross-sectional area. 
Copper has bee:n used as the basis of comparison since it is used 
more than any other material for conductors in the general 
transmission of electricity. Aluminum is also used extensively. 
Silver is the only material which is a better conductor than 
copper but its cost prohibits its commercial use. 

Copper 
Silver 
Aluminum 
Tungsten 
Iron 
Platinum 
Nickel 
Steel 
Nichrome 
Calorite 
Chromel 
Pure water 
Water + 5% H 2S04 

Glass • -

1.0 
0.9 
1.7 
3.3 
5.7 
6.8 
7.7 
8.8 

80 
70 
70 

26,000,000 
48,000 

90,000,000,000,000,000 
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157. Relation between Electrical Energy and Heat En
ergy. Since electrical energy can be converted into heat energy, 
there must be some relation between electrical units and heat 
units, i.e., a definite numerical relationship between watt-seconds 
and calories. This relationship can be determined experimen
tally. If a current is sent through a small enclosed electrical 
heating coil which is immersed in water in a calorimeter, the 
heat given out by the coil will 
be absorbed by the water and 
the metal. (See Fig. 27.1.) This 
amount of heat may be calcu
lated by 

H = (mst)water + (mst)metal 

Since this heat came from a 
known amount of electrical 
energy which can be calculated 
by 

Energy = IVT or 12 RT 

the relationship between the 
two is 

H = KIVT or KI2RT 

GENERATOR 

~~I 
Fig. 27.1. Apparatus for finding the 

relationship between electrical-energy 
units and heat-energy units. 

where K is a constant showing the relationship between heat 
energy measured in c~lories and electrical energy measured in 
watt-seconds. It has been found by experiment that 4.186 walt-seconds 

are equivalent to 1 calorie or that 1 walt-second furnishes 0.24 if a 
calorie. Thus we see that the number of watt-seconds of energy 
must either be divided by 4.186 or multiplied by 0.24 to obtain 
the equivalent number of calories. 

158. Electric Irons. An electric iron is one of the first pieces 
of electric?lequipment purchased in most homes. Electric irons 
are made in many types and sizes in order that the purchaser 
may get the shape and weight best adapted to her needs. Most 
irons are constructed so that the ,heating element. is remQvable 
and when burned out may be replaced at a small fraction of 
the original cost of the iron. The element may be made of fiat 
wire wound on mica plates which have been cut the same shape 
as the base of the iron. This makes a foundation on which to wind 
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the element, and insulates the turns from each other. This unit 
is then placed between two layers of mica to insulate the ele. 
ment from the metal parts of the iron. In another type of heat. 
ing element, the wire is <':mbedded in a composition plate made 
in the shape of the iron. These elements are very durable, but 

Fig. 27.2. Heating elements for irons. 

if the iron is dropped, the plate may crack, and if the wire is 
broken, the whole plate must be replaced. A third type of heating 
element is made of a spirally wound wire enclosed in a metal 
tube but separated from it by some insulating material. The 
element is bent into the desired shape and the metal for the face 
of the iron is cast around it. These elements are also very durable. 

When in use the iron usually does not need current flowing 
through it all of the time to keep it at the desired temperature. 
This will depend upon the weight and kind of material being 
ironed, and upon the dampness of the material. The cost of 
operation depends not only upon the rate at which the device 
uses energy but also upon the time the energy is actually passing 
through the element. An automatic iron has a thermostat which 
opens the circuit when the iron reaches the temperature desired. 
The thermostat may be marked " high-medium-Iow" or "nylon
silk-catton-linen." If it is a steam iron, there is a setting indicated 
for a desirable temperatur-e for producing steam. As the operator 
turns the thermostat, the pressure exerted on the thermostat is 
changed and thus the temperature at which the circuit opens is 
regulated. As soon as the iron cools a little, the circuit automati
cally closes. Thus a steady temperature can be maintained, and 
by choosing the proper setting the temperature can be adjusted 
for the kind of material, and for either slow or quick work. 
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A 2- to 3-pound iron is probably the most satisfactory for the 
Bverage household. It should be automatic and will use 8- 10 am
peres during the time the current is flowing. For average ironing 
conditions the current is probably not on morc than half of the 

./ 

LINE 

_:::LlN.:.:E_-",,\,;):,\\,\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\, 

Fig. 27.3. A thermostat [or an electric iron . 

time. If the iron uses 8 amperes at 110 volts and is used for 1 hour 
with the current flowing 60 per cent of the time, the amount of 
energy may be calculated by 

.!Y__T = 8 amp X 110 volts X 1 hr X .6 = 0 3 k h 
1000 1000 .5 w r 

At $0.04 per kilowatt-hour the cost per hour is 

kwhr X rate per kwhr = 0.53 kwhr X $0.04 = $0.02 

Steam irons may be used for either dry or steam ironing. There 
are two main types of steam irons - the kettle type and the 
flash-boiler type. In the kettle type all of the water in the iron is 

Fig. 27.4. A cross section of a steam iron of the fl ash-boiler type. (Courtesy 
The H oover Company) 
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heated until it boils and furnishes steam. Usually this type mUst 
be emptied before it can, be used as a dry iron. The flash-boiler 
type converts the water to steam as it falls, a drop at a time, from 
a reservoir onto a hot inn~r plate. By flipping a control valve it 
can be converted from a :;;team to a dry iron readily. There are 
various arrangements for steam vents and slots on the sole plate 
of the iron. In practice sorhe are considerably more satisfactory 
than others, so it is advisable to try several irons before purchas_ 
mg one. 

159. Small Electric Cooking Devices. There is an almost 
endless variety of electrical cooking devices which are a decided 
help in the kitchen and dining room. The cost of cooking the food 

CONNECTS TO 
110-120 VOLTS 

-- ---- --++----i -

with electricity may be slightly 
more than with coal or gas, but 
the added convenience and 
pleasure more than offset the 
difference in cost. 

Toasters. The heating ele
ment of an electric toaster may 
be made of flat wire wound on 
mica or it may be made of 
spirally wound coils of round 
wire looped' over hooks which 
are fastened into plates of 
insulating material. One-slice 
toasters use from 400 to 650 
watts. Two-slice toasters use 
from 800 to 1200 watts. There 

Fig. 27.5. A heating element for a are various types of thermostats 
toaster. _ ~ _,<!_nd regulators used on toasters; 

. th-;;toaster may be set for either 
, light or dark toast, and when the toast is finished a thermostat 
or a timing device opens the circuit and'the bread is lifted 
part way uut of the toasfer. 

Coffee Makers. Electric coffee makers are of two general types
the brewer type (see page 69) and the percolator type. The trend 
is toward self-contained electric heating units with automatic 
temperature controls. WheE the coffee is finished a thermostat 
turns off the main heating~lement, but current continues to flow 
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iIl a small element which keeps the coffee hot. Coffee makers use 
frorn 400 to 1200 watts, depending on the type. The high wattage 
uIlits usually require less time, so the total cost is approximately 
the same for all types. About 15 cups of coffee may be made 
for $0.01 at $0.04 or $0.05 per kilowatt-hour. 

o 0 0 

o 00 

Fig. 27.6. Heating elements for percolators. 

Waffle Irons and Sandwich Toasters. Small waffle irons use about 
600 watts and larger ones up to 1200 watts. There are two heating 
elements - one in the base and one in the lid. Often the grids are 
removable and the device becomes a sandwich toaster or a grill 
for bacon or ham and eggs. These waffle irons are usually 
equipped with an adjustable thermostat so the crispness of the 
waffle can be controlled, and a signal light to indicate when the 
iron is hot enough for the batter or when the waffle is done. 

Deep-Fat Fryers. Deep-fat fryers are convenient devices for a 
family that uses this method of cooking enough to make the 
investment worth while. Since hot fat is potentially a decided fire 
hazard, a close-fitting lid should be at hand when the fryer is 
in use so that if the fat catches fire the lid may be put in place 
quickly to shut off the oxygen supply and smother the flames. The 
cord should_also be disconnected from its socket immediately
therefore, consider the location of this socket with respect to the 
fryer before starting to heat the fat. Fryers use from 1200 to 
1500 watts. 

160. Electric Ranges. Electric ranges for household use vary 
from a small portable type with one hot plate and a small oven or 
grill to a full-size range with three, four, or even six hot plates 
and two ovens. Some have deep-well cookers, warming ovens, 
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automatic timing devices for presetting the cooking cycle, surfac . e 
and oven lights, and glass panels in the oven door . 
. Thert are various means of obtaining different heats on the 

hot plates, and the nurnJ~er of heats may vary from one to eight. 
or the range may be equlpped with a multi-speed control which 
allows the operator to dd.l any degree of heat. The most common 
are the five-heat, the sev~n-heat, and the multi-speed. In order 
to understand how a hot plate is constructed to obtain these 
various heats, it seems best to start with the simplest type and 
gradually introduce the changes in construction. This approach 
is also of course the historical approach, since the first hot plates 
had only one heating element and one heat - obviously not a 
satisfactory arrangement. 

Next, two elements were used and two heats resulted. But soon 
it was realized that three or four heats could be obtained with 
only two elements, and later the number was increased to a pos
sible eight heats - still using only two heating elements. In the 
following discussion voltages of 240 and 120 are used for ease in 
figuring mathematical relationships, but voltages of 230 and 115 
or 220 volts a:nd- 110 are also combinations in common use. 

H2o v+-/ 1-120 v...J 1-120 v.....j 

lliLL~ 
\_INNER j \_INNERJ \_INNERJ 

OUTER OUTER OUTER 

abc 
Fig. 27.7. Electrical connections in switch to provide 

three heats in a hot plate on 120 volts: a, High; b, Medi
um; c, Low. (Adapted from Electrical Appliance Servicing 
by W. H. Crouse.) . . 

i.. 

If the hot plate furnishes three heats, it has two elementsand 
is usually connected to one 120-volt line only. For high heat~ the 
two elements are connected in parallel, for merlium heat only one 
element is used, and for loW: heat the two elements are connected .. 
in series. (See Figure 27.7.) 'For example, if the resistance of each 
element is 12 ohms, the resistance, voltage, <:urrellt, and 'Natts 
for each heat are showl} in the following table. 
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HEAT R V I w 
High 6 120 20 2400 
Medium 12 120 10 1200 
Low 24 120 5 600 

If the range has more than one hot plate, it is connected to a 
three-wire, 240-volt line which may be considered as a combina
tion of two 120-volt -lines. This is done because the number of 
amperes required is too high for safety if it is all taken from one 

i---24ov---l 1----14ov----l 1----140v---1 

rnrr:rs 
'-INNER J \_INNER J '-IKNER J 

OUTER OUTER OUTER 

abc 

Fig. 27.8. Electrical connections in switch to provide 
three heats in a hot plate using 240-volt and 120-volt 
circuits: a, High; b, Medium; c, Low. (From Electrical 
Appliance Servicing by W. H. Crouse, 1950, M-cGraw
Hill Book Company, Inc.) 

120-volt line. High heat may be obtained as explained above, or 
it may be obtained by using the two 12-ohm resistances in series 
but connectc;d to the 240-volt 
line as shown in Figure 27.8. 
The resulting current is 10 am
peres arid the number of watts 
is equal tp 10 amperes X 240 
volts = 2400 watts - thus the 
resulting high heat is exactly 
the same as shown in the above 
table. 

For four heats the two ele
ments are not alike and each 
can be used alone to obtain 
two medium heats. This .com
bination was never extensively 
used. The three-heat range was 
accepted for many years, but 

Fig. 27.9. Electric range hot plate 
with two heating elements. (Courtesy 
General Electric Company) 
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housewives began to ask for ranges with smaller differences be. 
tween the heats and especially for lower heats which would keep 
food hot but "Dot coofing. The five-heat range was the first 
answer to this demand. 

The five-heat range \ uses two elements which are alike, and 
they are used in parall11 and in series, but first on 240 volts and 
then on 120 volts. The following table shows the Possible 
combina tions. 

HEAT R V w 
1 24 240 10 2400 
2 48 240 5 1200 
3 96 240 2.5 600 
3 24 120 5 600 
4 48 120 2.5 300 
5 96 120 1.25 150 

It will be noticed that the third heat can be obtained in two 
ways; however, the two elements in series with 96 ohms, 240 volts, 
and 2.5 amperes is generally used. These connections are shown 

I 

diagrammatically in Figure 27.10 a,b,d,e,g. 

r-240V ---Y 1--240V~ r-- 240V ---i f---240V--l 

~[Z~rn 
'- INNER J \_ INNER j \_ INNER J \:_ INNER J' 

OUTER : OUTER OUTER _ OUTER 

a b c d 

r---240V -:-1 r--240V____' 1---240V~ 

m·Jj~ 
'-INNER J '-INNER J '-INNER J 

OUTER OUTER OIHE_R 

e f g 

Fig. 27.10. Electrical connections in switch to provide for seven heats. 
For five heats connections a"b, d, e,. and g are used. (From Electrical Appliance 
Servicing by W. H. Crouse, 1~50, McGraw-Hill Book Company, Inc.) 
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The seven-heat range uses two elements which are not alike, 
alld they are used in parallel and in series on 240 volts and then 
all 120 volts. (See Figure 27.10.) The following table shows that 
eight heats are possible, but the two middle heats are so near 
alike that only one is used - the series connection on 240 volts. 
The resistances of the two elements may have a different ratio 
from 40 :60 in actual practice, but these values have been chosen 
here because of the resulting simplicity of the mathematical 
relationships. 

HEAT R V w 
1 24 240 10 2400 
2 40 240 6 1440 
3 60 240 4 960 
4 100 240 2.4 576 
4 24 120 5 600 
5 40 120 3 360 
6 60 120 2 240 
7 100 120 1.2 144 

Thus we see that five-heat and seven-heat ranges use 220-240 
volts for the higher heats and 110-120 volts for the lower heats. 

The multi-speed type oftem-
perature control uses a hot 
plate with only one element, 
and it is connected to a 220-
240 volt line. The circuit is not 
on continuously except when 
the temperature control is set 
for high. For all other positions 
of the temperature control, the 
circuit is opened and closed by 
a cam 1 operated by a motor 
which makes ~me revolution 
per minute. (See Fig. 27.12, 
which is a schematic diagram 
of the system with one hot plate 
only shown.) When the temper
ature control knob] is turned, 
the cam G is turned, closing 

Fig. 27.11. Range hot plate with 
one heating element. Various heats 
are obtained by using the multi-speed 
temperature control. (Courtesy Norris
Thermador Corporation) 

contacts A and B. Closing B closes one of the leads to the hot 

1 A cam is an egg-shaped disk with t~e point about which it rotates placed off 
center. As it turns, its effective radius in any given direction varies. 



.':104 ELECTRIC HEATING DEVICES [eh.27 

plate. Closing A completes the circuit to the motor, whi h , c 
begins to turn and qlUses cam Q to rotate at the rate of 0Il 

complete rev.olution :per minute so that the contact POillt
e 

at C are opened and closed once a minute. The amount o~ 
time C is closed depends on the position of G, and the time deter 

I l ' . 
mines the temperatuI:e, since current goes to the hot plate 0111 

during the time C is closed. Any setting other than high will n~ 

240 V 

HOT PLATE 

/" 

120 V 

I{) 

MOTOR 

Fig. 27.12. Schematic diagram of multi-speed type of temperature control 
for hot plate with o,ne heating element. (Courtesy Admiral Corporation) 

close the contacts completely, and the motor-driven cam Q will 
open and close C. The per cent of time the current flows may be 
adjusted anywhere b-etween 3 and 100 per cent. " 

There is a decided trend toward using a hot plate unit built 
into the working surface with the oven and broiler located in 
some other part of the kitchen. This plan has several advantages. 
Storage space for equipment used for surface cooking can be 
located closer to the placg where it will be used, and any heat 
escaping from the oven is not coming up around the housewife 
as she works at the surface ,area. The oven can be located 
near the mixing and baking center of the kitchen; and, what , -
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is a decided advantage, it is placed high enough that it is easy 
to look into, and is more convenient for putting food into the 
oven and removIng-it. 

Ovens are usually provided with two heating elements, one 
in the bottom for baking and one in the top for broiling. The 
oven is thermostatically controlled and often has a timer which 
will turn the current on and off at predetermined times. Electric 
ovens differ from gas ovens in that air is not required for combus
tion. Therefore they are tightly closed except for a steam vent. 
They are heav,ily insulated with Fiberglas or rock wool, which 
reduces the cost of operation and prevents escape of heat into 
the kitchen. One should note the finish of the oven and the ease 
of removing shelves and baffle plates for cleaning. 

161. Electric Roasters and Broilers. Roasters and broilers are 
portable cooking devices which are used for some of the same 
cooking operations that might be done with a range. They are 
often used where a range is impractical because of original cost, 
space required, or amount of cooking to be done. They are often 
chosen for vacation homes or for small apartments. 

Roasters are double-walled with rock-wool or Fiberglas in
sulation packed between the walls. The heating elements are (1) 
at the bottom and"(2) around the sides of the inner wall. They are 
thermostatically controlled and some are equipped with auto
matic timers. They use from 800 to 1600 watts, and care should 
be taken not to overload the line when they are in use. 

Broilers have the heating element in the lid so that the heat is 
thrown down onto the food. The smoke and spattering grease 
and the high temperature of the outside of the broiler are some
times undesirable features. They use from 800 to 1500 watts on 
high heat; thus the same precaution as to overloading the line 
applies to broilers as well as to roasters. 

162. Electric Water Heaters. Water for the bathroom, laun
dry, and kitchen may be heated with electricity if the rate per 
kilowatt-hour is rather low; otherwise, it may prove to be too 
expensive. But if gas is not available, many people are willing to 
pay the greater cost because of the satisfaction and convenience 
of having a constant supply of hot water. Better insulation of the 
tanks and the decided increase of electric service in rural areas 
have resulted in a greater use of electric water heaters. The heater 
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consists of an insulated metal storage tank, one or more heatin , g 
elements, and thermostatic and manual controls. (See page 92 
for a diagram.)' -

The capacity o(the t~nk should be based on the needs of the 
family. It has been es~i\mated that in the average family each 
person will use about, 15 gallons of hot water per day. One 
kilowatt-hour will heat l about 4 gallons of water 100 degrees 
Fahrenheit. If the average amount of hot water the family uses 
per day, the average inlet temperature, the average high tem_ 
perature desired, and the rate per kilowatt-hour are known, the 
cost of operation of the tank may be calculated by 

Number of gallons temp change k h 
4 X 100 X rate per w r 

163. Electric Heating Pads and Blankets. Heating pads are 
by far the most, convenient method for warming beds or for 
applying heat to the body. They contain coils of high-resistance 

I 

wire and consequently use a very small current. They are gener-
ally made so they can furnish three heats, each of which is ther-

/ 

mostatically controlled. Small heating pads use about 50 to 
60 watts on high heat. 

Electric blankets and electric sheets are useful where extreme 
cold weather, or preference for lighter bed covers or for unheated 
bedrooms and warmer bed covers, enters into the decision for 
providing comfortable sleeping conditions. They are provided 
with automatic temperature controls and those for use on double 
beds have two entirely separate heating elements, each with its 
own control, so that each half' can be regulated independently. 
They use from 100 to 200 watts. 

164. Electric Space Heaters. Small electric heaters are used 
a great deal as auxiliary heati~ units. On cool mornings or eve
nings a bedroom, bathroom, nursery, or dining room can soon 
be made comfortable with a portable heater. These heaters may 
use from 500 to 1500 watts, and the cost of operation varies from 
about $0.03 to $0.08 per hour at $0.05 per kilowatt-hour. 

In a new type of electric heater the heating element is placed 
between two glass panels, or is fused on to one side of a glass 
panel and covered with a heavy coating of shellac. This type of 
heater does not have a high surface temperature, since the heat 
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radiates from the entire glass panel instead of from the much 
smaller area of the wires. Also, since glass is a poor conductor, 
if a child happens to put his hand on the glass he will have time 
to move it before he is burned. 

These glass panels are also made into serving trays for keeping 
the food hot for family meals or for buffet suppers. The tray is 
preheated and the hot food is placed on it. The trays are made 
in various sizes in circular and rectangular shapes. 

165. House Heating with Electricity. Heating a whole 
house with electriCity is the safest, cleanest, easiest, and most 
flexible system possible. But the one factor against electric house 
heating offsets all of these advantages in most localities - the 
cost of operation is prohibitive. Even at $0.01 per kilowatt-hour 
the cost would average about $0.07 per hour on a cold day for 
one average-sized room. The cost of electricity would have to be 
reduced to less than $0.003 per kilowatt-hour to compete with 
coal or gas, and in most localities this rate is impossible. 

The amount of heat furnished by 1 kilowatt-hour may be 
calculated by 

or 

H = 0.24 IVY 
= 0.24 X 1000 watts X 3600 sec 

= 864,000 cal 

864,000 cal 

252 cal 
Btu 

= 3430 Btu 

Thus the cost per British thermal unit even at $0.01 per kilowatt
hour is $0.01 + 3430 = $0.000,003. (Compare with costs per 
British thermal unit for fuels in Probs. 1 and 2, page 165.) Of 
course, the fuels cannot be used as efficiently as the electricity. 

166. Choice ana Care of Electric Heating Equipment. In 
choosing a piece of heating equipment, the purchaser must know 
(1) that it is made for the available voltage and (2) whether it will 
operate on either alternating or direct current, or on alternating 
current only. While an attractive appearance is to be desired, it 
should not be the chief factor in determining the choice of a 
piece of equipment. Neither should initial cost be the only factor 
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considered. Very.often a low purchase price will be more tha 
offset by increased .cost of operation, short life of the element, ()~ 
fire resulting f:om poor insulation. No electrical equipment 
should be purchased *hich does not carry the approval of th , e 
National Board of Fir1 Underwriters. (See Sec. 189.) 

The usefulness of a p\ece of equipment to the purchaser should 
be carefully considered.1 Even though it be well built, fully guar_ 
anteed, attractive in appearance, and reasonable in price, the 
purchaser will realize little on her investment if she has no use for 
the article. An egg cooker might be a good investment for one 
person but a poor investment for a person who seldom cooks eggs. 
A waffle iron might be a useful article in a given home, but an 
electric heater might be still more useful. If a certain amount of, 
money is available for electrical equipment, the devices to be 
purchased should be considered in relation to the useful return 
measured in convenience, pleasure, and comfort . 

..... 

STUDY QUESTIONS 

1. Why are/alloys instead of pure metals used for electric heating 
elements? 

2. How many feet of copper wire are needed to replace one foot of 
Calorite in order to furnish the same resistance? Assume the same 
cross-sectional area. . 

3. Why is glass a suitable material to use for insulators on telephone 
poles? 

4. Which is the larger amount of energy - a calorie or a watt-second? 
5. How does the reading of an ammeter, which is connected in sffl'ies 

with an iron, change as the thermostat is moved from nylon to 
li.nen? How then: is the tempepture increased? 

6. Describe the two general types of steam irons. 
7. Observe the arrangement of the steam vents on several makes of 

irons. Which do you prefer, and why? 
8. What automatic controls are found-on toasters? 
9 .. What are the two general types of electric coffee makers? 

10. Do you prefer a combination waffle iron and grill, or do you prefer 
separate devices? Why? 

11. What precautions should be observed when using a deep-fat fryer? 
12. What voltage is needed for an electric range? Why? Is it supplied 

by means of two wires or three wires? Why? 
13. Explain how three heats may be obtained by using only two heat

ing elements. How may four heats be obtained? What voltage 
is used? 
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14. Explain how a five-heat hot plate operates. 
15. Explain how a seven-heat hot plate operates. 
16. Explain how the multi-speed temperature control operates. 
17. What are the advantages of a deep-well cooker? 
18. How are oven elements arranged? .,./ 
19. What automatic controls are used on electric ranges? 
20. What is your opinion of electric roasters and broilers? 
21. Is it practical to heat water for the home with electricity? 
22. What are the advantages and disadvantages of electric blankets? 
23. How can we justify the use of small space heaters but not justify 

electric heating for the whole house? 

PROBLEMS 

1. How many calories are given out in 1 hour by a radiant heater 
which uses 10 amperes at 120 volts? Ans. 1,036,800 cal 

2. How many calories are given out in 1 hour by a heating pad which 
uses 0.6 ampere at 120 volts? 

3. If a percolator uses 5 amperes and has a resistance of 24 ohms, 
how much heat is developed in 10 minutes? Ans. 86,400 cal 

4. The resistance of an automatic iron is 15 ohms, and it is connected 
to a 120-volt line. How much heat is developed in 20 minutes? 

5. An electric toaster uses 10 amperes at 120 volts and requires 
1.5 minutes to toast 2 slices of bread. What is the cost per slice if 
the rate is $0.04 per kilowatt-hour? Ans. $0.0006 

6. What does it cost to cook a waffle if the iron uses 6 amperes at 
120 volts and requires 3 minutes per waffle? The rate is $0.05 per 
kilowatt-hour. 

7. How many British thermal units of heat are given out in an hour 
by an electric heater which uses 1000 watts? At $0.04 per kilowatt
hour, what is the cost per hour of operating the heater? What is 
the cost per British thermal unit? 

Ans. 3430 Btu; $0.04; $0.000,012 
8. How many amperes must a heater use at 120 volts in order to 

furnish 1000 British thermal units per hour? What is the cost of 
this energy at $0.05 per kilowatt-hour? 
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! 
ELECTRIC LIGHTS 

In the latter part of the nineteenth century many attempts 
were made to design electric lamps for interior lighting. Edison 
made his first incandescent lamps in 1879. He used carbon fila
ments, and he found that the bulbs must be evacuated otherwise 
the carbon was oxidized at once. Edison searched all over the 
world for materials from which to make his filaments. He wanted 
a material which .could be heated to a high temperature with
out vaporizing because a larger percentage of the energy input 
was then converted into visible light. Another requirement was 
that the material last a reasonable length of time. Edison made 
many improvements in carbon filaments, which were used exclu
sively for 25 years and are still used for some purposes. But in 
1906 it was found that tantalum and tungsten filaments gave a 
whiter light and were more efficient than carbon. 

167. Tungsten Incandescent Lamps. Tungsten soon prom
ised to be the best material available for lamp filaments, but 
the filaments were very fragile and brittle. If the filaments were 
heated to higher te~peratures to improve the efficiency, the 
bulbs soon became black due to a deposit of vaporized tung
sten, and this rapid vaporization caused the filament to "burn 
out." W. D. Coolidge of. the General Electric Company worked 
for many years trying to improve the methods of preparing the 
tungsten so that it would be less brittle. He succeeded in making 
filaments which were, far superior to any which had been made 
previous to that time. Later it was found that if the lamps were 
evacuated and then filled with an inert gas, such as nitrogen or 
argon, the blackening due to vaporization of the tungsten c<?uld 
be greatly reduced. This in turn caused a decrease in the effi
ciency of the lamps on account of the heat transmitted by the 

o 310 



p68] MERCURY-VAPOR LAMPS 311 

gas. The decrease in efficiency was counterbalanced by winding 
the filament into a tiny coil which concentrated it, resulting in 
a higher temperature and a whiter light. 

The modern gas-filled tungsten lamps are about four or five 
times as efficient as the carbon lamps which they replaced. 
Research is still being carried on 
in an effort to produce better fila
ments with longer lives which will 
give whiter light, but in the best 
tungsten lamps which are now 
made only about 10 per cent of the 
energy which is put into a lamp 
is given out as visible light - the 
remainder is given out as heat. 

It is important to select lamps 
which have been designed for use 
on the voltage which is available. 
If a 110-volt lamp is used on a 
120-volt circuit it will burn more 
brightly, but its life will be de- r. 
cidedly decreased. If a 120-voIt FILAMENT· 

lamp is used on a 110-volt line 
the lamp will last a long time but 
it will give much less light. Lamps 
have been designed to give the Fig. 28.1. A tungsten filament 

lamp. 
most light, with a reasonable 
length of life, when operated on the indicated voltage. The life 
of a tungsten lamp is about100C hours. 

168. Mercury-Vapor Lamps. About 1900 a mercury-vapor 
lamp was developed. It consisted of a tube containing some 
mercury, with electric leads to each end of the tube. When it 
was placed in a horizontal position so that the mercury reached 
from one end of the tube to the other the current traveled through 
the mercury, heated it, and some was vaporized. When the tube 
was tilted to a vertical position, -the current continued to flow 
in the mercury vapor. The newer types of mercury-vapor lamps 
light without being tilted; a heater coil vaporizes enough mer
cury to start the arc when the lamp is turned on. The light from 
these lamps contains yellow, green, and blue visible light and 
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also a great deal of ultraviolet, but practically no red light. As 
a result colored objects do not appear in their natural colors. 
Faces of people take , on a deathlike appearance because the 
natural red in the skin does not show. Lipstick, rouge, and nail 
polish appear black or gray. Even though mercury-vapor larnps 

Fig. 28.2. Mer
cury-vapor lamp. 
(Courtesy General 
Electric Company) 

have many uses, they are not suitable for in. 
terior illumination in places where it is irn. 
portant for colors to appear as they normally 
do. 

169. Sodium-Vapor Lamps. Sodium-vapor 
lamps are similar to mercury-vapor lamps but 
the current is carried by sodium vapor and 
the light given out is a greenish-yellow. They 
are very efficient since the human eye is mOst 
sensitive to that color of light, but again they 
are not suitable for interior illumination be. 
cause of the color of the light. However, they 
are used for street and highway lighting. 

170. Fluorescence and Phosphorescence. 
Ultraviolet light will cause some materials to 
glow; when these materials absorb the ultra
violet they emit light of a longer wave length. 
It is believed that when the ultraviolet falls on 
these materials electrons are displaced from 
their normal positions in the atoms, and when 
they return to their original orbits the visible 
light is given out. If the material glows only 
while it is under the ultraviolet, it is fluores
cent, but if it cO.:1tinues to glow after the 

ultraviolet is removed, it is phosphorescent. Fluorescence and 
phosphorescence are sometimes referred to as cold light and ultra
violet is called black light. 

171. Neon Lights. Neon lights, which were invented by a 
Frenchman, were first installed in the United States in 1924. It 
was found that, if a high voltage was put across a tube contain
ing a rare gas at a low pressure, the gas would glow. The ccior 
of the light depends on the gas used - neon gives a red light, 
mercury a blue light, and helium a white light. Other colors are 
obtained by using colDred glass tubes. A considerable amount 
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of ultraviolet light is also produced, but it is absorbed by the 
glasS in ordinary n~on lights a~d is therefore wasted .. If the 
inside of the glass IS coated wIth a fluorescent matenal the 
ultraviolet light will cause these materials to give out visible 
light. This makes the lights more efficient and makes it possible 
to obtain almost any color. 

Fig. 28.3. Fluorescent lamps. Note the heating coils at the ends of the tubes. 
(Courtesy General Electric Company) 

172. FluoresceI1t Lights. A fluorescent lamp is a mercury
vapor lamp with the inside of the tube coated with a fluorescent 
material which will glow because of the ultraviolet emitted by 
the mercury arc. The voltage required to operate the tubes 
depends upon the length and the diameter of the tube. How
ever, many of the fluorescent lamps intended for home use are 
equipped with a suitable ballast so they may be connected to 
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the usual house lighting circuit. When the lamp is first turned 0 

current flows through the heating filaments F in either end of t~' 
tube, the thermostat T, and the starting ballast B. The tube con~ 
tains a small amount offuercury, which is vaporized by the heat. 

~--f=~------;-i\-::==>-__ ing filaments, and also a SInal! 
I 'F t f ...,:..:...------~'==*'., amoun 0 argon gas, which 

aids in starting the lamp. By 
the time the mercury is vapor. 
ized, the thermostat opens the 
circuit through the heating 

B coils; and then the discharge 
takes place through the mercury 

Fig. 28.4. Wiring circuit for a fluor· 
vapor between the filaments escent la~p. , 
which now serve as electrodes. 

The light which is given out is a combination of that given out 
by the mercury arc and that given out by the fluorescent material. 
The latter is the source of the greater part of the light, lmd the 
color is determiried by the material used to coat the tube. The 
following is a partial list of the materials used and the resulting 
color. / 

Calcium tungstate 
Magnesium tungstate 
Zinc silicate 
Cadmium silicate 
Cadmium borate 
Cadmium borate 

(with a red filter 
on ~he tube) 

I 

Blue 
Blue-white 
Green 
Yellow-pink 
Pink 
Red 

Mixtures of the above materials, in the proper proportions, are 
used to make "daylight" fluorescent lamps. By varying Jhe pro
portions the "daylight" may _be a blue-white or a yellow-white. 
These lamps produce clight that is :more like daylight than that 
from any other artificial light which has been made. 

The life of a fluorescen-t lamp is about 2500 hours as opposed 
to about 1000 hours for a gas-filled tungsten lamp. -1'hey are also 
much more efficient than tungsten lamps. (See table on page 411.) 
Incandescent lamps waste more energy in the form of heat than 
do fluorescent lamps; fluorescent lamps also convert part of the 
ultraviolet into visible light. Burned out tubes or broken tubes 
should be disposed of )n-=-~uch a way that no one will handle 
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broken pieces. While much has been done to eliminate the danger 
resulting from getting any of the fluorescent material in an open 
wound, it still is better not to risk the possibility of cuts that 
will not heal. . 

STUDY QUESTIONS 

1. What were some of the difficulties encountered by Edison when he 
first made incandescent lamps? 

2. What were some of the problems encountered when tungsten was 
first used for lamp filaments? 

.'3. What are the advantages of gas-filled tungsten lamps? 
4. What is the result if a lamp is operated on a higher voltage th!in 

that for which it was made? / 
5. How does the color of the light produced by a mercury-vapor lamp 

differ from that produced by a tungsten lamp? 
6. What is the characteristic color of sodium light? 
7. When were neon lights first used in the United States? 
8. What is a "fluorescent material"? 
9. How does fluorescence differ from phosphorescence? 

10. Describe a fluorescent lamp. 
11. How is the "daylight" coating made? 
12. How does the efficiency of a fluorescent lamp compare with that 

of a tungsten lamp? 
1.'3. How does the life of a fluorescent lamp compare with that of a 

tungst~n lamp? 
14. What is the purpose of the argon gas in a fluorescent lamp? 

PROBLEMS 

1. What does it cost to run a 60-watt tungsten lamp for 4 hours at 
$0.05 per kilowatt-hour? Ans. $0.012 

2. What does it cost to run a 150-watt tungsten lamp for its life, as
suming it lasts for 1000 hours? The rate is $0.04 per kilowatt-hour. 

3. What does it cost to run a IS-watt fluorescent lamp for 4 hours at 
$0.05 per kilowatt-hour? Ans. $0.003 

4. What does it cost to run a is-watt fluorescent lamp for its life, as
suming it lasts for· 2500 hours? The rate is $0.04 per kilowatt-hour. 
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direct current. When the coil is in the position shown, current 
enters through B2, flows around the coil, and leaves by B1• The 
resultant forces acting on the wires push the right side of the 
coil down, and the "left si4ie up, or in other words the coil rotates 
i~ a clockwise direction. iW~en t,he coil reaches the position at 
rIght angles to that sho'rn m FIgure 29.2 there are no forces 
acting on the wires to c~use rotation; unless the inertia of the 
rotating parts is enough to carry the coil past this neutral posi. 
tion the coil will cease to rotate. But, when the armature is car. 
ried past this neutral position, the commutator sections have 
also been turned so that current now enters through the opposite 
segment and consequently the motor continues to rotate. 

However, an armature usually has several coils on it, with 
additional commutator segments to match the coils. Thus when 
one coil is in the neutral position the coil at right angles to it is 
in the position in which the maximum forces are acting on it 
to produce rotation. Therefore the question of the neutral posi. 
tion becomes unimportant. 

If the connections from the source of the direct current to 
either the commutator or the electromagnets are reversed, the 
direction of rotation of the motor is reversed; but if the connec· 
tions both to the commutator and to the electromagnets are 
reversed, the motor continues to rotate in the direction it was 
going before these changes were made. 

The magnetic field may be furnished by permanent magnets, 
but it is usually furnished by electromagnets. The electromagnets 
may be wired in series with the armature, in which case the 
motor is said to be se~ies 'wound, or they may be in parallel with the 
armature, and the motor is then said to be parallel or shunt wound. 

175. Alternating-Current Motors. An alternating-current 
motor may be made jn e;_actly- th~ same way as the direct
current motor described above, with the provision that the field 
coils must be electromagnets wired in series with the armature. 
Whenever the current in the armature reverses, t~_e current in 
the field coils reverses also, and, when both fields are reversed, 
the resulting forces on the armature wires are in the same direc
tions as before the current reversed. Usually there are many 
,coils on the armature of the alternating-current motor just as 
there are on the direct-c.1J.rrent motor. 
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Small motors, such as those which have been described, which 
will run on either alternating or direct current, are known as 
universal motors. They are found on equipment such as kitchen 
mixers, sewing machines, some vacuum cleaners, and small fans 
which require very small motors. It has been found that another 
type of motor, called the induction motor, is more satisfactory for 
devices which require larger motors - for example, refrigera
tors, washing machines, and large fans. The details of construc
tion are different from those of a universal motor, but the 
rotation of the armature is still due to the interaction of two 
magnetic fields. A third type of motor, known as a s_ynchronous 
motor, is found in electric clocks. A full discussion of induction 
and synchronous motors is beyond the scope of this book. 

176. Power Factor. An alternating current is not a current 
of constant intensity, but one which periodically rises from zero 
to a maximum, and then decreases to zero again; it is also one 
which flows first in one direction and then the other. On account 
of these factors, and of othet factors which will not be discussed 
in this text, it usually happens that the product of the current 
in amperes and the potential difference in volts gives a larger 
number than the true number of watts used by a motor. The 
ratio between the watts actually used and the number indicated 
by the ammeter and voltmeter readings is known as the power 
factor. 

watts Power factor = ------
amperes X volts 

or watts = amperes X volts X power factor. . 
.. . - -._- __./ 

Therefore, unless the power factor is known, a wattmeter should 
always be used to determine the number of watts used by a motor. 

177. Back Voltage. When a motor is rotating, all of the nec
essary conditions for generating a voltage exist, for there is (1) a 
closed conductor, (2) a magnetic field, and (3) relative motion 
between the conductor am;!. the magnetic field. A voltage is 
generated by the armature, which, because of opposing action 
and reaction, is always in the opposite direction to the voltage 
which is applied to the motor, and hence the voltage is called 
back voltage. The difference between the applied voltage and the 
back voltage is the voltage which determines the current in the 
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armature, and the wires of the armature are designed for this 
current. When the motorj is first started, it turns skwly and 
does not generate- much back voltage, and the ammeter shows 
that a large current is flo*ing through the motor; if the motor 
did not speed up rapidly" fhis high current would burn out the 
armature. Except in small motors, an additional resistance is 
included in the circuit until the back voltage builds up - then 
the extra resistance is automatically disconnected. If the motor 
is operating a light load, it turns rapidly and generates a large 
back voltage, and the ammeter shows that a small current is 
being used. But if the motor is operating a heavy load it turns 
slower and generates a smaller back voltage, and the ammeter 
shows that a larger current is being used. If the back voltage 
becomes too small the resulting large current through the motor 
will cause it to overheat and, if the motor is considerably OVer
loaded, it may burn out if it is not protected by a fuse or a circuit 
breaker. 

178. Horsepow~r of Motors. The motor must be of a suitable 
size for the device which it is to operate. Motors may be rated 
by their watt input or their horsepower output. The cost of 
operation varies with the watt input, but the rate at which a 
motor does work is usually given in terms of horsepower based 
on the watt output. One horsepower equals 746 watts. The 
efficiency of a motor is the ratio of the watt output to the watt 
input. 

HOUSEHOLD DEVICE 

Vacuum cleaner 
Electric fan 
Sewing machine 
Kitchen mixer 
Refrigerator 
Washing machine 

HP OUTPUT 

1/4 to 1/2 
1/32 to 1/8 
1/32 to 1/16 
1/32 to 1/16 
1/4 to 1/2 
1/4 to 1/2 

COST PER HOUR AT 

$0.05 PER KWHR 

$0.01 to 0.02 
0.001 to 0.004 
0.001 to 0.002 
0.001 to 0.002 
0.01 to 0.02 
0.01 to 0.02 

179. Choice and Care ·of Motor-Driven Equipment. Too 
often a motor-driven device is chosen on the basis of its attrac
tive appearance, its gadget attachments, or its low initial cost, 
rather than on the basis of its construction, safety, and efficiency. 
Only those motor-driven appliances which have been tested and 
approved by the National Board of Fire Underwriters (see 
Sec. 189) should be purGh<:tsed. The purchaser must be sure 
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the motor is made to operate on the kind of electric circuit 
which is available in the house. This includes checking on the 
voltage available, whether the current is alternating or direct, 
and, if alternating, the number of cycles. Usually current is 
brought into the house as single phase on two wires, and most 
household motors are made to operate on that type of current. 
Larger motors, such as are used on equipment in hotels, hos
pitals, cafeterias, and other institutions, may require what is 
known as three-phase current (a discussion of which is beyond the 
scope of this text). If a motor of this type is to be installed, the 
power company should be consulted as to voltage, number of 
cycles, and phase of current. Before using any electrical device 
for the first time, or in a new location, one should check the 
information on the device with data concerning the local power 
supply to avoid damaging the equipment. 

Some people have trouble with motors because they do not 
give them proper care. As machines, motors are quite rugged, 
but when they do need repairs or oiling they should be cared 
for at once. Precautions should be taken to keep water and dust 
out of the motor. Occasionally the brushes have to be cleaned 
and adjusted, or even· replaced - sparking at the brushes indi
cates that adjustment or repair is needed. Metallic abrasives 
such as steel wool and emery paper should not be used around 
motors. The bearings 'of some motors have to be oiled frequently, 
others only occasionally. Some have the bearings enclosed in oil 
so that the owner never has to oil the motor, but the oil may 
have to be changed at stated times. When the device is pur
chased, directions for oiling are found in the instruction books 
or are furnished by the salesman, and these directions should be 
followed carefully. Unsatisfactory operation may result from too 
much oil as well as from too little. 

STUDY QUESTIONS 

1. What causes the armature of a motor to rotate? 
2. What determines the direction in which the armature rotates? 
3. What kind of magnets must be used in an alternating-current 

motor? Why? 
4. What factors enter into the rate at which a motor uses energy? 
5. What factors determine the amount of electrical energy used by 

a motor? 
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6. Why should a wattmeter be used in the circuit with a motor, 
instead of an ammeter and a voltmeter? 

7. What are some of the factors that enter into the power factor? 
8. Does a low power-f~ctor ~esult in low efficiency? 
9. What is meant by "back voltage"? 

10. How are the power ratings for motors expressed? 
11. What information must b~ given when one orders a motor? 
12. What precautions should pe observed by a person who is using a 

motor? 

PROBLEMS 

1. How many watts does a fan motor require if it uses 0.6 ampere at 
120 volts? Assume that the power factor equals 1. Ans. 72 w 

2. How many watts does a washing-machine motor require if it uses 
5 amperes at 120 volts? Assume that the power factor equals 1. 

3. How many watts does the motor of a vacuum cleaner use if the 
current is 5 amperes on a 120-volt line and the power factor is 0.7? 

Ans. 420 w 
4. How many watts does a kitchen mixer use if the current is 0.8 am

pere on a 11 O-volt' line and the power factor is 0.9? 
5. If a motor uses 533 watts and it is 70 per cent efficient, what is 

its horsepower? Ans. 0.5 hp 
6. How many watts are required to operate a 1/4-hp motor which is 

80 per cent efficient? 
7. How many kilowatt-hours of energy are used in 1 hour by an 

electric clock which uses 3 watts? How many kilowatt-hours are 
m"ed in 24--hours? What is the cost of this eI,lergy at $0.04 per 
kilowatt-hour? Ans. 0.003 kwhr; 0.072 kwhr; $0.003 

8. How many kilowatt-hours of energy are used in 5 minutes by a 
kitchen mixer which uses 70 watts? What is the cost of the energy 
at $0.04 per kilowatt-hour? I 

9. What does it cost to~ run a sewing machine for 5 hours? It uses 
40 watts and the ele'ctrical energy costs $0.05 per kilowatt-hour. 

I Ans. $0.01 
10. What does it cost to. run a refrigerator for a month? The motor 

uses 250 watts and runs one-third_ofthe time. The rate is $0.04 per 
kilowatt-hour. - - --"-

11. If a vacuum cleaner uses 550 watts, what does it cost per month 
for energy if it is operated an average of 20 minutes each day? 
The rate is $0.04 per kilowatt-hour. Ans. $0.22 

12. What does it cost to run a fan for 2 hours at $0.05 per kilowatt-hour 
if the fan uses 80 watts? . 
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CHEMICAL EFFECTS OF A CURRENT 

In the home electricity is not used to produce chemical changes 
but many articles which have been made by electrochemical 
processes are used in our everyday lives. Gold- and silver-plated 
jewelry and tableware, chromium- and nickel-plated fixtures 
for kitchen and bathroom use, and chromium-plated trimmings 
and bumpers on cars are examples of electroplated articles 
which are used extensively. These articles are made of a less 
expensive metal and then electroplated with a thin layer of a 
more expensive metal which makes the cost less than if the 
article were made entirely of the more expensive metal. The 
coating gives the article a finish which either wears better, 
rusts less easily, cleans more easily, or is more pleasing in ap
pearance. 

180. Metallic versus Nonmetallic Conductors. When a cur
rent is sent through a metallic conductor the conductor is heated 
and has a magnetic field around it, but the current produces 
no permanent change in the material of the conductor. When 
a current is sent through a nonmetallic conductor, such as a 
solution of a salt, a base, or an acid, it is also heated and has a 
magnetic field around it, but in addition chemical changes are 
produced in the conductor. 

181. TheJ)ry.of Electrical Conduction by a Solution. When 
a material such as silver nitrate (AgNOa) or copper sulphate 
(CUS04) is dissolved in water it is partially dissociated; that is, 
the molecules break up into parts called ions. This breaking up 
of the molecules is called ionization and the process goes on con
tinually, some molecules breaking up into ions and other ions 
recombining into molecules. In the silver nitrate solution Ag and 
NO a ions are formed and in the copper sulphate solution eu 

323 
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and SO", ions ale fOlme~. The Ag and eu ions ale positiVely 
charged and the NOa ' and S04 ions are negatively charged. 
Metallic ions are always positively charged, and the acid radi_ 
cals are always negatively charged. 

If a direct current is sent through the solution, it is found that 
some of the ions migrate lto the electrodes by means of which the 
current enters and leaves the solution which is called the elec
trolyte. For example, if a tray is to be copper plated the current 

is sent into the solution through 
.the positive electrode or anode which 
is a piece of pure copper. The tray 
is used for the negative electrode or 
cathode. The electrolyte is a solutlOn 

ANODE of copper sulphate. The positively 
charged Cu ions are attracted to 
the negative cathode (the tray) 

Fig. 30.1. Copper plating a tray. 
where they lose their charges and 

deposit. The negatively charged S04 ions are attracted to the 
positive anode ~here they unite with molecules of copper to form 
more CUS04, which goes into solution and then ionizes, and the 
process is repeated. The result is that the cathode becomes 
heavier, the anode lighter, and the solution remains at the same 
concentration. 

If a spoon is to be silver plated a bar of silver is used for the 
anode, the spoon is the cathode, and a solution of a silver salt is 
used for the electrolyte. If a ring is to be gold plated a bar of 
gold is used for the anode, the ring is the cathode, and the 
electrolyte is a solution of some gold salt. In any case the anode 
must be made of the material which is to be plated on the 
cathode and the electrolyte must be a solution of a compound 
containing that material. The cathode is in general another 
material; that is, gold is plated on brass, silver on nickel, or 
chromium on iron. 

It has been found by experiment that the mass of material 
deposited depends on the kind of material which is being de
posited and on the quantity of electricity which is sent through 
the plating cell. The electrochemical /quivalent K of a material is the 
mass in grams which is deposited by 1 coulomb oj electricity. Therefore 
the total mass deposited)s 
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but since 
then 
where 

ELECTROPLATING TECHNIQUE 

M=KQ 
Q= IT 
M=KIT 
M = mass in grams 
K = electrochemical equivalent 
Q = quantity of electricity in coulombs 
I = current intensity in amperes 

T = time in seconds 

32.') 

For example, if the amount of copper deposited by 2 amperes 
in 25 seconds is found to be 0.01645 gram, then 

and 

M= KIT 
0.01645 = K X 2 X 25 

K = 0.000329 g per coulomb 

TABLE OF ELECTROCHEMICAL EQUIVALENTS 

Gold (Au+++) 
Silver (Ag+) 
Copper (Cu++) 
Nickel (Ni++) 
Chromium (Cr+++) 
Platinum (Pt++) 

0.000681 gram per coulomb 
0.001118 
0.000329 
0.000304 
0.000179 
0.001010 

182. Electroplating Technique. The article which is to be 
electroplated is very carefully prepared. It must be made in the 
exact shape desired for the finished article and it must be almost 
as large as the size desired for the finished artitle since plating 
in general adds a very thin layer of material. It must be smooth 
and perfectly clean in order to have the plating adhere well. 
The article is polished, dipped in an alkaline solution which will 
remove all traces of grease, rinsed in water, dipped in acid to 
remove any oxide which may have formed and to give it a bright 
surface, rinsed again in water, and at once suspended in the 
electrolyte. 

The current intensity must be carefully regulated. In general 
a deposit put on slowly with a low current will wear better than 
plating put on more rapidly with a high current. An ammeter 
and a rheostat are included in the circuit so that the current 
may be measured and regulated. After the object has been 
plated long enough to deposit a coating of the desired thickness 
it is removed, dried, and polished. Sometimes the plating wears 
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better if it is put on ~n sev:eral layers with each layer polished 
before the next layer is added. If the plating consists of three 
such layers it is said to be triple-plated and if four layers are used 
,t is quadruple-plated: \ 

183. Electrolysis of Water. In 1800 it was discovered that a 
current could be sent I through water which contained a little 
sulphuric acid, and that the water was decompo3ed into hYdro_ 

+ 

gen and oxygen. The appa_ 
ratus which is now used for 
this demonstration is shown in 
Figure 30.2. The electrodes 

o 21i are made of platinum and 

Fig. 30.2. Electrolysis of water. 

are connected to a battery Or 

to a direct-current generator 
which furnishes 6 to 10 volts. 
The gas which collects above 
the cathode is hydrogen and 
that above the anode is oxy
gen. Since the gases collect 
in the ratio of two volumes of 
hydrogen to one volume of 
oxygen this experiment proves 
that water is H 20. 

The chemical changes which occur are accounted for as fol
lows: the sulphuric acid ionizes and each molecule forms two H+ 
ions and one 804-- ion. The H ions go to the cathode where 
they lose their charges and become free hydrogen gas. The SO. 
ion goes to the anode, but instead of losing its negative charge 
it unites with an H~ of a water molecule to form a new molecule 
of sulphuric acid,· H 2S04• T~e 0 ion of the water molecule 
loses its charge and becomes free oxygen. 

184. Electrolytic Silver Cleaning. Silverware may be 
cleaned easily by el.ectrcilytic methods. The silverware is placed 
in an aluminum pan, making sure that each piece is in contact 
with the aluminum. Equal parts of baking soda (NaHC03) and 
salt (NaCl) are sprinkled over the silverware allowing one tea
spoon of each for each quart of water, enough of which must 
be added to cover entirely each piece of silverware. The water 
is heated to the boiling~point and then poured into the alumi-
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!1Um pan. After a few minutes the silverware is removed and 
tbe tarnish, which was silver sulphide, has been decomposed and 
tbe silver ions deposited on the silverware as pure silver. How
ever the silver is probably not deposited so smoothly_ or so 
securely as it was originally; therefore it must not be assumed 
that the silverware has not been harmed by allowing it to be
come tarnished, even though the silver is not removed from the 
silverware in the cleaning process. 

The pan, containing the silverware and the cleaning solu
tion, should not be placed on the stove, and the solution boiled 
with the silverware in it. Such a high temperature is not neces
sary for the cleaning process, and it may soften the cement with 
which the blades of the knives are fastened in the handles. Bone 
or plastic handles should not be placed in the solution arid if 
the silverware has an oxidized finish it should not be cleaned 
by this method if the oxidized finish is to be preserved. 

185. Industrial Applications of Electrolysis. The commer
cial applications of electrolysis cover an extensive range. In addi
tion to electroplating, which has already been discussed, several 
other applications will be mentioned briefly. Most books are 
printed from electrotype plates. The page is set up in type and 
a wax impression is made. Since the wax itself is a nonconductor, 
it is coated with graphite and then copper plated. This thin 
plate of copper is then separated from the wax and backed with 
type metal to make it strong enough for use in printing. 

Some metals can be obtained in a nearly pure state by elec
trolytically separating them from their impurities. The crude 
metal is used as the anode and the pure metal is deposited on 
the cathode which in the beginning is a thin sheet of the same 
metal that is to be deposited. Electrolysis plays an important 
part in the refining of copper, silver, nickel, and many other 
metals. Even though aluminum cannot be electrolytically de
posited fmm solutions of its compounds, special chemical meth
ods have been worked out, so that the production of aluminum 
has become one of the most important electrochemical industries 
in this c0l!ntry. As a result the price per pound has been reduced 
decidedly and aluminum is now commonly used for all kinds of 

!. cooking utensils. 
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STUDY QUESTIONS 

1. How do metallic and nonmetallic conductors differ? 
2. Are there any ions present in a solution before a current is sent 

through it? . I 
3. Explain the process by Which water may be separated into hydro_ 

gen and oxygen. I I 
4. How is silverware cleaned electrolytically? 
5. How is electrolysis used in the refining of metals? 

PROBLEMS 

1. What quantity of electricity will deposit 2 grams of silver? 
Ans. 1789 coulombs 

2. What quantity of electricity will deposit 2 grams of gold? 
3. A current of 0.5 ampere flowing for 20 minutes deposits how much 

platinum? Ans. 0.606 g 
4. How long does it take to deposit 1 gram of chromium if a current 

of 1.5 amperes is used? 
5,. What is the electrochemical equivalent of copper, if a current of 

1.5 amperes deposits 0.5922 gram in 20 minutes? See table. 
6. What material is being deposited if a current of 1.5 amperes de

posits 0.55 gram in 20 minutes? 
/' 
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TRANSFORMERS 

Alternating current is stepped up to high voltage fO~OSS
country transmission to reduce the energy los~, along the lin' _ 
and it is then stepped down to low voltage before ins delivered 

/ 
to the consumer because low voltages are much safer to use. 
The device which is used for changing the volta~ is a traniformer. 
Large ~tep-ul traniformerrat the power station-mayiiIC"ieasethe 

,- - r-·· -, 
voltage to thousands of volts for - ; 

transm~. At the other end 

MARY 

of the line the ,voltage is reduced 
gradually by means of several PRJ 

step-down. transformers. 
There 'are two main questions 

about transformers to be an
swered. (1) How does a trans
former change the voltage? 
(2) Why is the line loss less at 
high voltage? 

186. Change of Voltage by 
a Transformer. A transformer 
consists of two coils of wire 
which are close to each other 

== ;:::: SECONDARY := 
== 

~ 

STEP DOWN, 

SECO~ 

'STEP UP 

Fig. 31.1. Transformers. 

but which are not electrically connected. These coils mayor may 
not be wound on an iron core. (See Fig. 31.1.) Alternating cur
rent is sent through one coil called the primary, and as a result, 
an alternating,current' is generated ill the other coil which is 
called the secondary. Every time the current in the first coil re
verses, the magnetic field associated with it also reverses. Since 
the secondary coil is close to the primary, it is in the magnetic 
field of the first coil, the direction of which is constantly revers-

329 
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ing. If the secondary coil is on open circuit, no current will be 
generated in it, but if the circuit is closed, all of the necessary 
conditions for ,generating a current exist - (1) a closed can. 
ductor, (2) a magnetic field, and (3) relative motion between 
the coil and the magnetic field due to the constant change in 
direction of the field ratnbr than to the motion of the coil. Hence 
an alternating current is generated in the secondary coil. It 
seems evident that a transformer will not work on a direct CUr. 
rent, because, since there is no change in the direction of the 
field, there is no relative motion between the field and the closed 
conductor, and therefore no current is generated in the second. 
ary coil. 

The coils usually are wound on an iron ring and the lines of 
force tend to stay in the iron; theoretically all of the lines of 
force cut across the wires of the secondary coil. Since the field 
reverses at the same rate as the alternations of the primary Cur. 
rent, we realize when we look at the formula for finding the 
voltage furnished by a generator 

V LN 
/ = 108T 

that L, the number of lines of force, and T, the time, do not 
make the s~condary voltage 9ifferent from the primary voltage, 
and therefore the change in voltage must be'due to'the differenc~ 
in N, the number of turns of wire in the two coils. Experiment 
proves that this is true, and that the ratio of the voltages in the 
two circuits is equal to the ratio of the number of turns of wire 
in the two coils. V

p 
N

p 

Vs Ns 

For example, if in a step-up transformer there are 5 turns of 
wire on the primary and 50 on the secondary a 110-volt current 
will be changed into a 1100-volt current .. If in a step-down 
transformer there are 60 turns on the primary and 3 on' the 
secondary, a 120-volt current will be changed to_,a 16-volt cur· 
rent. A transformer with this 20:1 ratio between its coils might 
be used to step down the usual house voltage to a voltage suit
able for a doorbell or door chimes. 

187. Efficiency of Transformers. If a transformer reduces 
the voltage, it increas<;s_the current or, vice versa, if it increases 
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the voltage, it decreases the current, and theoretically the watts 
supplied to the transformer and the watts delivered by it are 
equal. But while large oil-cooled transformers may be as much 
as 95 to 98 per cent efficient no transformer can be 100 per cent 
efficient, and small transformers such as those used for doorbells 
and electric toys are often quite inefficient. 

The efficiency of a transformer is found by: 

, Effi . watts out 1. Va Clency = = --
watts in JpVp 

But even with some loss of energy at each transformer it is still 
more economical to step the voltage up at the generator, send 
it across country at a high voltage, and then step it down to a 
safe voltage for the consumer. 

188. Relationship of Voltage to Line Loss. Transmission 
lines are made of cop pel or aluminum which, with the excep
tion of silver, are the vko best conductors of electricity. The 

n 
r::--::: 2200-VOLT LINE fROM SUBSTATION 

~V P 
II 
7L 

STEP-DOWN 
TRMISfORM£R -----

\ I lOW-VOLTAGE LINE TO 
HOUSES AND SHOPS 

NEUTRAL WIRE....,. 1l0V 1 OV 
1 OV j 

Fig. 31.2. Showing the connections to a step-down transformer 
on a power line_ 

wires are made as large as possible to reduce the resistance of 
the line, but there are a number of factors which limit the size 
which can be used. The larger the wire the greater is the weight, 
and copper and aluminum are not inexpensive materials; also 
heavier wires require more and larger poles to support them; 
so again the expense is increased. In sections of the country 
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where ice may form on the wires a larger weight of ice will col~ 
lect on the larger wires:'_ in fact it has been found that copper 
wires are better than aluminum wires for some localities simply 
because, since copper is k better conductor than aluminum, a 
smaller wire can be used: \ 
, Assuming that the line has been installed with as small a 

resistance as is practical, ~let us compare the line losses at two 

]=20 AMP 

]=2 AMP 

/ 

Fig. 31.3. Comparison of line losses at two different voltages. 

different voltages. (See Fig. 31.3.) Power is to be supplied to the 
village at the rate of 22,000 watts. If it is delivered at 1100 volts, 
the current intensity must be 20 amperes. If the resistance of the 
transmission' line is 10 ohms, then the voltage drop along the 
line will be 20 X 10 = 200 volts or the voltage at the power 
house must be 1100 +- 200 = 1300 volts. But if the same power 
- 22,000 watts - is, delivered at 11,000 volts, the current will 
be only 2 amperes and the voltage drop along the line will be 
2 X 10 = 20 volts or t~e voltage at the power house must be 
11,000 + 20 = 11,020' volts. It is evident that the voltage drop 
is far less at the higher voltage. 

The energy lost as, heat along the line in either case can be 
calculated by I 

H = 0.24f2RT 

but since R is the same in both cases and the losses would be 
computed for equal periods of time T it is evident that the heat 
losse,s would vary with J2,.[,e., 
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HI 112 
H2 122 

HI 202 400 100 
or -=--= --

H2 22 4 1 

If the higher voltage is used, the energy loss along the line- is 
decidedly less. In fact if the energy were delivered at 110 volts, 

HIGH VOLTAGE 
TRANSMISSION LINE 

METER. AND FUSE BOX OR 
AUTOMATIC CIRCUIT BREAKER 

Fig. 31.4. Transmission of electrical energy from the power house to the home. 

the voltage drop and the energy loss would be prohibitive. 
Even at the high voltages which are used on transmission lines 
the energy loss often is as much as 10 per cent. 

STUDY Q.UESTIONS 

1. How does a transformer change the voltage? 
2. Why will a transformer not work on direct current? 
3. What are the factors that limit the amount to which the resistance 

of the transmission line may be reduced? 
4. How do transformers rank in efficiency when compared with other 

energy-transforming devices? 
5. Why is the line loss less at high voltage? 

PROBLEMS 

1. If the voltage sent into a transformer is 2200 volts and that given 
out is 110 volts, how many turns of wire must be on the primary 
if there are 4 turns on the secondary? Is this a step-up or a step
down transformer? Ans. 80 turns; step-down 

2. If a voltage of 550 is to be stepped up to 66;000 and there are 
100 turns of wire on the primary, how many turns must there be 
on the secondary? -

3. There are 10 turns of wire on the primary and 200 on the sec
ondary of a transformer. What is the secondary voltage if ~he 
primary voltage is 120? Ans. 2400 v 
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4. A transformer has 4490 volts on the primary which nas 500 turns 
of wire. What voltage is on the secondary which has 1500 turns of 
wire? ~ , 

5. A transformer has 10 aJ;nperes at 240 volts sent into it. The second_ 
ary circuit furnishes 19 \amperes at 120 volts. What is the efficiency 
of the transformer? I Ans. 95 per cent 

6. A transformer has 5 amperes 'at 600 volts sent in. The secondary 
voltage is 120, and the1transformer is 90 per cent efficient. What 
is the secondary current? 

7. In one case energy is delivered at 120 volts and 60 amperes. In 
another case energy is delivered at the same rate but at 2400 volts 
and 3 amperes. Compare the heat losses. Ans.400:1 

8. In one case energy is delivered at 110 volts and 20 amperes. In 
another case energy is delivered at the same rate but at 4400 volts 
and 0.5 ampere. Compare the heat losses. 

9. In Problem 7 what loss of voltage occurred along the line in each 
case if the resistance of the line was 2 ohms? In each case what 
voltage would be necessary at the power house? 

Ans. 120 v; 6 v; 240 v; 2406 v 
10. In Problem 8 (what loss of voltage occurred along the line in each 

case if the resistance of the line was 3 ohms? In each case what 
voltage would be necessary at the power house. 

/ 
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HOUSE WIRING 

An electrical system is becoming more and more an accepted 
part of any house, but the average householder probably knows 
less .abou t the installation and intelligent use of the electrical 
system than about any other part of the house. The housewife 
usually knows from where the water supply is obtained, how it 
is distributed about the house, and how the waste water is 
removed. She usually understands something about the heating 
system, and probably knows how to operate it. But the electrical 
system is more of a mystery to her. Perhaps it is easier to visualize' 
water flowing in a pipe, and to understand how heat energy is 
transferred from one place to another by air, water, or steam, 
than it is to understand how energy, generated many miles 
away and transferred by wires, may furnish light or heat, tum 
a motor, or ~perate a radio. . 

Because the average person does not understand the electrical 
system of the house, she sometimes overloads the circuits, uses 
unapproved equipment, has unskilled persons make additions to 
the circuits, often with materials which do not meet the stand
ards of the wiring code, and then is inclined to be skepncal 
when occasionally she hears of a fire caused by defective winng. 

189. The Underwriters' Laboratories and the Wiring 
Code. The hundreds of electrical devices and parts in use today 
are not made in all the different ways the manufacturers may 
think they might be made, and wiring is not done in just any 
way the workman may wish to do it. Instead; both the manu
facture and the installation must measure up to definite mini
mum standards which experience has proved are safe and 
practical. 

The equipment sold by reputable dealers carries the stamp of 
33.'1 
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approval of the Underwriters' Laboratories, Inc. The Under. 
writers are a group of la:boratories supported jointly by manu. 
facturers, insurance companies, and other interested groups. 
Manufacturers submit sarAples of their devices and parts to the 
Underwriters, and, if the samples meet the minimum standards 
the device is listed as "Approved by Underwriters." The manu~ 
facturer may then put the label showing this approval on the 
corresponding devices or on the carton, or he may use some 
symbol registered with the Underwriters by which the inspector 
can identify the manufacturer as he examines equipment in the 
field. After a device or part has been approved, the Underwriters 
regularly test samples obtained both from the manufacturer and 
from retailers to be sure the minimum standards are still being 
met. On electric cords "bracelet" labels are used. l If the cord is 
attached to a device, and the whole assembly is approved, a 
"doughnut" label is used on the cord. This approval only means 
the device is safe if used under the conditions of the approval. 
Cord approved fo~ one purpose may not be approved for some 
other purpose. The fact that two devices carry the approval 
labels does not mean they are of equal quality. One may just 
meet the minimum requirements while the other may far sur-
pass the requirements. . 

Even though approved electrical parts and devices are used, 
if the installation is carelessly or improperly made, shock and 
fire hazards may exist. For correct installation, the wires and 
parts not only must be approved, but also must be installed 
according to the N at~onal Electrical Code. This code is simply 
a collection of rules outlining the wiring methods that over a 
period of years have been found to be safe and sensible. Often 
the code suggests several differ:.ent ways in which an installation 
may be made, but one of these -methods must be followed. The 
national code is often supplemented by local codes or ordinances 
which are never contrary to the national code. but which may 
further specify how ~iring must be done :n that particular 

\ Lamp cord has a yellow label; 1000-cycle cord has a blue label and is used on 
toasters, percolators, and devices where the cord is not subject to much bending; 
3000-cycle cord has a red label and is used on irons and other devices where the 
cord is subjected to more bending; 10,OOO-cycle cord has a gilt label and is designed 
for long life and hard wear. The_term "~ycJe cord" indicates the number of 
bends the cord must withstand.irt-a,testing machine. 
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locality. While the code sets up certain minimum standards, it 
does not teach one how to wire a house. The wiring may meet 
the requirements of the code, but still not be a convelllent or 
an efficient arrangement for a given situation. Satisfactory service 
may require larger wires, more circuits, and better equipment 
than the minimum standards. 

While the Underwriters have no legal jurisdiction, states, 
counties, and cities usually make laws stating that only approved 
devices, parts, and wiring which meet the minimum specifica
tions of the code may be used. There is, therefore, no choice but 
to follow their rules. Moreover, power companies usually will 
not connect to a house which is not properly wired, and insur
ance companies may refuse to issue policies on such houses. In 
some localities it is necessary to secure a permit from the proper 
authorities before a wiring installation may be made. The wir
ing must be done by a licensed electrician, or else approved by 
a wiring inspector. 

It is always more economical and satisfactory in the long run 
to purchase good equipment and parts. The installation should 
be carefully planned and adequate circuits and outlets installed, 
because adding circuits and outlets later usually costs about 
twice as much as if they had been made in the original installa
tion. A satisfactory installation provides for safety, convenience, 
and comfort. 

190. Transfer of Energy from the Power Plant to the 
Home. The current which is generated at the power plant is 
stepped up to a high voltage for transmission so that the loss of 
energy along the line will be as small as possible. Then this high 
voltage is reduced in several steps, the first of which occurs at 
the outskirts of the town, and the last at the transformer from 
which the wires are brought to the house. Two wires with a 
differeIlce of potential of 110 volts 1 between them are brought 
from the transformer to the house. If an electric range is to be 
used in the house, three wires are brought from the transformer, 
with 110 volts between each outside wire and the center wire, 
and 220 volts between the two outside wires. These wires are 
connected to the service switch which, when closed, connects 

1 This voltage may vary from 110 to 125 volts, depending on the locality, but L."1 
this book the number 110 will be used throughout. 
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the wires to the kilowatt-hour meter. The wires which leave the 
meter connect to the various branch circuits in the house. 

191. The Ki1owatt-~our Meter. As its name indicates, the 
kilowatt-hour meter measures the amount of electrical energy 
used in the house. It is essentially an electric motor; the rate at 
which the armature rotates is proportional to the rate at which 
energy is being used in the house, and the total number oj 

~:. COUNTING GEAR 

LINE 

Fig. 32.1. A kilowatt-hour meter. 

rev0lutions depends upon the r;ate at which it turns and the 
!ength of time during which it turns. There are several types of 
kilowatt~hour meters, but only one very simple type will be 
explained here. Some of the other types have been found to be 
more satisfactory in commercial installations, but an explana
tion of their structure and operation is more involved, and the 
one which is described here illustrates the basic principles. 
(Se~ Fig. 32.1.) 

Like a motor this instrument contains two sets of coils. The 
armature coils A are wired across the power line and conse
quently are in parallel with whatever electrical devices are in 
use in the house. The curren t through them is proportional to 
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the voltage. The magnetic field coils F are in series with the 
line and the house circuits, and their field strength is propor
tional to the total current being used in the house circuit. There
fore the force causing the motor to rotate is proportional to the 
product of I and Vor is proportional to the rate at which energy 
is being used. Whenever this rate is changed by turning electri
cal clevices on or off, the rate at which the motor rotates changes 

Fig. 32.2. Showing a kilowatt-hour meter and fuse box installed. 
(Courtesy Square D Co.) 

accordingly. Since the motor rotates only when energy is being 
used, the total number of revolutions is proportional to the 
product of IVY. (If all of the devices in the house are turned 
off, no current flows through the field coils F, and therefore the 
motor ceases to turn.) 

When the armature turns, it operates the recording mecha
nism which may be either (1) a set of cogwheels which move 
pointers over numbered dials (the reading of these dials was 
explained in Sec. 42) or (2) a registering device like the mileage 
indicator on a car, which gives the reading directly. 

The aluminum or copper disk D rotating between the poles 
of the permanent magnets M acts as a magnetic brake. If the 
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armature turns too rapidly or too slowly its speed can be adjusted 
by moving the magnets either nearer to or farther from the 
center of the disk. 

192. Fuses and Circuit Breakers. Either fuses or circuit 
breakers are placed in the main circuit leading into the meter, 
and in each branch circuit that leaves the meter. They are 
safety devices which will open the circuit if the current becomes 
higher than it should be. A fuse is essentially a small strip of an 
alloy which has a low melting point and will melt if the current 

PLUG FUSE 

-
CARTRIDGE FUSE 

Fig. 32.3. Fuses. 

exceeds the number of amperes the 
fuse was made to carry. Fuses are 
made in two general types - plug 
fuses and cartridge fuses. Plug fuses 
of the type shown in Figure 32.3 are 
made in various current sizes up to 
30 amperes. Plug fuses are enclosed 
in a housing which can be screwed 
into a socket base made just like a 
lamp socket. Cartridge fuses of the 
type shown in Figure 32.3 are made 

in various current sizes up to 60 amperes. Those up to 30 amperes 
are 2 inches long and those rated between 31 and 60 amperes 
are 3 inches long. For currents above 60 amperes the fuses are 
5 7/ 8 inches long and have knife-blade terminals. These are 
larger than those needed in house wiring. Cartridge fuses are 
enclosed in cases which are inserted between spring clips which 
hold them firmly in place. The service switch should always be 
open when fuses are either inserted or removed. 

Circuit breakers which are used in house circuits are bimetallic 
strips of metal which curve when overheated and break the cir
cuit. The device is so made that the circuit is not connected 
again when the bimetallic strip cools, but must be closed by 
sOme person, and if the overload has not been removed, the 
circuit will soon be opened again. The time required for the 
bimetallic strip to curve enough to open the circuit varies with 
the size of the current, but it will always open the circuit before 
the wires in the wall are hot enough to cause a fire. In some 
houses the .. circuit bre<;lkers are distributed throughout the house, 
i.e., the .one for the laundry circuit is in the laundry, and the 
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one for the second-floor lights is on the second floor. If an over
load causes the circuit to open, it will thus be more convenient 
to close it after the overload has been removed. I t is less expen
sive to install the circuit breakers if they are all grouped in one 
panel, but it is more convenient to have them distributed through 
the house. Circuit breakers can be purchased to carry maximum 
currents of 15 amperes or higher. Since the bimetallic strip is 

Fig. 32.4. Circuit-breaker panel. (Courtesy Square D Co.) 

enclosed, and cannot be removed and a strip of the wrong size 
substituted, they are considered safer than fuses. While all fuses 
and circuit breakers will carry a small overload for a short time, 
they should not be overloaded - that is crowding the safety 
margin. 

193. Distribution of Current to the House Circuits. Usu
ally the service switch, the fuses or circuit breakers, and the 
meter are assembled in one place, but the meter should be 
placed where it is easily accessible to the meter reader, so for 
that reason, it may sometimes be placed outside the house. If 
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fuses are used they are usually in the same cabinet as -the service 
switch. If circuit breakers are used they may be grouped and 
placed in the same cabinyt with the service switch, or they may 
be distributed around the house. 

The current which flows through the field coils of the kilowatt_ 
hour meter is then distributed to the various house circuits. 
According to the Wiring Code, house lighting circuits must be 

Fig. 32.5. Circuit breaker installed in a kitchen. (Courtesy Square DCa.) 

installed with wire which can carry 15 amperes safely (not less 
than No. 14 copper wire) and house power circuits must be 
installed with wire which can carry 20 amperes safely (not less 
than No. 12 copper wire) . The size of the wire will depend on the 
material of which the wire is made and the type of insulation used. 

If three wires have been brought to the house, part of the 
house circuits are connected on one of the l10-volt circuits and 
part on the other one. An attempt is made to divide the house 
load equally between the two circuits because it has been found 
that this is the most satisfactory method, both for the power 
company and for the consumer. 
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194. Number of Circuits in a House. When houses were 
first wired for electricity, all of the outlets were placed on one 
circuit, and, if a fuse was melted, all of the lights in the house 
went out. As the use of electrical heating appliances increased, 
it was soon evident that it was much more practical to have 
several circuits and thus distribute the load. Now it is considered 
good practice to have two circuits in each room. If an overload 
occurs on one circuit and it is temporarily open, there will still 
be a circuit in that room which will carry current. For example, 

MAIN FUSE OR 
CIRCUIT BREAKER 

LINE 

fUSE OR 
/ CIRCUIT BREAKER 

FUSE OR 
CIRCUIT BREAKER 

HOUSE CIRCUIT 

HOUSE CIRCUIT 

Fig. 32.6. Showing the method of bringing the current from the power line to 
the house circuits. 

a lighting circuit might be installed for all of the ceiling fixtures 
for several rooms which are located along one side of the house. 
The floor and wall outlets in these same rooms might be on 
another circuit, and probably this second circuit will be made 
of heavier wire which can safely carry 20 amperes. Separate 
power circuits should be provided for the laundry, the kitchen, 
and for any other room where a number of electrical devices 
which carry large currents are to be used. 

195. Methods of Installing tht: Wiring. After the general 
plan for wiring the house has been decided upon, the wiring 
must be done in accordance with the specifications of the code, 
which states definitely the kind and size of wire which must be 
used, the type of insulation, and the method of fastening the 
wires to different kinds of building materials. Sometimes non
metallic sheathed cable is used. The wires are covered with 
rubber, then wrapped with paper braid, and enclosed in an 
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over-all outer braid made of cotton which is treated with mois_ 
ture-resisting and fire-retardant compounds. This cable may not 
be used out-of-doors. In other cases the outer covering is a metal 
sheath made of tNO stripslof steel wound spirally; this armored 
cable is flexible enough to bend rather easily. In a third type 

1\ 

FLEXIBLE CABLE RIGID CONDUIT 

Fig. 32.7. Methods of installing house wiring. 

the insulated wireis enclosed in an iron pipe; this pipe or con
duit is harder to bend than the armored cable, and is also more 
expensive to install. The architect and the contractor will rec
ommend the type of wiring that should be used for the various 
circuits. 

196. Outlets and Switches. An electrical outlet consists of 
any opening where electricai energy is used. Strictly speaking 

UGHT 

SWITCH 

this does not include switches, 
but they are generally counted 
when estimating the cost of the 
wiring installation. The cost of 
installing any outlet depends in 
part on the total number of ~ires 
brought to that particular outlet. 
There. will always be at least two 
wires - one by which the current 
enters and one by w~ich it leaves 

Fig. 32.S. A ceiling light con- the outlet - and, if the outlet is 
trolled by a wall switch. 

for a switch, there may be more 
than one path by which the current may leave the outlet. 
Figure 32.8 shows two openings? each of which has two wires 
brought to it - a lamp_ojItlet and a switch to control it. 
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It is often a decided convenience to have a lamp or an appli
ance outlet controlled by two switches. For example, a dining
room light may be turned on or off at either entrance to the 
dining room; a lamp which lights a stairway may be controlled 
at either the head or the foot of the stairs; and a garage light 
may be turned on or off either in the garage or in the house. 
Figure 32.9 shows diagrammatically the switches and wires which 
are required for such an installation. As shown, current flows 

-~81--------'1 

Sl~~----~ 
Fig. 32.9. A light controlled by two switches. 

from switch Sl to switch S2 through wire ab and the lights are 
on, but if either switch is turned, the lights will go out because 
one switch is then connected to wire ab and the other to wire cd. 
The lights may be turned on again by turning either switch be
cause then both switches will be connected either to wire ab or 
to wire cd. The added convenience of such an installation more 
than pays for the extra initial cost. 

197. Lighting Fixtures. The lighting fixtures are not con
si&red a part of the house wiring, but as furnishings. They may 
be simple and inexpensive or more elaborate and . costly, but in' 
any case they should be in harmony with the general character 
of the room and form a part of the decorative scheme: Lighting 
fixtures will be more fully discussed in the chapter on Home 
Illumination .. 

198. Effect of Electricity on the Human Body. A voltage 
of 110 volts in general is not fatal, but it may be. The result 
depends upon the individual, his state of health at the time, the 
dampness of his skin, and whether he is standing on a wet or a 
dry surface. 

A normal, healthy person, with dry hands, standing on a dry 
floor, will probably have no serious results from getting his hand 
across a 110-volt circuit; he -will feel a sudden contraction in his 
muscles, however, and may feel the effect for some little time 
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afterward. On the other ,hand, if that person is standing on a 
wet floor, or if his hand is damp, he will find that the result is 
much more serious: Qne fhould never touch electrical appli_ 
ances while standing in water or on damp surfaces, or when the 
hands are damp. Another,t-ule to remember is not to touch two 
electrical devices at the sa~e time, or an electrical device and 
a water faucet or radiator. One runs the risk of making his body 
part of the electrical circuit between the two devices, or between 
the line and the ground if he is touching the water or heating 
pipes. Another caution is always to disconnect the cord or appli
ance from the circuit before making any repair or adjustment. 
The person who tries to remove the base of a broken light bulb 
from a socket, with pliers, before turning off the current is in
viting a good shock. The person who, when he has trouble with 
a lamp, runs his finger around inside of the socket probably will 
not discover anything except that it is a good way to get a shock. 

Mter a storm, when telephone and telegraph lines are down, 
it is a good rule never to touch any wire, not even a wire fence, 
because it may ,be in contact with a high-voltage line. First aid 
for electric shocks is artificial respiration, the same as for drown
ing or for asphyxiation. The greatest difficulty is that there is 
very little "half way" in electrical shocks. Either the shock is not 
severe enough to make one unconscious, or it'is fatal. 

STUDY QUESTIONS 

1. What led to the de\;elopment of the National Electrical Code? 
2. Explain the work of the. Underwriters' Laboratories. 
3. What does a kilowatt-hour meter measure - rate of using energy' 

or amount of energy? 
4. Explain the purpose of fuses <!nd circuit breakers. 
5. Why is it poor economy to use larger . .fuses than the wiring code 

specifies? 
6. Why are automatic circuit breakers to be preferred to fuses? Are 

there any disadvantages in their use? 
7. Why should a house have several circuits? 
8. Suggest several plans for grouping the rooms of a house for elec

tric circuits. 
9. Are houses wired "in series or in parallel? Why? 

to. Explain various methods of installing the wiring. 
11. What is the very simplest method of installing a light? What are 

the disadvantages of thIs type of installation? 
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Explain the wiring for a light which is controlled by two switches. 
List several precautions to be observed by a person who is using 
or repairing electrical equipment. 
List the electrical equipment you have in your home or the equip
ment you think desirable. After each item, list the average num
ber of watts required and the average time it is in operation per 
month. Find the tQtal number of kilowatt-hours of energy used 
and figure the cost of this energy according to the following 
schedule: 

The first 60 kilowatt-hours = $0.05 each. 
The next 40 kilowatt-hours = 0.03 each. 
All over 100 kilowatt-hours = 0.02 each. 

PROBLEMS 

1. If a toaster uses 1100 watts, an iron 800 watts, and a coffee maker 
1000 watts, what current is being used if the potential difference is 
120 volts? Is this current too large for the usual house power 
circuit? Ans. 24.2 amp 

2. Two waffle irons are connected on a 110-volt house lighting circuit. 
If the irons use 660 watts and 1100 watts, what current is being 
used? Is the line overloaded? 

5. How many 100-watt lamps may be operated on a regular house 
lighting circuit without overloading it? The circuit is connected to 
a 110-volt line. Ans. 16 lamps 

4. How many 1000-watt irons may be operated on a regular house 
power circuit without overloading? The circuit is connected to a 
120-volt line. 
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INTRODUCTION TO LIGHT 

What is light? Is it a material? Is it energy? How does it 
travel? How fast does it travel? These, and many other questions 
about light, have been debated ever since ancient times. One 
of the early theories was that light was a fluid emanating from 
an object and, when this fluid entered the eye, it produced the 
sensation of sight. Another theory was that the fluid came from 
the eye and, when it met an object, the object became visible. 
Then, perhaps to integrate the two theories, some thought there 
might be two fluids - one from the object and one from the 
eye - and when the two fluids met vision resulted. As a result 
of these theories painters showed light streaming either from 
objects or from the eyes, and poets wrote of "the angry eye 
flashing fire." 

Another theory was that light consisted of tiny particles or 
corpuscles which were given out by an object and which caused 
the sensation of sight when they entered the eye. This corpuscu
lar theory was widely accepted until the latter' part of the seven
teenth century when Huygens, a Dutch physicist, formulated 
a longitudinal wave theory to explain various light phenomena such 
as reflection (Chapter 34), refrac
tion (Sec. 207), and diffraction 
and interference (Sec. 217) which 
he could not explain satisfactorily 

Fig. 33.1. A transverse wave. 

on the basis of the corpuscular theory. Later during the nine
teenth century it was shown that all of these phenomena, and also 
polarization (Sec. 201), could be more satisfactorily explained 
on the basis of transverse waves which were later identified as 
electromagnetic waves. But during the latter part of the nine
teenth century certain phenomena, such as the photoelectric 

351 
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effect (Sec. 140) could not be explained entirely by the Wave 
theory, because it seemed that light energy must be emitted Or 

absorbed in finite 9uantities, called quanta or photons, the energy 
of which was proportion~l to the frequency of the light wave. 
Thus we now have a modified form of the wave theory, called 

I 
the quantum theory, which ~ncludes the wave theory but modifies 
it in order to explain ceIitain phenomena. The dual nature of 
light in acting both as waves and as particles has been debated at 
length by physicists during the last fifty years, but for the begin
ner the wave theory satisfactqrily explains the transmission of 
light energy. 

199. Velocity of Light. The velocity at which light travels 
has been measured by various methods. One of the most accu
rate determinations was made by Michelson who set up his 

ROTATING MIRROR ON MOUNT WILSon 

+ - --== 
--- _~ Me 

Fig. 33.2. Apparatus for measuring the velocity of light. 

apparatus at the observatory on Mount Wilson in California. A 
rotating mirror, with s~veral f;:ices,-;w:as placed on Mount Wil
son, and a reflecting mirror was placed on Mount San Antonio, 
which was a little over 22 miles away. A beam of light from the 
arc on Mount Wilson was reflected from the mirr_or surface a 
to the mirror on Mount San Antonio from which it was reflected 
back to the mirror surface c on Mount Wilson. Then the mirror 
on Mount Wilson was rotated at a rate such that, as the light 
traveled the round trip (approximately 44 miles), the mirror 
surface b had traveled to~the position formerly occupied by c. 

~ 
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From the distance the light traveled and the rate of rotation of 
the mirror, Michelson calculated the velocity of light from 

D v=T 
This velocity is approximately 186,000 miles per second or 
3 X 1010 centimeters per second (3 X 108 meters per second). 
Traveling at this rate, light would travel more than seven times 
around the world at the equator in one second. It takes light a 
little over 8 minutes to travel 
from the sun to the earth. 
Sound travels about 0.2 of a 
mile per second,: and a bullet 
about O.S of a mile per second. 
Compared with the velocity of 
light, the velocity of sound is 
extremely small. 

Even though all light waves 
travel 'at the same rate in a 

Fig. 33.3. Showing the variation 
in wave length and frequency for red 
and for violet light. 

vacuum, or in air, they are not all of the same wave length. 
The wave length, is the distance from a given point in one wave 
to the corresponding point in the next wave. It is evident that, 
if the waves all travel at the same rate but differ in wave length, 
the number of waves per second or the frequency will vary also. 
The relationship between the velocity (V), the wave length (A), 
and the frequency (11) is 

V= All (See Sec. 91.) 

CWO. Rectilinear Propagation of Light. The path of a light 
wave in any'given homogeneous medium is a straight line. Seve 

Fig. 33.4. Light travels in straight 
lines. 

Fig. 33.5. The shadow of an object 
is similar to the object in shape. 
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eral simple experiments may be performed to prove this fact. If 
several cards which have small holes in them are held between 
the eye and a source of light it will be found that the light SOurce 
is visible only when the 'holeJ are in a straight line. (See Fig. 33.4.) 
The fact that the shadow q( an object is similar in shape to the 
object itself also shows that\ light travels in straight lines. (See 
Fig. 33.5.) I 

<Ii I> 
CROSSED CRYSTALS 
110 UGHT THROUGH 

Fig. 33.6. Schematic diagram of tourmaline crystals. 

201. Polarized Light. It has been found experimentally that 
crystals of tourmaline, a semi-transparent mineral, transmit a part 
of the light which falls on them and absorb a part. These crystals 
act as if they have parallel openings in them as shown in Fig
ure 33.6. If one of these crystals is held in a beam of light, it is 
found that the "light which is transmitted is ,vibrating in one 
plane only. If a second crystal is placed in the path with its axis 

UNPOLARIZ£O 
LIGHT 

Fig. 33.7:-~olarization of light. 
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parallel to that of the first crystal light is still transmitted, but it 
one of the crystals is rotated 90 degrees so that its axis is at 
right angles to the other crystal, then no light is transmitted. 
For comparison, imagine that a rope is passed through one of 
the openings in a picket fence and fastened to a tree on the 
other side. If the free end of the rope is moved so as to cause a 
transverse wave to travel along the rope, the wave will pas~ 
through only if it is a vertical wave. If a second fence is placeci 
back of the first fence, the waves will still go through because 
the openings in both of the fences are vertical. But if a section 
of the picket fence is mounted with its openings at right angles 
to the first fence, then the waves which pass through the first 
fence do not pass through 
the second set of openings 
which are horizontal. 

Polaroid is a new material 
which is used for polarizing 
light. It is manufactured by 
sprinkling 'quinine crystals 
on a plastic sheet and then 

~,f 
i~ UNPOtARIl£O 

INCIDENT 
LIGHT 

aligning the needlelike crys- Fig. 33.8. Polarization by reflection, 
tals by stretching the film. 
Polarizing sheets much larger than the crystals found in nature 
can be manufactured and, since this discovery, many practi
cal uses have been found for polarized light. For some of these 
purposes the expense of the polaroids still prohibits their use, 
but no doubt that difficulty will soon be overcome. Polaroid 
sun glasses are familiar to many people. It has been found that 
when light falls on a concrete highway, on snow, or on water, 
it is partially polarized; part of the vertical component of the 
light is absorbed but most of the horizontal component is re
flected and causes a glare. If a person wears polaroid glasses 
with the openings in the polaroids in a vertical position the 
horizontal light vibrations are absorbed and thus the glare is 
reduced. Polaroid reading lamps are made with a sheet of 
polaroid mounted below the light bulb in such a way that the 
light, which would cause a glaring reflection from a book or 
work table, is absorbed before it leaves the lamp. If all automo
biles were equipped with polaroids on the headlights and on the 
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windshields (all mounted at a predetermined angle), then the 
polarized light coming from the'headlights of one car would be 
absorbed by the. polaroid ?n the windshield of the other car and 
as a result neither of ~he drivers would be blinded by light frorn 
the other car. Each '1river would have plenty of light from his 
own headlights to ill~minate the road and show the aPRroach_ 
ing car. 

202. The Electromagnetic Spectrum. Visible light is Corn_ 
posed of a very narrow range of wave lengths in what'is known 
as the electromagnetic spectrum. Included in the electromagnetic 
spectrum are manv other groups of waves 'which are listed in 
the following table in the order of decreasing wave length, or of 
increasing frequency. ] t wlil be noticed that the limits overlap 
and are defined according to the method of observation .. 

THE ELECTROMAGNETIC SPECTRUM 

Power lines (30-60 cycles) 
Induction heating 
Radio 
Infrared or heat 
Visible 

Red 
Orange 
Yellow 
Green 
Blue 
Violet 

Ultraviolet 
X rays 
Gamma rays 
Cosmic rays 

WAVE LENGTH 

107 to 5 X 1()6 meters 
107 to 20 

3 X 1 (}4 to 0.0003 
0.03 to 0.00008 centimeter 
8000 to 3500 Angstroms 
8000 to 6200 
6200 to '5900 
5900 to 5500 
5500 to 4900 
4900 to 4300 
4300 to 3500 
3500 to 30 

300 to 0.03 
3 to 0.003 

0.003 to 3 X 10-7 

The information in the above'.ta.p~ is shown diagrammatically 
in Figure 33.9. . 

The longest waves (those with the lowest frequency) which 
are indicated in Figure 33.9 are those. associated. with 60-cycle 
alternating current used for commercial power and light. Since 
the velocity of these waves is 3 X 10 8 meters, the wave length is 

V = Xv 

3 X 108 m '= X X 60 V'ilJ 
__ - sec sec 

.. X = 5 X 106 m 
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Shorter waves of considerably higher frequencies are used for 
therapeutic heat treatments. Wave lengths from about 5000 to 
50 meters or frequencies from about 60,000 to 6,000,000 cycles 
per second are used for this purpose. 
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Fig. 33.9. The electromagnetic spectru:n. 

The frequeneies from 550 to 1600 kilocycles per second 
(550,000 to 1,600,000 cycles per second) are included in the 
commercial radio broadcasting range. Since the velocity of tbe 
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radio wave is 3 X 108 meters per second, the wave lengths COr_ 
responding to these frequencies are 

and 

V = Xv 
, 3 Xl 108 = X X 550,000 

A = 545.5 m 

3 X\ 108 = X X 1,600,000 
. X = 187.5 m 

These electromagnetic waves are the carrier waves referred to 
in the discussion of radio in Sec. 260. They are sent out from 
the antenna at the radio broadcasting station when the elec
trons in the antenna are made to oscillate at these high fre
quencies. The device which causes this oscillation of the elec
trons is called an oscillator. Still higher frequencies (shorter wave 
lengths) are used in "short-wave radio." 

Waves from about 0.03 to 0.00008 centimeter are known as 
infrared or heat waves. The wave lengths emitted depend upon 
the temperature ,of the radiating body. The temperature sense 
of the body responds to wave lengths which are longer than 
those to which the eye is sensitive. For example, if one sits near 
a radiator he can feel the heat from the radiator, but he cannot 
see that the radiator is hot. If the hand is held near an electric 
radiant heater, the radiant energy may be felt before it can be 
seen, because the eye does not respond UJitil the heater is red 
hot or glowing. Thus we realize that a higher temperature is 
necessary for the radiation to be in the visible spectrum. 

As the temperature of a glowing body is increased, the color 
changes from a duil red to cherry red, to orange, to white. 
This is because, as the temperature increases, a larger percent
age of the energy output is in the shorter wave lengths. If the 
temperature is high ~nough, ,the-Jiistribution of wave lengths is 
comparable to that of sunlight, or die emission is "white light." 
The visible range extends approximately from 0.00008 centi
meter in the red to 0.000035 centimeter in the violet. Often 
these limits are given in terms of Angstrom units (0.00000001 
centimeter = 1 Angstrom unit). The visible spectrum then 
ranges from 8000 to 3500 Angstrom units. 

The waves which are too short to cause the sensation of sight 
are of great importance b~cause of their effects upon the human 



§202J T.i:lE .ELECTROMAGNETIC SPECTRUM 359 

body. Tht:: use of ultraviolet (3500 to 30 Angstrom units) for the 
prevention and cure of diseases has developed chiefly within 
the last fifty years. The development of artificial sources of 
radiation has made possible the use of these short waves, for, 
although they are radiated by the sun, they are either com
pletely or partly absorbed as they travel through the earth's 
atmosphere. No wave lengths from the sun shorter than 2800 
Angstrom units are transmitted to the surface of the earth, and 
none shorter than 3100 Angstrom units are transmitted byordi
nary window glass. Therefore sunlight which has passed through 
window glass has had most of the ultraviolet screened out. It 
is the wave lengths shorter than 3000 Angstrom units which are 
especially valuable for their bactericidal action. Sunlight is most 
effective when the sun is high in the sky, since most of the short 
waves are absorbed when the sun is near the horizon and the 
radiation has to travel a greater distance through the atmos
phere. Ultraviolet also aids in the assimilation of calcium and 
helps in the prevention of rickets. Ultraviolet causes sunburn, 
and hastens the fading of some dyes. 

Artificial sources of ultraviolet are ultraviolet lamps, popu
larly known as sun lamps, mercury-arc lamps, carbon arcs, and 
iron arcs. Sun lamps have been 
developed which give out con
siderable ultraviolet, from 3300 
to 2500 Angstrom units. In one 
type (see Fig. 33.10) the cur

MERCURY ARC 

rent passes through a tungsten TUNGSTEN FILAMENT 
- POOL OF MERCURY 

Fig. 33.10. A sun lamp. 
filament, and heats the mer
cury which is in the bulb. The 
resulting mercury vapor then acts as a conductor between the 
electrodes and a mercury-arc light res~lts. A special glass is 
used which transmits shorter wave lengths than ordinary glass. 
The eyes should be protected when one is using one of these 
lamps, as the shorter wave lengths given out are known to be . 
harmful to the eyes. 

Waves from about 300 to 0.03 Angstrom units are known as 
X rays. They are used in treating many skin infections, ulcers, 
and cancers; they are also used in fluoroscopic work and for 
making X-ray photographs or radiographs. Although X rays 
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are invisible, they cause some crystals to fluoresce or glow; if 
these crystals are coated on a special type of lead glass, what is 
known as a fluorescent screen results - it glows when exposed to 
X rays. If some object IS interposed between the source of the 
X rays and the screen, the X rays are partly or wholly absorbed 
and a shadow of the object shows on the screen. If the hand i; 
placed between the source of the X rays and the screen, the 

Fig. 33.11. Radiograph of a broken limb. (Courtesy Department of 
Student Health, K. S. C. ) 

bones absorb more of the X rays than does the flesh, and so 
cast a darker shadow. In Figure 33.12 the shadow of the needle 
shows its location in the -flesh. A doctor may use a fluoroscope 
to locate a foreign object in the body or to help him set a broken 
bone. In some cases it is better to substitute a photographic 
film for the fluorescent screen and then study the resulting 
radiograph. Growths in the lungs are often located in this way. 
Radiographs of the lungs are widely used in surveys to detect 
cases of tuberculosis. 
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Figure 33.13 is a diagram of an X-ray tube. A low-voltage 
direct current is sent through the filament F which then emits 
electrons. A high-voltage (100,000 to 150,000 volts) direct cur
rent is connected across the 
tube so that the target T is the 
positive terminal. The elec
trOns, emi tted from F, are then 
shot across to the target T 
where their impact on the 
target causes the emission of 
X. rays. 

Radium emits waves from 
about 3 to about 0.003 Ang
strom units called gamma nrys 
which are also used in the 
treatment of skin infections 
and cancers. These extremely 
short, high-frequency waves 
are emitted by radium in the 
process of nuclear disintegra
tion. 

Cosmic rays come to the 
earth from outside of our solar 

Fig. 33.12. Radiograph showing a 
needle embedded in the flesh. (Courtesy 
Department of Physics, K. S. C.) 

system. They are · detected · by an apparatus which responds to 
their ionizing ability. At present there is disagreement as to the 
nature of cosmic rays. At first it was thought they were electro

+ 
8 

Fig. 33.13. Cross section of an X-ray 
tube. 

magnetic waves, but now 
there is evidence that at least 
a considerable part of cosmic 
rays are electrically charged 
particles. Associated with 
these charged particles there 
may also be some radiation 
of extremely high frequency. 
There is no known practical 
use for cosmic rays, but it is 
well to remember that there 

was no known use for radio waves when they were first dis
covered. It is hoped that a study of cosmic rays will lead to a 
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better understanding of the nature of matter and of the structure 
of the universe. ' 

_ STUDY QUESTIONS 

1. What is the prege~t theJry concerning the nature of light? 
2. How may the velocity of light be measured? 
3. Give two numerical va~4es for the velocity of light. 
4. As the wave length increases, does the frequency of an electro_ 

magnetic wave increase or decrease? 
5. What is polarized light? 
6. What is polaroid? Explain several uses for it. 
7. Do you know of any effects of electromagnetic waves from POWer 

lines? 
8. What are some applications of induction heating? 
9. Are radio waves longer or shorter than visible light waves? 

10. For what is infrared used? 
11. Is the visible spectrum a relatively large or small part of the Com-

plete electromagnetic spectrum? 
12. How is a sun lal11P constructed? What rays does it furnish? 
13. Which has the longer wave length - infrared or ultraviolet? 
14. Does a pin in a child's stomach show as a light or a dark image 

in an X-ray photograph? Why? 
15. What is the source of gamma rays? For what are they used? 
16. Where do cosmic rays originate? 

PROBLEMS 

1. The distance from the sun to the earth is 93,000,000 miles. How 
long does it take light from the sun to reach the earth? 

Ans. 8.3 min 
2. The circumference of the earth is 25,000 miles. How long does it 

take a radio wave to travel half-way around the earth? 
3. What is the frequency of vibration for orange light? (Use 0.00006 

centimeter as the wave length for orange.) Ans. 5 X 1014 vps 
4. The average wave length for violet light is 0.00004 centimeter. 

How many crests occur bet_ween a violet source and a point 1 foot, 
away? ' 

5. The assigned frequency of a broadcasting station is 600 kilocycles 
per second. What is the wave length in meters? Ans. 500 m 

6. What is the frequency of a broadcasting station if the wave length 
is 300 meters?' E~press the answer in kilocycles per second. 

7. What is the velocity of a radio wave if its frequency is 800 kilocycles 
and its wave length is 375 meters? Ans. 3 X 10 8 m per sec 

8. What is the frequency of a broadcasting station if the wave length 
is 250 meters? 
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REFLECTION OF LIGHT 

The reflection of light is one of the most common phenomena 
of everyday life. Most of the things we see are visible because of 
reflected light, since few of the things we see are self-luminous. 
Historical records show that the ancients knew some of the laws 
Jf reflection oflight even though they could 
not explain why the laws were true, and 
certainly they did not know what light is 
or how it is transmitted. 

When a beam of light which has been 
traveling in one medium comes to a 
second medium, some of the light is re
flected, -some is absorbed, and some may 
be transmitted. (See Fig. 34.1.) The rela

Fig. 34.1. Light may 
be reflected, absorbed, or 
transmitted. 

tive amounts depend upon the wave lengths of the incident 
light, the angle at which the light meets the second medium, 
and the nature of the second medium. In this chapter we are 
concerned only with the light which is reflected., 

203. Laws of Reflection. It has been found by experiment 
that if a normal is erected at the point where a light ray meets the sur

N 

Fig. 34.2. The angle 
of incidence equals the 
angle of reflection. 

face of a new material, the angle between the 
incident ray and the normal (angle oj incidence, i) 
is equal to the angle between the riflected ray and 
the normal (angle of riflection, r). 

Li = Lr 

If parallel light rays meet a smooth sur
face, they are reflected as parallel light rays. 
This is known as regular reflection, and often 
results in a glare. But if parallel light rays 

363 
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meet a rough surface they are diffused, and are not reflected as 
parallel light rays. While it\ is true that the angle of incidence 
equals the angle ()f reflection for each ray, the angles of incidence 
vary and therefore'the ~ngles of reflection vary. Even a sheet of 
smooth unglaz.ed pape~ IP:esents a ro~g~ surface. to light rays 
and causes a dIffuse refle~tlOn, thus aVOldmg a glarmg reflection. 

No medium has ever \been found which will reflect light of 
only one wave length unless the incident light contains only one 
wave length. Consequently we ,practically never have pure colors 
in reflected light. It is also found experimentally that if the 
light meets the new medium at a small angle of incidence more 

Fig. ",4.3. Regular and diffused reflection. 

of it is absorbed than if the angle of incidence is large. If the 
second medium has a polished surface, a large percentage of 
the light is reflected', but if it has a dark, dull surface more of . 
the light is absorbed. 

204. Image Formation in a Plane Mirror. Regular reflec
tion is desired when images are to be formed, otherwise the 

, image is distorted. A mirror is made as smooth as possible in 
order that the image be as much like the object as possible. 
Probably all have had the experience of looking into a poor 
mirror and of being either amused or annoyed by the distorted 
image. 

Figure 34.4 shows how an Image is formed by a plane mirror. 
The rays from the object are reflected from the mirror to the 
eye with the angle of incidence equal to the angle of reflection, 
but the eye sees the image of the object in the position from 
which the rays seem to come. The continuous lines show the 
actual paths of the light rays while the dotted lines show the 
apparent paths of the rays behind the mirror. Since the rays 
are reflected at the mirror they do not travel the paths shown 
by the dotted lines and do not come from A' and B'. Therefore 

., -
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the image A'B' is not a real image (one formed where light rays 
actually do meet) but is a virtual ir(lage or one which is appar
ently there. A little thought will soon convince one that there 
is no image behind the mirror, yet the virtual image that is 

Fig. 34.4. Showing the relationship of object, mirror, image, and eye. 

apparently there is a very useful image. The image is of the 
same size as the object and as far back of the mirror as the 
object is in front of the mirror. 

A person may see a full-length image of himself in a mirror 
which is shorter than he is. The person must stand in such a 
position that a ray from his foot meets the mirror and is reflocted 
by the mirror to his eye. Also a ray from_ the 
top of his head must be reflected by the mirror 
to his eye. (See Fig. 34.5.) 

Good mirrors for household use are. made of 
plate glass backed by a thin coating of silver. A 
little light is reflected from the front surface of 
the glass, but most of it is reflected from the 
metal coating. Mirrors are often used on walls 
to give an effect of spaciousness, for if large 
mirrors are placed opposite each other, they 
reflect images back and forth and make a small 
room seem much larger than it is. 

EYE 

Fig. 34.5. A 
full-length image 
may be seen in a 

'short mirror. 

205. Curved Mirrors. A curved mirror may be a portion of 
a cylinder (a cylindrical mirror), a portion of a sphere (a spherical 
mirror), or it may be a parabolic mirror. (A parabola is a curve 
which is very simply described by saying it is not a part of a 
circle, but is shaped somewhat like the end of an egg.) If the 
mirror is part of the inner surface of one of these curved surfaces 
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it is a concave mirror, b,ut if it is a part of the outer surface it is 
a convex mirror. 

Concave spherical mirrors are used on compound microscopes 
for reflecting the light from a window or a lamp upon the object 
to be examined. An 6phthalmoscope is a concave spherical 
mirror with a small h6le in the center; with this instrument a 
physician can reflect likht into a patient's eye or throat, and 
can at the same time . look at the brightly illuminated area 
through the hole in the mirror. 

Convex spherical mirrors are used on cars as rear-vision mir
rors; they give small but clear images of anything approaching 
froJ;ll the rear. The small ,mirrors in purses and compacts are 
sometimes convex - a small one even an iI1ch in diameter will 
give an image of the whole face. Convex spherical mirrors are 
sometimes used for ornamental mirrors on the walls in a home. 
Large spheres with mirror surfaces are occasionally used in 
gardens as ornaments for reflecting images of flower beds or of 
the sky. 

Irregularly shaped mirrors are often found in amusement 
parks. Various combinations of concave and convex surfaces 
will produce distorted images which afford considerable enter
tainment for the observers. 

In the case of a spherical mirror, the center of the sphere, of 
which the curved mirror is a portion, is the center oj curvature C. 
The line connecting the middle of the mirror M with the center 
of curvature is called the principal axis. When light rays parallel 
to the principal axis meet a concave mirror the rays are reflected 
and pass through, or very close to, a single point which is called 
the principal jocus F. The distance from the principal focus to 
the mirror is thejocallength and it is equal to one-half the radius 
of curvature. When light rays~pa~:allel to the principal axis meet 
a convex mirror, the rays are reflected and appear to come from 
a point F back of the mirror. This is the principal focus, but it 
is a virtual focus since the rays do not pass through it; it is 
midway between the mirror M and the center cif curvature C. 

The failure of parallel rays to converge exactly at a point 
when reflected by a spherical concave mirror is called spherical 
aberration. In small mirrors this is relatively unimportant, but in 
large mirrors it is mor~ _pronounced. Sometimes it is desirable 
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to reflect all the rays from a light source in one direction; for 
e){ample, the light from a searchlight or from automobile head
lights should all be sent out as parallel rc.ys. If the light source 
is placed at the principal focus of a concave spherical mirror 
this result may be accomplished roughly, with the light rays 
traveling in the opposite directions to those shown in Figure 34.6 
but better results will be obtained if a parabolic mirror is used. 

c F M c 

CONCAVE MIRROR CONVEX MiRROR 

SPHERICAL ABERRATION IN PARABOLIC MIRROR 
A CONCAVE MIRROR .USED AS A REFLECTOR 

Fig. 34.6. Curved mirrors. 

206. Image Formation in Curved Mirrors. Figure 34.7 
shows the method of construction used to locate the images 
formed by spherical mirrors. If the object AB is placed beyond 
the center of curvature of a concave mirror, the image will be 
between the center of curvature and the principal focus. To 
locate it, draw the ray AN through C; this ray will meet the 
mirror as a normal ray and be reflected back along NC. Draw 
another ray AP parallel to the principal axis, and it will be 
reflected through the focus F. The point A' where these two 
reflected rays intersect is the image of A. Other points may be 
located in a like manner. The image is inverted and in front of 
the mirror. Since the light really passes through A', the image 
is a real image. If the object is now placed at A'B', its image 
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will form at AB. The rays will travel the same paths as those 
shown in the diagram; but in the opposite directions. Two 
points so situate_d _that light from either point is the focus of 

\ .rays proceeding from the other 
point are known as conjugate foci. 

8 ~-~::-'T~'----l'" 

: 
I 

: L.-o;- N 
1.--00---_ 

CONCAVE MIRROR 
OBJECT BEYOND CENTER Of CURVATURE 

CONCAVE MIRROR' 
uBIECT INSIDE PRINCIPAl fOCUS 

CONVEX 

IMAGE IN CONVEX MIRROR 

c 

If the object is placed inside 
the principal focus of a concave 
mirror, the image is behind the 
mirror, erect, enlarged, and since 
the light rays do not pass through 
A I the image A' B' is a virtual 
image. The image may be located 
as above by drawing one ray from 
A through the center of curvature, 
and one parallel to the principal 
axis. These will diverge after re-
flection and must be extended back 
of the mirror to find the point of 
intersection A'. 

If the mirror is convex, the 
image is 10cateCl by the same 
method outlined above. The ray 
AN will be re(!ected as if it came 
from the center of curvature C, 
and AP will be reflected as if it 

Fig. 34.7. Construction of images 
formed by curved mirrors. came from F. The point A' where 

. these rays appear to intersect is the 
image of A. The image is behind the mirror, is smaller than the 
object, and is always a virtual image. 

The size of the image may be computed by using the follow
ing ratio, where Do is the distiulce-from the mirror to the object 
and Di is the distance from the mirror to the image. 

~ Size of object _ Do 
Size of image - D i 

The formula for finding either Do, Di , or F in case the other 
two distances are known is 
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The object distance, Do, is always real and positive. The image 
distance, D;, is positive for real images and negative for virtual 
j)l1ages. The focal length, F, is positive for concave mirrors and 
J}egative for convex mirrors. 

STUDY QUESTIONS 

1. How are nonluminotis bodies made visible? 
2. What is the general path of a light wave? 
3. Name two things that may happen to a beam of light when it 

meets a reflecting surface. 
4. What is the law of reflection? 
5. How does the reflection from a smooth surface differ from the 

reflection from a rough surface? 
6. What is a real image? 
7. What is a virtual image? 
8. What is spherical aberration? 
9. How does a cylindrical mirror differ from a spherical mirror? 

10. How does a parabolic mirror differ from a spherical mirror? 
11. Suggest several uses for spherical mirrors. 
12. Suggest several uses for parabolic mirrors. 
13. Suggest several uses for cylindrical mirrors. 
i4. What kind of mirror is used to focus heat or light waves at a point? 

PROBLEMS 

1. An object is placed 15 centimeters in front of a concave mirror 
which has a focal length of 10 centimeters. Where does the image 
form? Is it real or virtual? How many times is it magnified? 

Ans. 30 em in front of the lens; real; 2 
2. An object is placed 5 centimeters in front of a concave mirror which 

has a focal length of 10 centimeters. Where does the image form? 
Is it real or virtual? How many times is it magnified? 

3. A convex mirror has a focal length of 5 inches. How far from the 
face must it be held if one is to see an image of the face 3 inches 
back of the mirror? Is the image enlarged or reduced? Real or 
virtual? Ans. 7.5 in.; reduced; virtual 

4. If a person looks into a spherical hub cap which has a radius of 
curvature-of 6 inches, where will he see the image of his face if 
he is standing 3 feet from the hub cap? Is the image enlarged or 
reduced? Real or virtual? 



35 

I 

PRISMS, LENSES, AND GRATINGS 

Prisms, and the bright, pure colors which result when white 
light is passed through a prism, are known to all. The reason 
for these colors, while relatively simple to explain, is not so 
commonly known, but the fact that light rays bend as they 
pass from one medium to another accounts for this phenomeno~. 

The use of lenses dates back to the time of Galileo. He ground 
lenses, the best of which would magnify objects thirty times. 
Using these hl'1 was able to discover several celestial bodies 
which were not visible to the naked eye. Children delight in 
playing with)enses, which they generally refer to as magnifying 
glasses, but not all lenses are magnifying lenses - a lens may 
form an image smaller than the object which is being ob
served. Probably the most familiar use of lenses is in eye glasses. 
and we all carry two lenses about with us - the lenses in Our 
eyes. 

Gratings are somewhat unfamiliar to most people, but they 
are very useful laboratory devices. A grating consists of an 
extremely large number of very closely spaced parallel slits 
through which the light passes. The various wave lengths in the 
beam of light are separated and a spectrum results from the 
constructive interference whiGh occurs. The colors in soap 
'bubbles and in oil films are als"O Que to constructive interfer
ence of light waves. 

207. Refraction ,of Light Waves. When light rays pass out 
of one medium and into another, they are !bent. This bending 
is known as refraction. If the ray passes from a less dense to a 
more dense medium, it is bent toward the normal, but if the 
ray passes from, a more dense to a less dense medium it is bent 
away from the normal. _ For example, a ray of light passing 

370 
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from air into glass is bent toward the normal, but when the 
ray passes from the glass into the air again, it is bent away from 
the normal. If the two surfaces 
light ray emerges in a path 
parallel to the incident ray,but 
displaced to one side. If light 
rays meet a piece of glass which 
is not of uniform thickness, the 
rays will not all be bent the 
same amount, and they will not 
emerge as parallel rays. Objects 
art' often distorted when viewed 

of the glass are parallel, the 

AIR 

GLASS 

AIR 

Fig. 35.1. Refraction of light. 

through a poor grade of glass because the glass is "wavy" or 
not of uniform thickness. A very good grade of glass is necessary 
for windshields on cars, otherwise the distortion or appa.rent dis
placement of objects might lead to serious accidents. 

FISH APPEARS TO BE HIGHER 
THAN IT REALLY IS 

Fig. 35.2. The apparent displacement of an object due to refraction. 

Refraction accounts for the fact that, if a spoon is standing 
in a gbss of water, the handle appears to be bent at the surface 
of the water. An object under water appears to be nearer the 
surface than it really is on account of refraction. Light from 

A 

Fig. 35.3. Light is re
fracted as it passes through 
the earth's atmosphere_ 

the sun is refracted as it comes down 
through the increasingly denser layers 
of air. (See Fig. 35.3.) A ray which 
enters the earth's atmosphere at B is 
bent so that, to the observer at E, it 
seems to come from the direction A. 
Consequently the sun really is below 
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the horizon before its last rays disappear, and in the mornin 
the first rays appear before the sun is really above the horizGn~ 

208. Prisms. A prism is a piece oj transparent material (glass Or 

quartz) with straight, nonparallel sides. Its cross section may be in 
the form of an isosceles triangle 
that is, it may have only tw~ 
equal angles, but usually all 
three of the angles are equal. 
When light meets the prism 
obliquely, the light is refracted 
and bent toward the normal as 

Fig. 35.4. A prism refracts a beam 
of light. it enters the glass. As it emerges 

at one of the other faces, it is 
refracted again and bent away from the normal. Thus it follows 
the path shown in Figure 35.4. 

If the light which meets the prism is made up of rays of more 
than one wave length - for example, white light which con
tains all wave lengths from 0.00008 centimeter to 0.000035 cen
timeter - the various waves are not all bent the same amount; 
consequently the length of the path through the glass is not the 
same for all wave lengths. Also, as they emerge, they are bent 
different amounts - the red is bent the least and the violet the 
most. The result is that the component wave lengths are sepa
rated, and the emerging light forms a band of color, from red 
to violet, which is called a spectrum. Usually the prism is mounted 
on a spectroscope (to see the spectrum), so that the light coming 

Fig. 35.5. A spectrometer. (Courtesy Central Scientific Company) 
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Fi,.35.6. Different type! of lpetlra: (1) continUOO!!petlrurn from an incandl!CC!lt IOIXI; (2) Ixight.fuJe 
~Irurn o( sodium; (3) bright.line lpetlrurn of mercury; (4) bright.line IptCIrurn 0( calcium; (5) alJorp
tion ipetlrum of the sun, showing rune o( the strongest Fraunhofer lines. Note the coincidence of the bright 
lines (or salium in (2) and the dark lines Din (5). (From Willianu, S. R., Fwiatim ~ (}/}qt Pfrfo, 
courtesy Ginn and Company) 
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If light rays parallel to the principal axis meet a cOnverging 
lens, they are bent toward the normal as they enter the lens 
and away from the normal\ as they leave the lens, i.e., the; 
follow the laws of refraction., (See Fig. 35.8.) It is evident that 

~these parallel rays all pass thrOugh 
the point F, the location of which 
depends upon the curvature of the 
lens and the nature of the material 
of which it is made. This point at 
which the light rays meet is known 
as the principal focus of the lens. It 
is always located on the principal 
axis. The distance from the optical 

Fig. 35.8. Rays parallel to the 
principal axis of a converg
ing lens are refracted, and pass 
through the focus. 

center of the lens to the principal focus is the focal length of 
the lens. If light rays parallel to the principal axis meet a 
diverging lens, they also obey the laws of refraction and the 
result is that they diverge as they leave the lens; therefore they 
appear to have come from·a point 
nearer the lens than the real source. 

The point F from which they seem to _~~~~~~===
come is the principal focus of the lens, F 

but it is a virtual focus, since the light 
does not actually go through this point 
at all. In the case of either a converg
ing or a diverging lens the only rays 
which are not permanently bent are 
the ones which pass through the optical 

-...,.--'F-_",__\ 

Fig. 35.9. Rays parallel 
to the principal axis of a di
verging lens are refracted, 
and appear to come from the 
virtual focus. 

center of the lens. This.is true for tays _ which are not parallel to 
the principal axis as well as for those which are parallel. 

211. Images Formed QY Lenses. Th~ position and size of the 
images formed by a convex lens may be obtained by the follow
ing method. (See Fig. 35.10;) Draw two rays from the point A, 
one of which is parallel to the principal axis, and one of which 

~I: 
Fig. 35.10. Showing h:w an image is formed by a convex lens. 
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passes through the optical center. The ray parallel to the prin
cipal axis is refracted by the lens and passes through the prin
cipal focus. The one through the optical center is not bent. 
Where these two rays intersect, an image A' of the point A 
from which the rays came, is formed. Other points on the object 
AB may be located, and-thus the image A'B' is formed. 

The size and the location of the image formed by a converg
ing lens depend on the location of the object with respect to the 
lens and the principal focus. Five cases are shown in Figure 35.11. 
(1) If the object is more than two focal lengths from the lens, 
the image is real, smaller than the object, inverted, and is 
located between the focus and a point two focal lengths from 
the lens. (2) If the object is just two focal lengths from the lens 
the image is real, the same size as the object, inverted, and is 
located just two focal lengths from the lens. (3) If the object is 
less than two focal lengths from the lens but still outside of the 
focus the image is real, larger than the object, inverted, and is 
located more than two focal lengths from the lens. (4) If the 
object is at the focal point the two rays which emerge from the 
lens are parallel, therefore meet at infinity, and the image is 
infinitely far away - in other words, no image is formed. -(5) If 
the object is within the focal length the two rays which emerge 
from the lens diverge, and seem to come from a point A' on the 
same side of the lens as the object. The image is virtual, larger 
than the object, erect, and is located back of the lens. This last 
case illustrates how a lens may be used as a simple magnifying 
lens. 

All of these constructions have been made in exactly the same 
way and by using only two rays, but several locations of the 
object with respect to the lens and the focus have been shown, 
to help the student visualize how the position of the image 
changes as the position of the object changes. As the object 
approaches the lens, the image recedes until it is finally at 
infinity; then it appears again as a virtual image on the other 
side of the lens. 

The position and size of the image formed by a concave lens 
may be found by the same method outlined above. (See Fig. 
35.12,) The rays from A diverge as they leave the lens, and 
appear to have come from a point A' behind the lens. The 
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Fig. 35.11. Showing how the posItion o( the image changes as the object 
approaches a convex lens. 
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image A'B' is virtual, erect, smaller than the object, and is 
always located between the lens and the focus. As the object is 
moved from the lens to infinity, the image mo,:es from the lens 
to the principal focus. 

Fig. 35.12. Showing how a virtual image is formed by a concave lens. 

"For any lens it may be shown experimentally that the follow
mg relationship holds true: 

where 

1_+1_=1 
Do Di F 

Do = distance of object from lens 
D; = distance of image from lens 
F = focal length 

The distance of the object is real and always positive. D; is 
positive for real images and negative for virtual images. F is 
positive for convex lenses and negative for concave lenses. 

The size of the image may be found from 

Size of object = Do 
Size of image D; 

212. The Eye. The eye consists essentially of a convex lens 
located in front of a sensitive surface, the retina, on which the 
light rays are focused. The eye as a whole is surrounded with a 
tissue known as the sclerotic tissue, which is commonly known as 
the white -of the eye. A transparent opening in this tissue at the 
front is the cornea. Back of the cornea is a clear liquid called 
the aqueous humor, which acts as a refracting medium. Next is 
the colored part of the eye or the iris; an opening in it, the pupil, 
allows the light rays to pass through to the lens. The iris changes 
in size and thus regulates tl::W size of the pupil. In dim light the 
pupil increases in size to allow more light to enter, and in bright 
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light it partly closes in order to protect the eye. The large cavity 
of the eye is filled with, the jellylike vitreous humor which also 
refracts the light. The lining of this cavity is the sensitive retina 

, , 
which contains the endiI(lgs of the optic nerve. Surrounding it 

SCLEROTIC TISSUE 

OPTIC NERVE 

IRIS 

1--+1--PUPIL 

.I 

CRYSTAlUNE LENS 

AQUEOUS HuMOR 

Fig. 35.13. The eye. 

is a black membrane called the choroid coat, which prevents any 
light from entering the eye except that which enters through 
the pupil. 

The light which enters the eye is focused on the retina by the 
eye lens, not by changing the distance between the lens and 
the retina, but by changing the focal length of the lens which 
is accomplished by the eye muscles. This adjustment of the focal 
length of the eye lens is called the accommodation of the eye. 
Since the object is always beyond the focal length of the lens 
of the eye, the image is always real and inverted. When the 
light rays come to a focus on the retina, certain nerve centers 
are stimulated and the stimulus is sent to the brain by the optic 
nerve. It is not known what changes result in the brain from 
this stimulus, but we' do know it results in the sensation of sight. 
Moreover, while the image on the retina,is always inverted, the 
sensation corresponds to the erect position of the object. 

213. Nearsightedness and'Farsightedness. If the eyeball is 
too long, the rays of light come to a focus in front of the retina 
and the person is said to, be nearsighted, since he tends to hold 
the object very near the eye in order to bring the .focus on the 
retina. Such an eye needs a diverging lens placed in front of it 
to make the rays diverge before they enter the eye so they will 
come to a focus on the retina. (See Fig. 35.14.) If the eyeball is 
too short, the rays focus back of the retina and the person is 
said to be farsighted, sinc~ he tends to hold the object at which 

~ 



§ 215) SPECTACLE LENSES 379 

he is looking far away from the eye, in an attempt to bring the 
focus on the retina. Such an eye needs a converging Jens placed 

~. 

NEAR 
CORRECTED 

FAR 
CORRECTED 

Fig. 35.14. Showing a normal eye, a nearsighted eye, and a farsighted eye, 
with the proper correction for each of the abnormal cases. ' 

in front of it to make the rays converge somewhat before they 
enter the eye so that they will come to a focus on the retina. 

214. Astigmatism. Sometimes the curvature of the corn~a or 
of the lens is not uniform, and the light rays do not all come 
to a clear focus on the retina. 

12 
Therefore, along certain radial 11 1 

lines the image is blurred. This ~~ it 
results in what is known as. 10 2 

::~~~~~n!~: ~yCO:=; ~. v-
a lens which has been ground 9 

to compensate for the lack of ~~7 ~~~ 
uniformity in the eye, so that 8~ $ . ~, 
all of the rays are brought to a 
sharp focus on the retina. 

215. Spectacle Lenses. The 7 6 5 

term diopter is used by oculists 
to indicate the strength of a 

Fig. 35.15. An astigmatism chart. 

3 

lens. The strength of a lens in diopters is the reciprocal of the 
focal length in meters. 

Strength in diopters = -F
1 

meters 

100 
or 

Fcentlml'tCrS 
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The strength of a convex lens is given. in (+) diopters and of a 
concave lens in (-) diopter~. The strength of eye glasses usu
ally falls within the limits of ± 1/4 and ± 4 diopters. 

216. Optical Inst~~inehtsi a. Camera. A camera consists of 
a lightproof box with a con~erging lens L at the front, and a 
light-sensitive film S at the oack on which the lens focuses an 

, I 

s 

Fig. 35.16. A camera. 

image of the object when the shutter is opened for a short time. 
The light causes certain changes in the coating of t~e film. 
When the film is "developed," a permanent image of the object 
appears. 

b. Simple magnifying glass. A simple magnifying glass, a read
ing glass, or a simple microscope is a convex lens. The object 
must be within the focal length, and the eye sees an erect, vir
tual, and enlarged image. (See Fig. 35.17.) 

Fig. 35.17. A simple magnifying glass. 

c. Compound microscope. A compol1n<L,_!E!croscope has two con
verging lenses. The object is placed outside the focal length of 
the objective lens and a real-image A'B' is formed. This image 
is within the focal length of the eyepiece; therefore, the eye
piece forms an inverted, virtual, enlarged image A" B' i. 

d. Opera or field glasses. Opera or field glasses have one con
verging and one diverging lens in each tube. The objective lens 
makes the rays converge toward a point S, but before they 
reach this point, they me~~diverging lens. To the eye on the 
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other side of the diverging lens, the rays seem to have come 
from A' B'. The image is erect and virtual. 

Fig. 35.1S. A compound microscope. 

\ 
e. Telescope. A telescope has two convex lenses. The objective 

lens forms an image A'B' near its focus, which is near to the 

A 

1 
8 

Fig. 35.19. Opera or field glasses. 

eyepiece. Therefore, the eyepiece magnifies the image, and the 
eye sees an enlarged image A" B" of the real image. This second 
image is therefore an inverted, virtual, enlarged image. 

, . 

B 

L 
A 

Fig. 35.20. A telescope. 

217. Gratings. In Sec. 200 it was stated that light travels in 
straight lines in a homogeneous medium. But experiment shows 
that if light passes through a very narrow opening then it spreads 
out in all directions or it is diffracted. If a light source is held 
back of a narrow slit in a cardboard, the light which passes 
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through the slit spreads out as from a new source. There is a 
bright image I of the slit.S on a screen AB, but there is also 

light on each side of this image. 
(See Fig. 35.21.) 

If, instead of a white light at L , 
a source which gives out red wave 
lengths only is used, and two slits 
are made in the cardboard, the 
resulting situation is that shown 

Fig. 35.21. Light rays spread in Figure 35.22. There are certain 
out as they pass through a narrow points on the scree'} AB where red 
opening. 

waves meet in phase, i.e., with 
crest meeting crest and trough meeting trough. This results in 
what is known as constructive interference and results in red lines 
on the screen. At other points, the waves meet out of phase, 
i.e., a crest meets a trough; the result is destructive interference, 
and there is no light on the screen. If now a source of another 
color is substituted for the red source, the images on the screen 
are like the source in color but are located in slightly Idifferent 
positions than were the red images. If each color of the spectrum 
is used, the results are alike, except for the locations of the images. 

A 

Fig. 35.22. The colored bands are due to interference. 

If now a white light is substituted_lor the colored light at L, 
the result shown in Figure 35.23 is obtained. There are places 
where red, orange, yellow,- green, blue, and violet wave lengths 
meet. The resulting spectra are found on each side of the cen
tral image. The violet rays are bent the least, and the red are 
bent the most, which is a situation opposite to that resulting 
from sending light through a prism. The spectra are numbered, 
beginning on each side of the central image. In order to see 
more than one spectn.U:~-_2n each side of the central image, it it" 
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necessary to have very fine slits and many of them. In practice, 
a transmission grating is used which is a piece of cellulose with 
many lines (often as many as 15,000 lines to the inch) on it. 
The cellulose grating is made by flowing cellulose over a metal 

WHITE LIGHT 

Fig . .'35.2.'3. Spectra obtained by the use of a grating. 

grating which has been verY,carefully made. When the cellu
lose has hardened, it is peeled off and mounted on glass. The 
thicker parts of the cellulose transmit diffusely but the thinner 
parts act like slits. Thus part of the light is transmitted by the 
spaces between the opaque lines. The resulting pattern is ob
served to consist of several spectra on each side. Pieces of fine 
copper screen make good demonstration gratings. If the screen 
is held between the eye and a long slender electric-light bulb, 
the spectra show very well, but they are spread 
out so little that it is difficult to make-measure
ments. The same effect is observed if the eyes 
are "squinted" so that the eyelashes act as 
gratings. 

218. Color Due to Thin Films. When 
light falls on a thin film, such as a __soap 
bubble or a film of oil on a pavement or-on 
water, part of the light is reflected at the 
outer surface and some enters the film, is 

N 

Fig. 35.24. Inter
ference due to thin 
films. 

refracted, and then reflected from the inner- surface of the film. 
It is refracted again as it leaves the film. Since this part of the 
light has traveled farther than the part that was reflected at the 
outer surface, it is found that in certain _places it has traveled 
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just enough farther. that it emerges in phase with the reflected 
rays. In certain places red waves are in phase, in others...orange 
and so on through the spectrum.' This accounts for the rainbo~ 
colors seen on soap bubbtes and ~il films. The-colors in a fire 
opal and the colored sheen on the feathers of some birds and the 
bodies of some insects are \all due to interference. 

I 
STUDY QUESTIONS 

1. How does refraction differ from reflection? 
2. Why is white light separated into colors when it passes through 

a prism? 
3. How does a line spectrum differ from a continuous spectrum? 
4. Does a daylight fluorescent lamp have a continuous spectrum, a 

line spectrum, or both? 
5. What kind of lens would you use if you wanted to ignite a piece 

of paper by focusing the sun's rays on it? If you knew the focal 
length of the lens, how would you make use of that information? 

6. Does a nearsighted eye need a converging or a diverging lens? 
Why? 

7. If a lens for ad astigmatic eye is placed in front of a l?erfect eye, 
what is the observed effect? 

8. Just how do'eyeglasses help to rest the eyes? 
9. Which gives the greater magnification, a simple microscope or a 

compound microscope? 
10. What happens to a light ray when it passes through a narrow 

opening? What term does a physicist use to describe this -result? 
11. Define interference. Distinguish between constructive and destruc

tive interference. 
12. Why do colored bands result from passing light through a grating? 
13. How does the spectrum formed by a grating differ from one formed 

by a prism? 
14. Explain how the eyelashes may act as gratings. 
15. Why do soap bubbles show the "colors of the rainbow"? 

PROBLEMS --1. If an object is placed 4 feet from a 'convex lens and a real image is 
formed 5 feet from the lens, what is the focal length of the lens? 

Ans. 2.2 ft 
2. If a convex lens which has a focal length of 16 centimeters is placed 

40 centimeters from an object, what is the distance from the lens 
to the image? If the object is 4 centimeters high, how high is the
image? Is the image real or virtual? 

3. If an object is placed 2 inches from a positive lens which has a focal 
length of 6 inches, wher<::_ is the image formed? How does the size 



PROBLEMS 385 

of the image compare with the size of the object? Is it real or virtual? 
Ans. 3 in. back of the lens; image = 1.5 X object size; virtual 

4. How far from a positive lens with a focal length of 12 inches do you 
place an object so that the image will be four times as large as the 
object? (Two answers) 

5. How far from a divergent lens with a focal length of 15 centimeters 
must an object be placed if the image is to be 5 centimeters from 
the lens? Is the image rea~, Qr virtual? Erect or inverted? Enlarged 
or reduced? Ans. 7.5 cm; virtual; erect; reduced 

6. What is the focal length of a divergent lens which forms an image 
one-fourth the size of an object which is 12 inches from the lens? 
Is the image real or virtual? Erect or :inverted? 

7. If the focal length of a lens is 25 centimeters, what is its strength 
in diopters? Ans. 4 diopters 

8. If a lens has a strength of 2 diopters, what is its focal length? 
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Since the earliest times of which we have any record man has 
shown that he responds to color. In the cave dwellers' homes 
are found decorations made of colored clays. Colored robes 
have been worn as marks of distinction down through the ages. 
Some of the most treasured masterpieces in the field of art arr 
paintings which owe at least a part of their appeal to the beau
tiful colors of the pigments used by the artists. Man has always 
responded to the Folors of the rainbow, the sunrise, and the 
sunset. 

Probably qui}e by accident it was found that certain plants 
and insects could be used in making natural dyes. A rOYill 
purple was made from a shellfish found on the coast of Syria, a 
blue-violet from the indigo plant in Asia, a deep red from the 
roots of the madder plant in Egypt, and a bright red from the 
cochineal )nsect in Mexico. Some dyes were also made from 
various kinds of ores. Often the special method of extracting the 
color was a carefully guarded secret, handed down from father 
to son, and the methods of making some dyes have been lost 
when the artisan died without imparting his secret to anyone. 
Until 1865, natural dyes only had been used, but in that year 
an English chemist, Perkin, qui!e_,?y accident; made the first 
organic dye. He was trying to make synthetic quinine and, 
while he never did succeed in maKing quinine, he did obtain 
a vivid violet material which proved to be a good dye, and is 
today known as Perkin's violet. Since then an extensive develop
ment has taken place in .color chemistry, and now almost any 
color of dye may be produced in the laboratory. 

W,hat is color? The word is used in several senses, and color 
may be studied from various points of view. To the average 

_/..:-- 386 
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person "color" means the various sensations which are regis
tered in the mind through the sense of sight; to the artist it 
means a paint or a pigment; to the textile worker it means the 
dye used to produce colored fabrics. A physiologist is interested 
in knowing how the eye. reacts to different color stimuli. The 
psychologist is concerned with the mental response to the vari
ous colors. The chemist studies the chemical properties of the 
materials which produce color. The physicist knows that the differ
ent color sensations are due to the various wave lengths or frequencies to 
which the rye is sensitive. He studies the waves and the physical proper
ties of the media from which the waves are reflected, through which they 
are transmitted, or by which they are abS?rbed. 

In the sunlight there is a wealth of color, but in the absence 
of light there is no color. Evidently light and color are inti
mately .-::onnected, and since there is no color apparent in the 
artist's colors, in the chemist's dyes, or in all the naturally 
colored objects in nature unless light is falling on them, the 
physicist's point of view seems to be a good starting place in 
the study of color. "~) , 

219. Source of Color. It has already been explained that the 
eye is sensitive to a narrow band of electromagnetic waves. 
which are known as the visible spectrum. If these wave lengths are 
present in the right proportions, we see white light. If they are 
spread out by means of a prism or a grating, we see the various 
colors, although it is impossible to draw sharp dividing lines 
between them since one color merges gradually into the next. 
But light sources do not necessarily give out white light. The 
distribution of wave lengths depends upon the nature of the 
luminous body and its temperature. For example, if a piece of 
iron is heated.it first appears a dull red, then brighter red, then 
orange, and, if heated hot enough, appears white. As tFe tem
perature increases, the light emitted includes more of the shorter 
wave lengths. It is impossible to get a source of light which 
gives out one wave length only. By spreading out the spectrum 
with a prism or a grating and then using a parrow band from 
this spectrum one may obtain a source which has only a rela
tively few wave lengths In it. Most of our colored lights give out 
wave lengths through the whole spectrum but are richer in cer
tain wave lengths which give the Jight its characteristic color. 

"! ~~, 

'" 
"" 
, . 

: I 
I 



388 C;:OLOR tCh.36 

If the light is coming from. a so-called red source, that is, one 
in which the red predominates, the energy distribution might be 
that of Figure 36.1, but if from a so-called violet source the 
energy distribution -r~ight b~ that of Figure 36.2. 

RED 

Fig. 36.1. Energy distribution of light 
from a red lamp. 

VIOLET 

Fig. 36.2. Energy distribution of light 
from a violet lamp. 

220. Physical Properties of Materials. We must realize that 
if various lights look different to us when the rays come directly 
from the source to the eyes, then certainly objects will change in 
appearance when illuminated by one and then by another of 
these ligl},t sources. This explains why two pieces of cloth which 
seem to match under artificial light in a store may not match 
when viewed in/sunlight, or why two pieces may match in the 
daytime and not at night. The "daylight lamp" is an attempt 
to furnish an artificial light which matches daylight as nearly 
as possible, but none has been devised so far which accom
plishes this perfectly. However, the daylight fluorescent lamp is 
a reasonably satisfactory substitute for daylight. But, even though 
the wave-length distribution nearly matches, the source is often 
placed so close to the; material which is being illuminated that 
the light is too direct and glaring, and does not give the same 
sensation in the eye. :If materials are being purchased for use 
under artificial light, it would seem advisable to purchase them 
under artificial light; for example~ ~an_evening dress might be a 
lovely rich color by daylight, but :dull and uninteresting by 
artificial light; or the reverse may be true - it may appear 
much lovelier by lamplight than by daylight. If_campus or 
street clothes are to be selected, look at them in daylight before 
purchasing. 

A part of the light which falls on a surface is always absorbed; 
i.e., there are no perfect reflectors, though some are far better 
than others. Polished mcj:al surfaces and mirrors may reflect .. 
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practically all of the light which falls on them, but some dull,. 
dark objects may absorb practically all of the incident light. In 
the case of colored materials, certain wave lengths are absorbed 
to a much greater extent than are others. This selective absorp
tion is determined to a large extent by the nature of the mate
rial, and by the color of the dye. But no matter what the material, 

,z~ SEES RED /~ 

~ 
RED DYE GREEN DYE RED DYE 

Fig. 36.3. Color due to reflected light. 

or what dye has been used on it, it can only reflect or absorb, 
as the case may be, those wave lengths which are found in the 
light which falls on it. A material which appears to be a 'beaue 

tiful, rich red in daylight may appear to be a duJ! gray if illumi
nated by a light in which blue predominates, but the color of a 
blue material may seem to be intensified by having blue light 
only fall on it. In other cases a blue material may look less blue 
when illuminated by blue light instead of white light. If so, it 
is because part of the color sensation received when the mate
rial is illuminated by white light is due to the reflection of small 
amounts of other colors by the so-called blue material. If a 
material looks white when. illuminated with white light, it is 
because it reflects some of all the visible wave lengths; ifblack, 
because it absorbs all or nearly all of each wave length; if red, 
because it reflects most of the red and absorbs most of the other 
wave lengths; if blue, because it reflects most of the blue and 
absorbs most of the other wave lengths.' 

Part of the light which is not reflected may not be absorbed 
either, but may pass through the material and emerge on the 
other side as transmitted light. Clear glass transmits a large per 
cent of. the light which falls on it (possibly 95 per cent - the 
amount varies with the thickness), and the transmitted light 
contains the same proportions of the various wave lengths as 
the incident light - that is, the transmitted light is white light. 
Glass which appears red by transmitted light is transmitting the 
red waves chiefly and absorbing a large part of the other colors. 
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Thus we find that, when we see objects by riflected light, the color an 
object appears to have is determi'ned by the light which jails on it, arui 
which is then riflected. Ij we see an object by transmitted light, its color 

, I 

is determined by the light which falls on it and which is then transmitted. 
221. Response of the Eye to Color. How does the eye respond 

to the various wave lengths which reach it? Do two people look
\ ing at the same object receive the 

GREEN 

Fig. 36.4. Showing the varia
tion in the sensitiveness of the 
eye with a change in the wave 
length, according to the Helm
holtz theory of color vision. 

same color sensation? The process by 
- which .the .energy of a light wave- is 

converted into the sensation of sight 
is not definitely known, but it is 
thought to be electrical in nature. A 
possible answer to the first question 
is found in the Helmholtz theory of 
color. According to this theory the 
retina of ~he eye contains three sets 
of nerve endings, one' of which is 

chiefly sensitive. I to red, one to green, and one to blue wave 
lengths. The curves of Figure 36.4 show the supposed sensi
tivity of the / three sets of nerve endings in the eye to the 
various wave lengths. It will be noticed that these curves over
lap; i.e., each set of nerves is slightly sensitive to other colors. 
The three curves may be combined into OI~e curve to show the 

Fig. 36.5. Total sensitivity of the 
eye. 

VIOLET RED 
WAVE LENGTH 

----Fig. 36.6. Energy required for visi-
bility. 

response of the eye to the colors of the spectrum. (See Fig. 36.5.) 
This curve shows that the eye is most sensitive to the yellow
green wave lengths. One way of testing this response to color is 
to use a light source for which the energy output may be meas
ured. The energy for each color is made just great enollgh for 
the light to be visible",?T~en if energy is plotted against wave 
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i~ is £cn...and t...na.t. t:.he Lea.se. enc-rgy i.s; r~u..ired in t.ne yeUow
(See Fig. 36.6.) 

O.n.e se~ oC chese nerves i s n.ot. sex1siLi-vc", the _person. is said ~o 
R. d col or-bl.i..n.dn._ess is the r.o._os-c. co m.r:n.Orl. '" though 

" Er<'c·= an.cl blue colar-bli.n.cln.ess occur also. Col or- b li:ncln.ess is Q_Ot: 

t.o -l ack: at alor education", bu.t. LO a. physi aJ d e Ce-c.t. in.. ~h 
wh.ich c.ann l. be c>vere;ome-. It: is cstirn..a.cecl t...hat: o.n.e perso.n. 

fiCc-y is co some de'grCe co~or-blin.d. The def"<&c:c is much more-
~mmo.n. ~ merL t.ha.n in. women_ <::>ft. 'D. a person. does not. realize 
th.ac he does n.ot see. co1ors as ochers do_ IE a. -person. is co1or-blind 

r~d he ca..:o.:n.ot. dis tin.guish bct.wee:n r d a:r:::l.cL green. lights_ U he 
_ c-olor-bl:in..cl co gree:n, a green light. appears t.o be a. raint. purpl e_ 
Sc:>mc ~es or work are n..ot open. t:.o pcopJ.c who ar color- b Lind. _ 

Thus we ar-r:ive a.t t:.he: onc.lusicu:::1 t..hat the color UJe see z.vh~n UJe 
look cd a l£ghl: source deperuLs first upon th.e ZL'ave ~l!'n.g'-hs ~rnillpd by Lite 
.source and second upon th.e sensitivi~ oJ the t!!Ye to the UJa7.'e Len.~l.hs that 
cnrne to it~- '-he color r..ve see U,Jherl ZLle Eaole at TLon.tu-rnznous obJ-ect s depends 
first upon. th.e UJave Lengths e rnitte d Jrorn. the t£gh" sou.rce~ second upon the 
no Jure oJ the o! . .I_fect Jro7''''' u. ... h£ch the '(t:"ht' is r~ected o r through ZL'hich ie 
.~- Lransrnitlpd, and third upon the se"l.s£tivi~ oJ Lhe rye Co the LLJave 
''"etks U-'hich corne to it'_ 

222. The. S"""Dt:ra.ctiV'C' "l'tIethod. o£ Prod-u.ciI1g CA>1.or __ IF a. 
olCfr is produced. by absorbing certai.n. wa.'V"<" 1 ngths ""0 t±1.a.t 

only a. part oC che in.cid~n.t light: i s reflected Or cra:n.sm.iu:,_ed", the 
olor ha.s b~c::CJ. pr<>c:luced. by th.e. s-u.btractive rn..ethod_ 1t- pigmc.ncs are 

mixed, chc: l igh't: which comes t.o the eye is mad.e u..p of' che wav-e 
lrng ·t..b.s n.oc absorbed by a...ny of the pigme:ncs in. the mixc:u:re_ 
I.'or example;o iC blu..e a..n.d ye110w pigmenc:s ZLr'C m.ix.ed, t.he light 
which.. com s to th eye is ma.de up of' t.he wa.:ve l en..g-t:.h.s not 

bsorbed by eit.h.er or t:he pigmen.r:s in. Lhe r.r:::t.ixt"ure.. and. the 
rc-s-ulting color is g-reen.._ The reaso.o.. is c..h.at: t.he. blue pigme.n..c 

b'5orbs r.t::l.ost of t:.h~ r d end. oC t.he speca:-'-LC"n.. a.n.d r eflect.s blue 
_n.cl green while t:.he yellow pib----mc:nt: a.bsorbs most: of t.hc blue 

and r eel ends of: the s-pectru.m and r eOe ts yellow and g:ree.n.._ 
"I 'h.e waves reflect.ed by both pig:n:1ents a.r in.. t:he g-rc<":n._ .l-:low
~er, if the reflect.ed light: _fr om t.his greeD pig-rne:.o..t: is exam.in.ed. ;o 
it. wi..ll be f'ou.nd that..,. while it. is Chiefly gre 1"1", ch.ere are small 
amcn .... Lo t.s of the _other wa..v-e l era.gths .... B y va..ryin.g t.:h amou:n.c:s 0' 
t.he blue- an.cl yellow pig-me-n.cs~ VariCfu.s grecn.$ may be: r>rod • ..:I.cec:L 
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In the same way mixtures of red and yellow pigments produce 
oranges, and mixtures of red and blue produce purples. Sub. 
tractive colors resul~ also'l when light is passed through pieces of I 

colored glass. If blue glass is held between the eye and a source 
of white light, the light leoming through is apparently all blue, 
but if, in addition to th~ blue glass, a piece of yellow glass is 
also interposed, the light Iwhich reaches the eye is green. If the 
yellow and blue glasses are reversed, the result is the same. 

BLUE GLASS BLUE AND YELLOW GLASS YELLOW GLASS 

VIOLET RED 

Fig. 36.8. Transmission of light through two pieces of colored glass. 

The yellow glass transmits yellow and green. The blue glass 
I 

transmits blue and green. The green is transmitted by both. 
The light which was absorbed was subtracted from the incident 
light. / 

The subtractive primaries are red, yellow, and blue. If pigments of 
these three colors are mixed in the proper proportions, they 
tend to produce black since all wave lengths are absorbed. 
Actually the resulting mixture is usually a gray because some 
light is reflected from the surface of the pigment or from the 
surface on which the pigment has been placed. Red, yellow, 'Or 
blue pigment cannot be produced by mixing other pigments, 
but the correct proportions of either two or three of these three 
colors will produce any other color. 

223. The Additive Method~f Producing Colors. If several 
circles of light are projected on "'a. screen with an apparatus 
which makes it possible to shift the circles, it will be noticed 
that the screen is brighter where two circles overlap and still 
brighter where three overlap. The intensity of the light in one 
of these overlapping areas is the sum of the. separate intensities. 
If colored filters are introduced into the light beams which 
light these circles, colored areas will appear on the screen. If 
two of these circles are shifted until they overlap, the area which 
is recei ving light from tW<YS9urces will be brighter than the areas 
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which are receiving less light. Moreover, the color sensation will 
be that produced by the sum of the two separate colors. If 
proper intensities of yellow and blue are used, the resulting sen
sation is that of white light because the yellow stimulates the 
red and green nerve endings and the blue of course stimulates 
the blue nerve endings. 

The eye differs from the ear in that it cannot separate the 
sensations which come to it. If the trained ear listens to an 
orchestra, it can pick out the notes of the violin, the flute, or 
the horn. But the eye responds to the mass sensation - it can
not separate white light into its components. For example, the 
same sensation of white light is produced in the eye by the fol
lowing combinations of lights: 

Proper proportions of 
blue and yellow 
purple and green 
blue-green and red 
blue, green, and red 

Any two colored lights which produce the effect of white light 
are said to be complementary. Any color combination may be pro
duced by using proper proportions of red, green, and blue light. 
Moreover none of these three colors can be produced by com
bining any other colors. Therifore, red, green, and blue are the three 
additive primary colors. The following colors may be produced by 
adding' primary colors of light. . 

Red and blue = purple 
Red and green ~ yellow 
Blue and green = blue-green 

When light is reflected from colored objects, the eye responds 
to the sum of all the reflected waves. For example, if yellow 
and blue paint are applied to a surface in tiny dots and the 

VIOLET REO 
REFLECTION FROM BLUE ADDITIDN OF 

BLUE AND YELLOW 
GIVES WHITE 

Fig. 36.9. The eye sees the sum of the reflectance curves. 
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surface is held some distance from the eye, the area appears 
gray-white. Since the light is reflected from equal areas of blue 
and yellow, the re~llit in the eye is the sum of the two stimuli. 
If segments of a disk are Ipaihted with yellow and blue paint , 
and then the disk is rotated rapidly, the eye sees a gray-white 
color. Theoretically the seAsation in the two experiments should 

be white, but the gray is due to the impurity 
of the reflecting surfaces. 

Some artists make use of the additive method 
of producing colors. The pigments are applied 
in tiny dotf of several colors, and the -eye sees 
the sum of the reflected colors. Textile manu
facturers produce some of their color effects by 
weaving threads of various colors - gray cloth 

Fig. 36.10. A made of black and white threads _is a common 
color wheel. 

example. The "life" or "warmth" of some tans 
and grays is due to fine threads of red in the material. A "cool" 
gray results if blue threads are woven into the material. 

224. Color Vocabulary. There is an almost endless list of 
names used in CIesignating colors. The ones in the following list 
give some indication of the sources from which color names 
have been taken: peach, rose, lemon yellow, tomato red, sky 
blue, royal blue, oxford gray, midnight blue, rust, garnet, ruby, 
sapphire. In the world of fashion one season a color has one 
name, and another season it is named something else. 

The only pure colors are spectrum colors. It is impossible to 
have a colored light containing only one wave length, but it is 
possible to use a very:narrow band of wave lengths which cause 
practically the same color sensation. These bands are said to 
differ in hue. Hue is that characteristic of a color which is determined 
by the wave length. There are an' endless number of hues possible, 
though in general they are grouped into red, orange, yellow, 
green, blue, and violet. Red-orange, yellow-orange, yellow
green, and blue-violet 'are simply a few of the intermediate hues 
between the customary main divisions. 

If samples of gray paper, varying from nearly white to nearly 
black, are arranged in order, they provide a scale for value. 
The value of a color is a measure of its ability to reflect or to transmit 
light. White reflects pn~.Gtic_ally all light; black absorbs practl-
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cally all. A sample of gray paper which is nearly white reflects 
more light than a piece which is nearly black; therefore it is 
said to be of higher value. Samples of any hue may also be 
arranged in order of their value - a light red is of higher value 
than a dark red. The following comparison also illustrates the 
terms. 

VALUE (FROM HIGH TO LOW) 

Very light gray 
Light gray 
Medium gray 
Dark gray 
Very dark gray 

Very light orange 
Light orange 
Medium orange 
Dark orange 
Very dark orange 

It must be remembered that for colors of the same value, the 
eye is most sensitive to yellow-green; that is, if equal amounts 
of energy are reflected or transmitted by different colors, the 
yellow-green appears to be the brightest. 

If samples of colored papers which are all of the same hue 
and of the same value are arranged in order beginning with the 
brightest and ending with the dullest, they form a scale for in
tensity. The intensity of a color is determined by its purity. A color 
may vary from full intensity to a low intensity which is practi
cally a neutral gray. If several hues of the same value are reduced 
in intensity, they all approach the same neutral gray. The fol
lowing table illustrates the terms. 

Full purity 
1/4 neutralized 
1/2 neutralized 
3/4 neutralized 
Neutral gray 

INTENSITY 

Pure orange 
Slightly grayed orange 
Moderately grayed orange 
Decidedly grayed orange 
Neutral gray 

Hue, value, and intensity are the three dimensions of a color 
in somewhat the same way that length, width, and height are 
the dimenSIons of an object. 

225. Color Systems. Since all colors can be arranged in an 
orderly system according to their wave lengths, their values, 
and their intensities, that would seem to be the scientific way 
to designate colors. Acco~ding to this plan, the hue of a color 
would be designated by its wave length, its value by the per 
cent of light reflected as compared to a similar white surface, 



a..o.d its i::n.-r_ensit.y by the pcrce.ntagc or p"Urity or the color. -S.ince 
visible .lig;,b.:t. va....rie;:;: ..from reel of abou.t 8000 .A:n._gstrom u.n.iCS 
(1 A.r:l.gscrorr l....£Oit: = 0.00000001 ce.n._timete.:r) to "Violet of a.boUt 
.3500 .A..::.o.gslXom 'Un.it:s" there is a. possibility or ab<>L1t 4500 huc~ 
(8000 - 3500 = 4-500)" each cliffe.ri..n.g by 1. A..o..gst::::rom u..n..it.. 
Eac....b.. of" these hLLes might mav-e 100 seeps i..n.. its va.luc sc.a.Je" eac h 
clifferiog by 1. per ce::nl-" a.nd. 100 st:.eps :in.. its i.n.t_e.n.sit-y scale., eac h 
differi.n.g by 1. per cc:o.t::. For e:x..ample,;r .a. light,. i...n.t:c.n.se red might. 
be cle::sigI1.atccl as: 

::ETu.e == 7300 .A..n.gscrOED. u:n.ic.s 
V'a.l_ue. _". 90 per eenc 
I:o:ce'C.sil:Y - 94 per CCIl.t; 

IT that: same reel '-'Vere: reduced i:o. value it might be desig:nated.. as: 
Fruc _ 7300 .A..ngsb:"'oro -u:nj_t:s 

, r a_Lu.c -= 4() p<:!'Co:" CCr:J.C 
I..c:J..ce...n.,si_cy _ 94 per cc::;r::ac 

I f th.e origin .. a..l Hght reel were grayed.. cOr.l..sicie.rab.ly, it z::night be 
c:tesigI1a..t:ed... as: 

.._ 7300 .A..t::t..gst"ro'C'n LI...D.,ics 
-- 90 per cc...nc 
- "30 pcr ce:m.c 

../\... dark,. dull b1u.e might: be des:ig::n..a.tecl as: 

~ue -. 4400 .A.n..gs'Crox:n uoics 
Va_h .. c - 20 per CC:OIl 
..£..nce:n..s:ic;y -- 40 peT c:;.e;o:c 

Wh.ile su..ch a. system is v-cry complece" it has :not been.. adopted 
Cor use by the gc:::.n..c.ral public because it is a.. more e:x.a...cti.:.n..g sys
tem th.a.r:l.. is requ..i.reel for most. color wo'rk. But .cor t:...h..e person 
who is doir1g research in.. the physics of coLor it: is a.. sa'tisfact:.ory 
system..,. because each... of the dimen..sior1s or color ca....n.. be clefi.n..itely 
mc.asl....1red.... Two or the. simpIer color systems w'hic.h are. i..n.. gen
eral u.se are the Prang a..:n.cl -c:he- .l'v:£Url.st!!EL sysee-rn.s. 

226. The P-ra.:n.g <:::o.lor System. The- coLor chart £o,r the. Pra..r:t.g 
sys't:em is sho"WIl.. i..n. Fig""\....l..re 36.1.. 1.. The three pri..ma...ry co.lors are 
reel" yellow, a.....n..d blu.e. The three birt.a..ry colors which are: .iOrm<-d 
by c:.ombi:o..i..o..g t:h..e primaries in... pairg are: ora.nge" grcc'D." a..n,rl 
violet. The. prima.ry a..n...ci bi..n.ary co10T''S together .a..rc k:n..oWIl.. as 
t::h..e s£x standa:rd coLors. I.n....c..ermecl i a...te color.s arc. form d by c.c>m
hirti.n..g a pri.m.a..r-y .a..n...d. a. n..eighbori:o..g bixl.a...ry; ror e:x.a.mplc, yellow 
an.d.. gree::n. form th..c i :n:t:..ermed...i.a.Lc yellow- gree:n... The .n.e::K"t: step is 



Fi_g~ 36~.1:1.. The PI:"an-g color cha..rt;.... s.ha"vi_ng variations i..n hu.e. v-a. l"_' ~~ a_n.d 
rl"Cel:Lsit:y_ The various hu.cs a.re Lnd.ic:a.t_ecl. around. the cirC:::l..l..mferC!'!.rl.ce or t:hc 
·ircle. The va..Lue dtc.reas sCram t;.he cop co the boc;t:om o f the c.ha.rr.. -rl"1c 
nr.ensir.-y decreaso<!:S [rom t:.h.e c i rc::::.u..mferen.ce to Lhe n.eu.t:.ral gray center. 
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a yellow-yellow-green. The system soon becomes complicated if 
carried too far. The Prang system provides for seven steps in 
the value scale between white and black. No colored pigment 
or dye can be so light as white or SQ dark as black. 
Following is the value scale of the Prang system. 
(Also see Fig. 36.12.) 

W = White 
HL = High light 
L = Light 
LL = Low light 
M = Middle 
HD = High dark 
D = Dark 
LD = Low dark 
B = Black 

The values of the normal colors in the Prang 
color chart are arranged as follows: 

HL = Yellow 
L = Yellow-orange and yellow-green 
LL = Orange and green 
M ,= Red-orange and blue-green 
HD = Red and blue 
D = Red-violet and blue-violet 
LD = Violet 

The pure or full-intensity colors are placed on 
the circumference of the Prang color chart, and 
the partly neutralized or less intense colors are 
placed nearer to the center, which is neutral gray. 

WHITE 

BLACK 

Fig. 36.12. 
Value scale for 
the Prang color 
system. 

Again we see that, as the intensity of any color is decreased, it 
approaches the same neutral gray. The intensity of a color may 
be decreased by adding some of the color which is directly across 
from it in the color circle. Such pigment colors, when combined 
in the correct proportions, form a neutral gray. They are known 
as complementary colors. It will be noticed that the complement of 
any primary color is the binary formed by the other two prima
ries, and that the complement of any binary is the primary which 
is not included in the binary. There are- many steps possible, of 
course, between full intensity and neutral gray for any hue, but 
.in Figure 36.11 only three steps in intensity are shown. They are: 

Full intensity 
1/2 neutral or 1/2 intensity 
Neutral gray 
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227. The Munsell Color System. The color chart for h 
Munsell system is shown in Figure 36.13. The three dirnen.

t 
e 

SlOns 
of color in this system are hue, value, and chroma. The h 
appear around th: circumference of ~he sp~ere. The verti~~ 
axis of the sphere IS the value sc~le wI.th whIt: ~t the top and 
black at the bottom. Chroma (or mtensIty) varIatlons are shown 
on paths running out horizontally from the neutral gray axis. 

Munsell divided the colors of the spectrum into five principal 
hues and five intermediate hues as follows: 

PRINCIPAL INTERMEDIATES 

Red Yellow-red 
Yellow Green-yellow 
Green Blue-green 
Blue Purple-blue 
Purple Red-purple 

His reason for this division was that the colors of the twelve. 
color chart did not combine to form a neutral gray but formed 

a gray with a warm cast, while if he 
used the ten hues, at equal chroma 
and value steps, he obtained a per
fectly neutral gray. The colors be
tween the principal and intermediate 
hues are indicated by numbers. The 
mid-point of each of the principal and 
intermediate colors is numbered 5. 
The middle green is SG; the middle 
blue-o/een is 5BG. The colors between 

BLACK SG- and SBG are designated as 6G, 
Fig. 36.14. The color sphere. 7G, 8G, 9G, 19G (the hue half-way 

between SG and SBG), 1 BG, 2BG, 
3BG, and 4BG. With, five principal hues and five intermediate 
hues, or ten hues, named around the circumference, and ten 
numbers between each pair of names, there is a total of one 
hundred divisions, which may be indicated in the hue circle. 

Values in the Munsell system are also indicated by numbers. 
There are nine steps between black and white. Black is NO/ 
and white is N 10/' Any hue then might have values from one 
to nine inclusive. 

Chroma or intens:ty in the Munsell system is indicated by a 
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.number also. Munsell found that, if he used the ten col6ts at 
full or spectral intensity, he did not obtain a neutral gray. If 
be worked with complementary colors, he could not always pro
duce a neutral gray with equal parts of the two colors at full 
intensity. He found the greatest variation in the blue-green and ....... 

Fig. 36.15. The lOO-hue color circle for the Munsell color system. 

red complements. There he had to use two parts of blue-green 
to one part of red to obtain a neutral gray. He divided the 
colors at value 5/ into various numbers of chroma steps as 
follows: 

Red 10 Yellow-red 7 
Yellow 7 Gree~-yellow 6 
Green 7 Blue-green 5 
Blue 6 Purple-blue 8 
Purple 6 Red-purple 6 

If he combined the ten colors using chroma 5 in each case, he 
eouid produce a neutral gray. He was limited to chroma' 5 be-
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cause that was full intensit)' for blue-green. If he combined COr_ 
respondingly numbered chrpma steps of any two complementary 
colors, he could produce a, neutral gray. The chroma numbe _ r 
is written after a li-ne ,which divides it from the value number 

I • 
WHITE Chroma /1 is an almost neutral gray; /2 is 

a littld less neutral. 

LIGHT 
VALUES 

MIDDLE 
VALUES 

DARK 
VALUES 

BLACK 

N~ I 
The1complete Munsell n~tation is written 

Number-Hue Value/Chroma. 

N l.. A tomato-red may be 6 R 5/8; a lemon 
color may be 3 GY 7/5; a -dark blue may 

N.!. be 7 B 3/4. 
228. The Prang and Munsell Systems 

N!. Compared. The Munsell system furnishes 
the more complete method of describing a 

N 1. .color accurately because it provides more 
N ~ steps for indicating the hue, it has nine 
N 1./ rather than seven value steps for any hue, 
N j_ and a method of indicating the chroma 
N1. which not only tells how the color in ques
N.!!. tion compares with full intensity for that 

Fig. 36.16. The value 
scale for the Munsell 

color, but also gives a relative rating for 
comparison with other co!ors. It is also three 
dimensional instead of two dimensional. 

color system. 
The Prang system is the chief one used in 

elementary art work, but the Munsell system is used more exten
sively in scientific work. Even after a color has been described in 
either the Prang or the Munsell notation, it will be found that 
it varies in appearan~e if the materials on which it is used' are 
different. Felt and velvet dyed in the same bath apparently vary 
in color because of the difference- .in the texture of the material. ...,___, ' 

The same wall paint appears entirely different on a rough plaster 
than it does on a smooth plaster. So the problem of matching 
colors is still a problem, especially when it is remembered that 
colors which seem to one person to match, may nof appear to 
do so when viewed by some other person, because of the differ
ence in the response of various eyes to colors. 

Instruments known as colorimeters have been developed for 
color analysis and color matching. A colorimeter used in con-

" _,~ 
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llection with a color photometer (a spectrophotometer) should 
be employed in every textile mill in order to standardize dye 
stuffs and pigments used in dyeing doth. These instruments 
should be employed in paint factories, in order that the paint 
and enamel color charts may be standardized. 
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Fig. 36.17. Chroma steps for the Munsell color system. 

STUDY QUESTIONS 

1. What is white light? 
2. Why does the color of the light which falls on an object make a 

difference in its appearance? 
3. Why may two objects which are illuminated by the same light 

appear entirely different in color? 
4. Is it possible that the same object may appear a different color to 

each of the people looking at it? Why? 
5. What color causes the greatest response in the eye in proportion 

to the energy received by the eye? 
6. What is the theory as to how the nerves in the eye respond to 

color? 
7. What is color-blindness? 
8. What difficulty does a person who is red color-blind have in 

picking strawberries? 
9. What color tests are most carefully checked for locomotive engi

neers? 
10. Which method of mixing colors does a child use when he plays 

with his box of W'lter colors? 
111. Explain how either the subtractive or the additive method might 

- be used in stage lighting. 
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12. What determines the hue of a color? 
13. What determines the value of ,a color? 
14. Which has the higher value - light yellow or dark yellow? 
15. What determines the intensity or chroma of a color? 
16. Which has the stronger chrom~ - burnt orange or brown? 
17. Why did Munsell )lse five main colors instead of six? Which oi 

the Prang colors did he omit?' i 
18. Write the Prang notatlOn fort peach color. Write the Munsell 

notation for peach color. Do the same for lettuce green. 
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HOME ILLUMINATION 

The sun is the chief light source of the solar system. It is con· 
tinually emitting radiant energy, and some part of the earth is 
receiving energy from the sun at all times. The fixed stars are 
also light sources, but they are so far away from the earth that 
the amount of light received from them is negligible. The moon 
is not a light source - it reflects light from the sun to the earth. 

It will be recalled that luminous bodies are those which emit 
light; nonluminous bodies are those which do not emit light and 
are visible only because light from some luminous source falls 
upon them, and part of that light is reflected to the eye. For 
example, if a person enters a dark room, he may stumble over 
a chair because it is nonluminous, but if there is light in the 
room, the chair reflects part of the light which falls on it, and 
thus it is made visible. Some black bodies which do not reflect 
light become visible only when placed in front of a lighter back
ground which reflects light and thus outlines the nonluminous, 
nonreflecting body. The letters on this page are visible because 
of the light reflected from the white paper. Black silhouettes are 
placed on a white background and are visible chiefly because 
of the light reflected by the background. 

229. Artificial Light Sources. Since. for at least a part of the 
24 hours of the day, we are dependent on some form of artifi
ciallight, it is important that we know something of the develop
ment of artificial lighting. The first artificial-light sources used 
in the home were fires. Of course, heat was the primary purpose 
of the fire and light was of secondary importance. Later, pine 
knots were collected to use in the fire at night, and pine torches 
were u~ed for portable lights. Vegetable and animal oils were 
also burned in open vessels, and the addition of wicks made of 

403 
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dry wood or grass was an improvement, since they made more 
rapid oxidation possible. 

During the Middle Ages candles were devised, and they 
marked a definite step in the de~elopment of a convenient arti
ficial-light source. A pound of ta110w made enough candles to 
last 60 hours if burned one at a. time; that is, they furnished 
60 candle-hours of light. But the labor involved in making them 
was considerable. The discovery of petroleum in Pennsylvania, 

~11: ~~ h~ ~ I )~ ( 

~ t 
/' 

Fig. 37.1. Early light sources. 

about a hundred years ago, provided materials for artificial 
illumination which made it possible to develop larker lighting 
units, and to produce light at a lower cost than it could be pro
duced by candles. Artificial illumination progressed through 
various stages, including small kerosene lamps, kerosene mantle 
lamps, open-flame gas lights, gas-mantle lights, and gasoline 
lights. 

The incandescent-carbon electric light developed in 1879 by 
I Thomas Edison provided a light source~w_hich far surpassed 

anything else known at that time, but th~se first carbon fila
ments were very inefficient - a large part of the electrical en
ergy was converted into heat instead of light. Also, the cost of 
electrical energy was high, and the cost of the lamp itself -was 
high. For example, the carbon lamp used about 'five times as 

/ 
much energy as the present gas-filled tungsten lamp; the energy 
cost perhaps three or four times as mu~h per kilowatt-hour as 
the average rate now; and t~e_lamp itself cost about fifteeil 

/ 
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times as much as a tungsten lamp co~ts today. Therefore, the 
total cost per candle-hour was possibly twenty-five or thirty 
times as great as at the present time. But the light was so much 
brighter, sO much safer, and so much more convenient, than 
anything else known at that time that, for a number of years, 
the demand exceeded the supply. _ 

It is inter~sting to note that in all the artificial-light sources 
discussed up to this point, the source of the light has been glow
ing carbon. Resinous woods, fats, oils, kerosene; gasoline, and 
artificial gases are all rich in hydrocarbons. When heated to 
high temperatures, the carbon becomes incandescent and gives 
out light. The presence of unoxidized carbon in flames shows 
up as soot. 

In 1906 it was found that tungsten filaments were far superior 
to carbon, and duri~g the last few years the use ()f fluorescent 
lamps has increased rapidly. Both of these light sources have 
been discussed in Chap. 28 on Electric Lights and that chapter 
should be reviewed at this time .. 

230. Measurement of Illumination. Since the candle was 
used for such a long time for illumination, it is natural that, 
when other light sources were developed, their "light-givir{g 
ability" was rated in terms of the familiar candle. The standard 

Fig. 37.2. A lumen is the amount of light energy which falls ~n an area of one 
square foot, every point of which is one foot from a one candle power source. 

i 

candle was very definitely defined as to size,' material, and con
ditions for burning. Other standards haye been developed from 
time to time. The standards now used are tungsten lamps issued 
by the Bureau of Standards; they are, however, rated in terms 
of candle power. The candle power iii defined as an illuminating ability 
equal to that oj the standard candle. 

If a standard candle is placed at the center of a sphere (the 
, l .. 
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inner surface of which must absorb 100 per cent of the incident 
light), all of the light given out by the candle falls on the inside 
surface of that sphere. lean opening is now cut in the sphere, 
part of the light escapes through I this opening. If the radius of 
the sphere is 1 foot and the area df the opening is 1 square foot, 
the amount of light energy which escapes through the opening 
is known as 1 lumen. Since the area of the sphere is 411"r2

, the area _--_-

- -Cfl~m-
r--1 FT I 1I'T »! • 1 FT :=::pj 

~ Fig. 37.3. The intensity of illumination at a point varies inversdy as the square 
of the distance from the source. 

of this sphere will be 411"12 = 12.57 square feet. 'Fherefore, the 
total quantity of light given out by a standard candle is 12.57 
lumens. 

The intensity of illumination at a given point varies directly 
as the candle power of the source but (since the area of a sphere 
increases as the square of 'the radius) inversely as the square of 
the distance of that point from the light source. The intensity 
of illumination may be found by - .... ___ ~ 

1= ep 
d2 

where I = intensity of illumination' (in foot-candles} 
ep = candl~ power of the source 
d = distance between the light source and the point 

where the illumination is'to be measured (in feet) 

231. The Foot-candle Meter. Toe eye is no more reliable 
for judging the intensity of _aJight source or the intensity of the 
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resulting illumination than the temperature sense is for judging 
temperature. If a person comes into a moderately lighted room 
from a dark room, it may seem to be well illuminated, but to 
<mother person coming from a brightly lighted room, the sec
ond room seems dark. The same result is noticed when one en
ters a theater from the brightly lighted lobby - it is hard to 
distinguish objects; but, after one has been in the theater a 

STANDARD CANDLE 

Fig . .'3704,. A foot-candle is the intensity of iJIumination at a point which is one 
foot from a one candle power source. 

short time, individuals and objects are easily distinguished. This 
change is due chiefly to the fact that the pupil of the eye in
creases in size in order to let more light enter the eye. Since the 
eye is unreliable in its judgment, the intensity of the light source 
and of the resulting illumination should be determined by some 
means which does not involve the response of the eye. A device 
for measuring the intensity of illumination is the foot-candle 
meter. The type which is described here contains a photronic cell 
of the type which' operates without a battery, (See Sec. 140.) 
The cell is connected to the terminals of a sensitive galvanometer 
and, since the size of the current depends upon the intensity of 
the light falling on the cell, the scale may be calibrated to read 
directly in foot-candles. This instrument is small, easily portable, 
and accurate enough for measurements in homes, offices, school
rooms, or factories. 

In the first section of the table entitled "Illumination Values 
for the Home," the illumination values given are for typical 
home tasks and for persons with normal vision. Due considera
tion has been given to such ~atters .as cost and practical attfin
ability. Under some conditions more light may be necessary or 
desirable, and is often attainable. These illumination values 
may be obtain~d by using combinations of ceiling and wall 
lights, portable lamps, and lamps designed for a specific fune-
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tion. The values listed have been .determined with a foot-candle 
meter placed on the work surface! with the light-sensitive cell on 
the same plane as the work. 

In the second section of the Itable 'illumination values are 
given for general lighting. These ,are intended to minimize un
due brightness ratios between t4~ areas illuminated for special 
tasks and the surrounding areas! In those places where close 

Fig. 37.5. A foot-candle meter. (Courtesy Weston Electrical Instrument Corp.) 

I 

visual application is not involved, the values listed aim to ass1,lre 
enough light for safe passage, for eye comfort, and for a pleas
ing atmosphere. These values represent an average of a number of 
readings taken throughout the room "a'iia~plane 30 inches above 
the floor, with the light-sensitive cell held in a horizontal position. 

Even the amounts listed in the table are far less than the 
number of foot-candles used for the same purposes in daylight. 
But the source of light in the daytime - the sun - is far away, 
and the light which falls on the surface has been reflected from 
many surfaces and is diffused and softened. For most types of 
work a person tries to avoid direct sunlight, because it results 
in a glare. The intensity of jJlu~ination due to sunlight varies 
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greatly according to the season, the time of day, and the clear
ness or cloudiness of the sky. In direct sunlight on a clear sum
mer day, the intensity may be 10,000 foot-candles. On the same 
day under a large tree, it may be 1000 foot-candles, while at a 
north window where all of the light is reflected light, it may be 
only 500 foot-candles. 

ILLUMINATION VALUES FOR RESIDENCES 1 

SPECIFIC VISUAL TASKS 

Reading 
Prolonged periods (smaller type) 
Casual periods (larger type) 

Sewing 
On dark goods, fine needlework 
Average sewing (prolonged) 
Average sewing (periodic) 

Writing 

Children's study table 

Game tables 
Card table 
Ping-pong, table tennis 

Kitchen 
Work counter, range, and sink 

Dressing table mirror 

Bathroom mirror 

Laundry 
lroI1ing board or tubs 

Workbench 

GENERAL LIGHTING 

Entrance hall, stairways, and stair landings 
Living room, library, sunroom 
Dining room 
Kitchen 
Bedroom 
Bathroom 

FOOT-CANDLES RECOMMENDED 

40 
20 

150 or more 
40-80 
20-40 

20 

40 

10 
20 

40 

20 

40 

40 

40 

5 
5 
5 

10 
5 
5 

If, in order to reach the recommended number of foot-candles, 
the source of light is placed too near the surface to be illumi
nated, the resulting light is harsh and glaring. Of course, as the 
source is placed farther away,~ its size has to be increased, and 

1 From "Illuminating Engineering Society Recommended Practice for Residence 
Lighting," 1953 (condensed). ' 
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this results in a greater cost for energy, but the quality of the 
light is improved. 

232. The Photometer. A photometer is a device used for determin
ing the candle power of an unknown tight source, In one type of pho
tometer two light sources are used, and if the candle power of 
one of these sources is known, the candle power of the other 
may be calculated. The photometer is a long, light-tight box 
containing a calibrated scale on which the two lamps may be 
shifted back and forth. A lamp is placed at each end of the 

Fig. 37.6. A photometer. 

scale. Near the center is a screen, and two mirrors are set in 
such a manner as to ,reflect a view of each side of the screen 
through an eyepiece to the observer. In an improved ·type of 
photometer the "observing" is done by a photronic cell. The 
lamps are shifted back and forth until the two sides of the screen 
appear to be equally illuminated. Let I. be the intensity of 
illumination due to the standard lamp and I", the intensity of 
illumination due to the unknown lamp. When in adjustment 

Lut 

and 

Equating (2) and (3) 

Therefore 

I. = I", 

I = P..! 
• d. 2 

I-G_P_:_ 
'" - d 2 ..... --'" -, 

P..!. = cpx 
da

2 . dz
2 

cps = d. 2 

cpx dx
2 

(1) 

(2) 

(3) 

It should be noted that while the intensity of illuminatioYl at 
a given point varies inversely as the square of the distance of that 
point from the source, the relative candle powers of the two 
lamps vary directly as the squ9J'es'_ of the respective distances. 
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The candle power of a lamp may be calculated also from the 
reading of the foot-candle meter and the distance from the lamp 
to the meter, provided all of the light which reaches the meter 
comes directly from the lamps, i.e., no reflected light should 
reach the meter. Then 

cp = Jd2 

~23$. Efficiency of Lamps. The efficiency of an electric lamp 
is usually expressed in terms of lumens per walt but it may be 
expressed in terms of candle power per watt. 

or 

Efficiency = ~utput 
mput 

lumens 
= 

watts 
candle power =,---,---

watts 

APPROXIMATE EFFICIENCIES OF VARIOUS 

LIGHT SOURCES 1 

NAME OF LIGHT SOURCE WATI'S LUMENS * LUMENS PER WATTt 

Tungsten, white, frosted 60 840 
100 1600 
150 2550 
200 3600 

Tungsten, 3-light 300t 5100 

Tungsten, daylight, frosted 60 540 
100 1000 
150 1650 
200 2400 

Tungsten, lumiline, frosted 30 240 
60 540 

Fluorescent, daylight 15 495 
30 1200 

Fluorescent, green 15 900 
30 2250 

Fluorescent, red 15 45 
30 120 

* To obtain candle power divide lumens by 12.57. 
t To obtain candle power per watt divide by 12.57. 
t Both filaments of a 100-200-300-wau lamp. 

I Courtesy General Electric Company. 

14 
16 
17 
18 

17 

9 
10 
11 
12 

8 
9 

33 
40 

60 
75 

3 
4 
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234. Standards for Good Illumination. The standards for 
good illumination may be stated very simply. There must be 
(1) a steady light, (2) of th~ proper intensity, (3) with no glare 

. , 
and (4) of pleasing color. One of the first requirements of an 
artificial-light source is that it fur:qish light of uniform intensity. 
The flicker of candles causes a severe eyestrain on account of 
the constant adjustment of the eye. to the varying intensity. The 
average person cannot judge whether the intensity of the illumi_ 
nation is correct merely from his ability to discern objects, 
because the eye. adjusts itself to almost any intensity of illumi
nation. When one stops to think that the eye can see in a dimly 
lighted room and also in the bright sunlight· where the illumina
tion may be 10,000 times as intense, he realizes that the eye can 
adjust itself to a wide variety of situations. Of course in these 
extreme cases a person is conscious of too little or too much 
light, but where the illumination is not extremely low or high, 
the eye does the adjusting 'with no warning that the light is not 
ideal. That does not mean, however, that the eye makes the 
adjustment with no effort. In some cases where the light is 
steady and of the right intensity, it is a poor color or of poor 
quality because of the nature of the source or because of the 
distribution. Over a period of time, poor lighting tires the eyes, 
and the resulting eyestrain may affect other parts qf the body, 
causing headaches, nervousness, and indigestion. 

The chief factors causing glare are: (1) too much light, (2) a 
source which is too bright, (3) light which is too direct, (4) pol
ished reflecting surfaces, and (5) excessive contrasts in brightness. 

Glaring light produces eye discomfort and fatigue, and may 
result in serious injury to the eye. When glaring light enters the 
eye, the pupil contracts, and instead of being at normal tension, 
it is under the strain of constant contraction.:. If the glare is due 
to too much light, the intensity may be di;creased by reducing 
the size of the light source, but glare is more likely to be due to 
some other cause. The brightness of a light source or of an area 
which is reflecting light is usually expressed in foot-lamberts. A 
foot-lambert is the brightness which results whe1J, a surface either radi·· 
ates or riflects 1 lumen per square foot. 1 In other'words the brightness 
is the number of lumens per square foo,t. ( 

1 This brightness is equivalent to ~':intensity' of illumination of, 1. foot-candle. 
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Excessive brightness may be reduced by enlarging the lumi
nous area. For example, the surface area of the filament in an 
electric-light bulb is extremely small, and its brightness is ex
tremely intense. If the bulb is frosted, the luminous area is 
increased, and the brightness is reduced. Then if the bulb is 
placed in a white glass globe, the luminous area is still further 
increased, and the brightness is again reduced. 

BJUGHTNESS OF COMMON OBJECTS, SURFACES, AND 

LIGHT SOURCES 1 

Outdoors in Daytime 
'North sky (10 degrees above horizon) 
South sky (near sun - hazy) 
White cloth in sunHght 
Grass in sunlight 

Light Sources 
Full moon, clear sky 
Sun as observed at earth's surface 
Canale flame 

40-watt inside-frosted lamp 
60-watt inside-frosted lamp 

100-watt inside-frosted lamp 
40-watt lumiline - white frosted 
15-watt 18 in. 1.0 in. dia. fluorescent whlte 
15-watt 18 in. 1.5 in. dia. fluorescent white 
20-watt 24 in. 1.5 in. dia. fluorescent white 
20-watt 24 in. 1.5 in. dia. fluorescent dayHght 
40-watt 48 in. 1.5 in. dia. fluorescent white 
40-watt 48 in. 1.5 in. dia. fluorescent daylight 

Bowls of I.E.S. portables 
Shades of LE.S. portables 

Common Indoor Objects under Artificial Lighting 
Well-printed book with 50 foot·candles 
Well-printed book with 20 foot-candles 
Wall - 35% D.R.F. *".... with 10 foot-candles 
Wall - 55% D.R.F. - with 10 foot-candles 
Wall- 55% D.R.F. - with 2 foot-candles 
Rugs - 5% D.R.F. - with 5 foot-candles 
Rugs - 5% D.R.F. - with 10 foot-candles 
Rugs - 5% D.R.F. - with 20 foot-candles 
Rugs - 20% D.R.F. - with 5 foot-candles 
Rugs - 20% D.R.F. --'- with 10 foot-candles 
Rugs - 20% D.R.F. - with 20 foot-candles 

* D.R.F. = diffuse reflection factor. 

FOOT-LAMBERTS 

1000 
35,000 

4000 
900 

1500 
450,000,000 

4300 
15,000 
57,500 
90,000 

1200 
1940 
1360 
1630 
1450 
1760 
1490 
1490 
275 

38 
15 

3.5 
5.5 
1.1 
0.25 
0.5 
1 
1 
2 
4 

If the light source is too near 'the surface to be illuminated, 
or if the reflecting surfaces are highly polished, the light reflected 

1 Courtesy General Electric Company .. 
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to the observer is glaring. If parallel light rays meet a smooth 
surface, they are reflected as parallel light rays, but if the sur
face is irregular, the reflected light is diffused; therefore a slightly 
rough surface is generally preferablt If the light source is moved 
farther away, less direct light fall~ on the surface, and more 
light is reflected from other surfaces to this surface and then to 
the eye. This results in a softer, more diffused light. Glare may 

o G 8 

Fig . .'37.7. Color distribu
tion of various light sources. 

often be eliminated by changing the 
texture of the reflecting surface. Paint
ing a wall with a glossy paint often 
causes a serious glare, but painting 
that same wall with a dull, flat paint 
of the same color softens the light. 
A book printed on glazed, shiny paper 
is much more likely to reflect a glare 
into the reader's eyes thanone-printed 
pn a rough, dull-surfaced- paper. 
Sometimes a picture which reflects a 
glare must be moved to another loca
tion in the room in order to eliminate 
the unpleasant reflection. 

Often a surface which reflects an 
unpleasant light into the: eyes will 

2. Tungsten - 3000 lumens 
- 150 to 200 watts. seem to be properly illuminated if the 

1. Tungsten - 600 lumens 
- 40 to 50 watts. 

3. Average clear day or a light intensity of the surrounding area 
daylight fluorescent. is increased. For example, if a_ study 

lamp is placed close to a prirtted page and the rest of the room 
is dark, the page may reflect a glare which seems to disappear 
as soon as other lights in the room are turned on. The page is 

. now more highly illuminated than before, but it does not appear 
to be so, because there is less contrast wi~hthe~surroundings. Some 
of the light coming to' the eye is diffused light from other sources. 

The standard for the color, of an artificial-light source is the 
color of the light from the sun; i.e., for general illumination the 
most satisfactory artificial sources are those which make colors 
appear practically the same in artificial light as they do in day-

- light. Most artificial sources furnish more 'light in the red end 
of the spectrum and less in the blue end than is found in sun
light. The color distribution fronr a daylight fluorescent lamp is 
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the nearest to that 6f the sun of any of our artificial-light sources. 
The following table gives approximate values for the relative 
color distribution of various light sources. These data are shown 
graphically in Figure 37.7. 

SOURCE RED ORANGE YELLOW GREEN BLUE VIOLET 

Tungsten, 600 lumens 200 120 100 43 17 12 
(~0-50 watts) 

Tungsten, 3000 lumens 150 110 100 60 30 20 
(150-200 watts) 

Average clear day or a 94 100 100 96 85 70 
daylight fluorescent 

235. Types of Interior Illumination. Interior illumination 
may vary all the way from direct to indirect. Each type has ad
vantages and disadvantag~s, which 
will be pointed out. 

In direct lighting, the light comes 
directly from the source to the 
place where it is to be used. The 
very simplest system of direct elec
tric lighting is an unshaded, clear
glass lamp. This is the least ex
pensive method of getting enough 
light since none of the light is lost 
in reflection; but it is also the 
poorest method of lighting since Fig. 37.8. Direct lighting. 
it causes serious eyestrain, sharp 
shadows, and glare, and does not produce a pleasing effect. 

The use of frosted lamps is the first improvement. These 
lamps diffuse the light and protect the eye from the direct rays 
coming from the filament. Properly chosen shades or reflectors 
further protect the eyes and direct the light to the desired areas. 
The light then either comes directly from the source or is re
flected by the shade. If the lights are placed high enough and 
at the proper places, this type of lighting _ is fairly satisfactory, 
but the farther the lamps are from the area to be illuminated, 
the larger they must be to furnish enough light. 

In indirect lighting the source of the light is never visible; there
fore all of the li~ht must be reflected before it reaches the objects 
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to be illuminated. The lights may be placed behind a COve 
molding which runs around the room not far below the ceiling, 
and which extends upward far enough to screen the light bulbs 
from the eye at any point in the room. Good reflectors are placed 

Fig. 37.9. Indirect lighting. 

behind the bulbs at such an angle as to throw the light upward 
and outward to the ceiling, from which it is reflected to the 
objects in the room. Where cove lighting is not used, indirect 
lighting is accomplished by the use of an opaque reflector sus
pended beneath the lamp so that the light is reflected to the 

ceiling and then to the objects 
in the room. (See Fig. 37.9.) 
One objection to this method is 
that there is usually an area in 
the center of the room directly 
under the bowl which is under
illuminated. Floor and table 
lamps of the indirect type have 
been used considerably in the 
last few years. The color and 
texture of the ceiling are very 
important in indirect illumina
tion. If the ceiling is not a good 

Fig. 37.10. A combination of direct reflector, too much of the light 
and indirect lighting. 

may be absorbed' instead of re-
flected. White, smooth surfaces make the best reflectors, but 
slightly rough, ivory-tinted ceilings are generally used, because 
they give a more pleasing effect. The approximate percentage 
of light reflected by several surfaces is given below: 
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PER CENT 

Rough white paper 84 
White letter paper 75 
Newspaper 60 
Light yellow paper 64 
Light orange paper 50 
Pale azure paper 39 
Sky-blue paper 36 
Light pink wallpaper 35 
Light blue wallpaper 30 
Black cloth 2 
Black velvet 1 

Rooms lighted indirectly sometimes appear overilluminated 
in the upper part of the room and underilluminated '.i·~; the 

Fig. 37.11. This kitchen has a ceiling fixture, 36 inches in diameter, to give 
over-all lighting throughout the room. (Courtesy General Electric Company) 



Fi-; . 37 .12. This living -dining room has 15 light sources each planned for 
. v<J rious family activities. Note the two lighted valances - one the full length 

')f the room and another across the room divider - which help to create an ai r 
of spaciousness. (Courtesy General Electric Company) 

Fig. 37.13. This bed-sitting room has a fluorescent lighted cornice over the 
corner windows, conveniently placed reading lamps and lights at each side 
of the mirror. 

413 
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lower part of the room. I t takes skillful design to get the desired 
results. The indirect system requires several times as much light as 
would be required if direct lighting were used; therefore the up
keep costs more as well as the installation. The principal recom
mendations for this type of lighting are the absence of glare, good 
distribution of light, and lack of sharp contrasts and shadows. 

Fig. 37.14. This bathroom has a completely lighted ceil ing. Fluorescent tubes 
a re concealed by a translucent ceiling. The mirror is surrounded with fluorescent 
tubes conu:aled by frosted glass panels. (Courtesy General Electric Company) 

By using a translucent bowl in place of an opaque one, as in 
Figure 37.9, the light distribution becomes that shown in Fig
ure 37.10. Part of the light is reflected to the ceiling and part 
comes directly through the bowl. This system has some of the 
advantages of both systems, and is only slightly more expensive 
than direct lighting. It eliminates the sharp contrast between the 
nonluminous reflector and the brightly lighted ceiling. The ratio 
between transmitted and reflected light varies greatly. The bowl 
may be so thin that it transmits a great deal of light, or it may 
be so dense and dark that it barely glows. For general illumina
tion a combination of direct and indirect lighting is generally 
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used and is much to be preferred· to direct lighting of the same 
intensity. 

STUDY QUESTIONS 

'1. What is the chief light source kr the solar system? 
2. What element has been most Common in artificial-light SOurces? 
3. Why are tungsten lights better \than carbon lights? 
4. Why does the intensity of illumination decrease so rapidly as ihe 

distance from the light source increases? , 
5. Why is the eye a poor judge of illumination? ~ 
6. How many foot-candles are recommended for reading a news. 

paper? 
7. What is the purpose of a photometer? 
8. How is the efficiency of a lamp expressed? 
9. What are the standards for good illumination? 

10. What causes a glare? 
11. What is the standard for color distribution of an artificial-light 

source? 
12. How does the color distribution of a daylight fluorescent lamp 

compare with that of the sun? 

PROBLEMS 

1. What is the intensity of illumination at a point 4 feet from a 
120-candle-power lamp? Ans. 7.5 ft-c 

2. What is the candle power of a lamp which furnishes 10 foot
candles at a point 3 feet from the lamp? 

3. A 70-candle-power lamp is placed 30 centimeters 'fro'm the pho
tometer screen. What is the candle power of a lamp which produces 
the same illumination on the screen when it is placed 60 centi
meters from the screen? AnJ. 280 cp 

4. Where do you place a 20-candle-power lamp to balance a 30-
candle-power lamp which is 3 feet from the photometer screen? 

5. What is the efficiency of a lS0-watt tungsten lamp if it furnishes 
2550 lumens? Ans. 17 I per w 

6. If a daylight fluorescent lamp furnishes 495 lumens and its' effi
ciency is 33 lumens per watt, how "niany-w~!ts does the lamp use? 

7. What is the efficiency of a 30-watt daylight fluorescent lamp if it 
furnishes 100 canqle power? Ans. 3.3 cp per w 

8. What is the efficiency of a 100-watt tungsten lamp if it furnishes 
133 candle power? 



SOUND 

.. 

. t 



/ 



38 

THE PRODUCTION AND TRANSMISSION 
OF SOUND 

The average person, if asked to define sound, says that it iJ 
something one hears, just as heat is something one feels, or light 
is something one sees. This is true as far as the sensation is con· 
cerned, but there is a cause for each sensation, and it is the 
cause of the sensation that is of most interest to th(. physicist. 

Sometimes people debate the question, "Is there a sound jf a 
tree falls in the forest and there is no one there to hear it?" 
Both yes and no are correct answers to the question. It depends 
on what is meant by the word "sound." If you are thinking of 
the cause of sound - the vibrations in the air produced by the 
falling tree - the answer is yes, but if you are thinking of the 
sensation of sound the answer is no because there is no ear there 
to receive the energy and no auditory nerve or brain center to 
respond to the energy. Let us again suppose that two people are 
there to see the tree fall - but one of the two is deaf. The cause 
of the sound is there and the energy is carried to each person. 
One experiences the sensation of sound, but the other one does 
not because his hearing mechanism.has lost the ability to respond 
to sound energy. 

236. The Cause and Transmission of Sound Waves. If one 
touches a bell, a piano string, a tuning fork, or the throat when 
it is emitting sound, one always finds that the sounding body is 
vibrating. These vibrations set up pulsations in the surrounding 
medium, and energy is carried to some receiving device such as 
the ear. ~ 

A simple experiment will hel~ to demo~strate the nature of 
the cause of the sound. If a tuning fork is struck with a soft 
mallet, the prongs begin to vibrate. Sometimes the vibration is 

423 
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great enough to be visible; usually it can be felt if the finger is 
held against the fork; and usually the sound can be heard. As 
the prongs move back and_ forth, they produce compressions 
and rarefactions in the surroundihg medium. These disturb~ 
ances travel out from the source and are known as sound waves. 

" Fig. 38.1. Sound energy is transferred by a series of condensations and rare~ 
factions. 

The cause of sound is a series of vibrations in a material medium 
which have the required frequency and intensity to affect the 
auditory nerve. . 

Sound waves are longitudznal waves in contrast to electromag~ 
netic waves which are transverse. The succeeding compressions 
and rarefactions in the 'Conducting medium cause the particles 
of the medium to move back and forth in the direction in which 
the sound wave is traveling. It will be recalled that the motion 

, jlllllii~)llll~))jJ)j)J))))J 
in a transverse wave ifi at right 
angles to the direction' in which 
the wave is traveling. 

Sound waves may be transferred 
by solids, liquids, and gases, but 
riot by a vacuum. There must be 
a material to transfer the energy. 
A simple experiment will show 
that so~na-cann..2t be transmitted 

Fig. 38.2. Sound waves from a through a vacuum. If an electric 
tuning fork. 

bell is suspended in a bell jar, the 
sound of the bell can be heard as long as there is air in the jar, 
but if the air is pumped out, the sound of the bell gradually 
diminishes until it cannot be heard, though the tapper can still 
be seen vibrating. If the air is readmitted, the sound gradually 
increases until it reaches its first intensity., If the bell is fastened 
rigidly to the glass, the effect is not so prono'-:llced because the 

. .." 
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vibrations of the gong are transferred to the glass, and by the 
glass to the air. This experiment shows that sound waves do not 
travel through a vacuum, but only through material mediums. 

Sound energy is not always considered as a separate form of 
energy but as a special form of mechanical energy. Since sound 

• TO PUMP 

Fig. 38.3. The sound of the bell cannot be heard when the air is exhausted 
from the jar. 

is a succession of compressions and rarefactions in a medium, 
it is a form of energy which is capable of doing work such as 
setting the eardrum into vibration to cause the sensation of 
hearing, or moving the diaphragm of the transmitter in a tele
phone, or the diaphragm of the microphone in a public-address 
system or in a radio broadcasting system. These latter devices 
will be explained in the chapter on Electrical Sound Devices. 

237. The Human Ear. The human ear is the means by which 
the energy of mechanical movement of material particles is 
transferred to the auditory nerve and then to the brain where 
the sensation of sound results. It is the receiving station for sound 
energy just as the eye is the receiving station for light energy. 

The ear is divided into three chambers a~ shown in Fig
ure 38.4. The outer ear consists of the visible ear and the canal 
leading to the middle ear. The division between the outer and 
middle ear is a vibr<:l,ting diaphragm - the eardrum. The middle 
ear contains three small bones known as the hammer, the anvil, 
and the stirrup. These bones transfer the vibration of the ear
drum to the oval window, which is a membrane-covered open
ing to the inner ear. The round window is a membrane-covered 
opening from the middle ear to the Eustachian tube. The inner 
ear consists of the vestibule, the cochlea, and the semicircular 
canals. The vestibule is the space between the oval window and 
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the cochlea. The cochlea is a spiral canal, shaped like a snail 
shell, and filled with a liquid; it is divided into two spiral por
tions by the basilar membrane, which is about 0.01 inch wide, 
and about 1.2 inches long when tincoiled. The endings of the 
auditory nerves (about 3000 in number) are closely associated 

THREE UnLE BONES 

OUTER EAII, 

Fig. 38.4. The human ear. 

with the basilar membrane. The semicircular canals have no 
part in hearing; they are filled with a liquid and serve as organs 
of balance. 

When sound waves reach the eardrum, the vibrations are 
transmitted through the three bones to .._the membrane covering 
the oval window, then through the liquid in-the--inner ear to the 
basilar membrane, and finally to the auditory nerves by means 
of which the stimulus ~s transmitted- to the brain. The sensation 
of sound results. Most ears are sensitive to frequencies be
tween 16 and 20,000 vibrations per second. If any of the parts 
of the ear cease to function normally, the person becomes more 
pr less deaf. Since the outer ear serves to catch the sound waves 
and direct them to the eardrum, elderly people who have diffi
culty in hearing often cup the ha.nd back of the ear to increase 
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the- amount of sound energy sent to the eardrum. Often the 
chief difficulty is with the eardrum; it may harden and not 
respond to the sound waves which reach it, Ot" it may have 
been destroyed by accident or illness. In that case the sound 
waves are transmitted to the inner ear with less force and the 
person is partially deaf. In other cases the nerves respond to 
some frequencies and not to others. In either case the hearing 
can sometimes be improved by wearing some type of electrical 

I 

hearing aid. (See Sec. 256.) 
238. The Velocity of Sound. Time is required for sound to 

travel from one place to another; the puff of smoke from a gun 
is seen before the sound is heard; steam is seen escaping from a 
whistle before the whistle is heard; the flash of lightning is seen 
before the thunder is heard. Sound travels through 'a material 
medium with a velocity which is characteristic of that medium, 
but the velocity in any medium varies as the te~perature 

changes. 
The velocity of sound in air is 1087 feet per second or 331 

meters per second at O°C. The velocity increases about 2 feet 
per second or about 0.6 meter per second for each degree Cen
tigrade rise in temperature. At 20°C the velocity is almost 
1127 feet per second or 343 meters per second. The velocity 
of sound in air is often given as about 1100 feet per second. In 
iron, sound travels about 16,000 feet per second. A hammer 
blow on a steel rail some distance away can be heard by plac
ing the ear on the steel rail of the track before it can be heard 
through the air, because sound travels faster in steel than in air. 

APPROXIMATE VELOCITY OF SOUND 

Air 
Water 
Sea water 
Iron 
Copper 
Aluminum 
Glass 
Wood 

1,100 ft per sec 
4,600 

J 5,600 
16,000 
12,900 
16,600 
16,250 
12,000 

239. Length and Frequency of Sound Waves. If a tuning 
fork or an electric bell makes 100 vibrations per second and the 
sound travels 1100 feet per second, each wave is 11 feet long. 
If the sounding body makes 200 vibrations per second, each 



428 SOUND PRODUCTION AND TRANSMISSION [eb.38 

wave is 5.5 feet long. The relationship between the velocity, 
wave length, and frequency is: 

V= )l.v· 

where 
I 

V = velocity of sound 
)I. = wave length 
P = frequency of vibratio:n 

INTO EAR 

OUT OF MOUTH· 

1100 FT 

Fig. 38.5. A person standing 1100 Jeet from a high cliff will hear the echo of 
his voice about 2 ~conds after he has spoken. 

240. Reflection of Sound Waves. Nearly everyone has had 
the experience of hearing his own voice reflected or echoed back 
to him. Sometimes several echoes of the same sound are heard 

one after the other. If a person stands 
about 1100 feet from a cliff and speaks 
a word in a fairly loud voice, the sound 
will travel to the cliff and return, reach
ing him about two seconds after he has 
spoken,; The depth of a well can be 
estimated by calling a word at the top 
of the well and noting the time it takes 
for the sound_to reach the bottom and 

Fig. 38.6. The depth ofa 
well may be estimated by 
noting the time required for 

'sound to travel to the bot-

to be reflected ba'CKto-the ear. Whisper
ing galleries are constructed so that they 
reflect sounds from one particular point 
to another. In auditoriums and churches, 
sounding boards are sometimes placed 
back of the speaker. to reflect to the 
audience the sound, ~hich would other
wise travel upward'and backward. These 
must be_.. properly designed, or the re-

tom of the well and back to 
the top. 
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fleeted sound will interfere with the direct sound and result in a 
confusion of the sounds. Broadcasting studios often have the 
walls entirely covered with heavy draperies to reduce the re
flection of sound and the consequent possibility of confusion of 
sounds. As with light, it is found that the 
angle oj incidence oj a sound wave is equal to 
the angle oj riflection. 

241. Refraction and Diffraction of 
I 

Sound Waves. Sound waves are refracted 
as they pass from one material to another. 
If a sound wave enters a medium in which 
its velocity is less, it is bent toward the 
normal, and if it enters a medium in which 

N 

Fig. 38.7. The angle 
of incidence equals the 
angle of reflection. 

its velocity is greater, it is bent away from the normal. It is a 
common experience to hear a sound from around the corner of 
a building, showing that diffraction of sound waves also occurs. 

242. Sound Insulation. The importance of sound insulation 
in homes, apartment buildings, office buildings, hotels, and 
school buildings is being realized today more than ever before. 
For many years the amount of unpleasant noise has been in
creasing because of more crowded living conditions, greater 
concentration of industries, and increased use of machinery. 
Streetcars, automobile horns, typewriters, and large motors 
cause noises and vibrations which tend to decrease the efficiency 
with which people work. Some work has been done in trying to 
eliminate the sources of unpleasant sounds; for example, the use 
of so-called noiseless typewriters, regulations concerning the use 
of automobile horns, and the replacement of streetcars by rubber
tired busses. 

There will always be some unpleasant noises in buildings 
which cannot be eliminated, but they may be absorbed near the 
source and not allowed to travel from one room to another. 
There are two types of noises to be considered: those which 
originate in the room or enter the room through open windows 
and doors, and those which originate in machinery, in or near 
the building, and are transmitted by the framework of the build
ing. Sounds of moderate. intensity are usually absorbed when 
they reach the walls of the room. Many noises can be pl'evented 
from entering a room by closing the doors and windows. Other 
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noises may be deadened by using carpets and hangings. But the 
noises which travel in the framework of the building are not so 
easy to absorb. Various changes in construction have been used. 
Walls can be built in severafthin 'layers separated by blanket~ 
of absorbing materials. Air ducts and elevator shafts can be 
lined with soundproofing materials. Layers of soundproofing 

Fig. 38.8. Sound insulation may 
be provided by a blanket of sound
absorbing material. 

material can be placed between 
the ceiling and the next floor 
above. Any material which is in
elastic and of low density tends to 
be a good sound insulator. Ground 
cork, hairfelt, Fiberglas, and com
position materials are used. 

The absorption coefficient of any substance is the percentage of 
the sound energy falling upon it that is absorbed. All of the 
sound which reaches an open window is absorbed; i.e., none is 
reflected; therefore its absorption coefficient is 100 per cent. The 
following are the absorptio~ coefficients for several materials: 

/ 

Metal o!::'jects 
Cement floors 
Brick wall 
Plaster, ordinary 
Window glass 
Linoleum 
Smooth wood 
Heavy drapes 
Heavy carpets 
Plaster, acoustic' 
Sound insulatiori materials 
Open window 

PER CENT 

1 
2 
3 
3 
3 
3 
4 

12 
20 
20 

30-70 
100 

One of the problems that must be,considered when sound
proofing materials are used on the interior-surfaces of a room 
is that of redecorating. Since the sound-absorbing ability of the 
material depends to a large e~tent -on its porous surface - thus 
exposing many small cavities which absorb the sound energy
a paint which will cover the soiled surface will also seal the 
small cavities. Research on paints has been carried on in an 

_ attempt to make a paint which will cover satisfactorily without 
causing too much decrease in the sound absorption. 

One solution is to make small holes in the soundproofing 
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material- possibly 1/8 inch in diameter and spaced at about 
1/2 inch intervals. These holes do not fill up when a reasonably 
thin paint is applied and they absorb a large range offrequencies. 

243. Sound in Auditoriums. An architect who is to design 
an auditorium must consider (1) the shape and size of the room, 
(2) the probable sounds which may be made in the room, (3) the 
sounds which may enter the room from the outside, (4) the vari
ation in the number of people who may be in the room at dif
ferent times, (5) the material of which the walls are to be made, 
and (6) the period of reverberation which is the time required 
for the sound intensity to be reduced to inaudibility after the 
source of the sound hflS ceased. 

When sound waves strike a large area such as a wall, the 
sound is reflected, and if the reflecting surface is curved, the 

Fig. 38.9. A cross section of a 
well-designed auditorium. 

Fig. 38.10. A cross section of a 
poorly-designed auditorium. 

sound energy may be concentrated at one place. Usually it is 
better practice to use flat surfaces to avoid too much concentra
tion of the energy; otherwise the sound may be too loud in one _ 
part of the auditorium and too weak in another part. Figure 38.9 
shows an auditorium which has good sound distribution and 
Figure 38.10 shows one with very poor distribution. The loud
ness of the sound in an auditorium depends upon the intensity 
of the source (the speaker, singer, or orchestra), the distance 
from the source, and the reflecting ability of the walls and fix
tures. When the sound strikes the wall, it is reflected from one 
wall to another many times before it is completely absorbed. 
This constant reflecting of the sound increases the loudness of 
the sound, and in that way is _a help, but it may also result in 
an echo or in too long a reverberation, which is undesirable. 
Therefore the period of reverberation must be calculated when 
the plans for the building are drawn, and if it is such that it will 
cause interference, the period may be shortened by changing 
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the design of the room, or by using some kind of acoustical 
plaster which reflects less sound than ordinary plaster. Carpets, 
drapes, upholstered seats, an,c!_ the audience also tend to lower 
the reverberation period of the auditorium. -

A slightly longer period of reverberation is desirable for· a 
music hall than for a lecture hall. The musician prefers the 
longer period of reverberation so that one sound will blend into 
the next. A hall which is ideal for a lecture may be too "dead" 
for a music hall. If the hall is to be used for both purposes, the 
reverberation period should be a compromise between the ideal 
periods for each. 

244. Loudness of Sounds. The loudnp.ss of a sound is a sen
sation which is decided by the nerve stimulus which reaches the 

brain. But this stimulus will depend on 
~ the intensity of the sound energy reaching 

the auditory nerve and the sensitivity of 
the auditory nerve. 

This'raises the question of what deter
mines the intensity of sound energy. The 
first/ factor is the rate at which energy is 
supplied to the vibrator which in turn 

Fig. 38.11. Variation in influences the rate at which energy is given 
amplitude. b h b out Y t e vi rator. If a tuning, fork is 

struck gently, it vibrates with the saine frequency as it' does if 
it is struck harder, but the amplitude of the vibration in the 
surrounding medium is greater in the ~econd case. Consequently 
the particles of the medium through which the energy is trans
mitted have -a greater displacement in the same length of time or 
the intensity of the sound energy is greater in the second case. 

The next factor is the character of t-g.e transmitting medium 
_: materials differ widely in their ability'to-tramfer sound en
ergy. In general the more elastic a material is the better it trans
mits, for light-weight, porous, inelastic materials do not readily 
transmit sound energy. The distance through which the way~ 
is transmitted helps to determine the intensity of the sound 
energy delivered. In general the intensity varies inversely as the 
square of the distance because the sound wave/spreads out as a 
spherical shell. The frequency of the vibration is also a deter-

/ 

mining factor, since it is found ?y experiment that the ear 
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responds to some frequencies better than to others. The maxi
mum sensitivity of the average ear is at about 2000 vibrations per 
second (vps). The range of audibility of the average ear is from 
16 to 20,000 vibrations per second. Finally the sensitivity of the 
individual to the intensity of the sound energy which reaches 
the auditory nerve is a factor in determining loudness. 

Since sound waves tend to spread out in all directions, often 
much of the energy is wasted because it does not travel to the 
place where it is needed. Conse-

quently, devices are sometimes )~ 
used to prevent the sound energy 
from spreading out and to direct 
it to a definite place. A_ mega-

phone is a simple device which is Fig. 38.12. A megaphone. 
used at football games to direct 
the energy of the cheerleader's voice to the people in the various 
sections of the stadium. Speaking tubes in offices and apartment 
houses serve the same purpose. A doctor uses a stethoscope to 

direct the sounds from the body cavity 
to his ears. The earpieces also prevent 
other sounds from entering his ears 
and thus it is easier to hear the sounds 

Fig. 38.13. A stethoscope. which are traveling up the tubes of the 
stethoscope. 

It is of course impossible to measure the loudness of a sensa
tion because the sensitivity of the ear and the mental state of 
the person at the time enter into such a measurement. But the 
intensity of the energy reaching the ear can be measured. The 
apparatus known as a loudness-level meter or sometimes as a noise 
meter or an applause meter is essentially a microphone that receives 
the sound energy and converts it into electrical energy which 
operates a sensitive" galvanometer. The instrument is calibrated 
to read in decibels. -

A decibel (0.7 bel) is approximately the smallest difference in intensity 
which the average ear can detect. Between the threshold of hearing 
(the lowe~-t intensity to which the ear responds) to the greatest 
intensity which the ear interprets as sound and not pain, the 
average person can distinguish about 130 steps in intensity; in 
other words, the hearing range covers about 130 decibels. The 
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following table gives some relative ratings for the intensities of 
sounds. 

DECIBELS 

Threshold oCpain \ 130 
Boiler factory' 100 
Train in subway 95 
Loud music in house 80 
Noisy cafe 70 
Noisy office 60 
Ordinary conversation 55 
Average office 50 
Quiet office 40 
Average residence 30 
Average whisper 20 
Country highway 15 
Rustle of leaves 10 
Threshold of hearing 0 

Fignre 38.14 shows the sensitivity of the ear to sounds of vary
ing intensity and frequency. From this chart it is evident that 
of two sounds of the same intensity one may be audible and the 
r,!her inaudible because of the difference in frequency. Data for 

14 o· 
THREIHOLD of PAIN -+-- v v 

0 
/ -- - -12 

100 

" 
~uml0RX AA~GE 

0 

"" 20 """ r--... ~oLDlof AUDI1BIlITY V 
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-2 0 g g ~ m 5 ill ~ _ _ u _ 
fREQUENCY 

Fig. 38.14. Showing the sensitivitTof~the ear to sounds 
of varying intensity and frequ~>-

such a chart are obtained by having a person listen to sounds 
of various frequencies and in each case noting the intensity of 
sound energy required at the lower limit for audibility and at 
the upper limit for pain. The . area included in the auditory 
range tends to decrease as a person grows older. 

Another interesting feature of the loudnrss-leve1 meter is that 
it can be adjusted to respond to the total energy, a purely physi-

./-



§ 244] LOUDNESS OF SOUNDS 435 

cal measurement, or it can be adjusted to respond as the aver
age human ear would respond; i.e., it is then adjusted to respond 
to frequencies between 16 and 20,000 vibrations per second with 
the greatest sensitivity at about 2000. 

STUDY QUESTIONS 

1. What causes a sound wave? 
2. How is sound energy transferred? 
3. After a flash of lightning, the thunder may not be heard for sev

eral seconds. Why? After the thunder starts it may last for several 
seconds. Why? 

4. Why does a sore throat sometimes affect the hearing ability? 
5. What causes echoes in buildings? How may they be prevented? 
6. The floor in an office was formerly covered with a heavy carpet. 
, Now it is covered wtih linoleum. Is this change a help in decreas-

ing the noise in the room? 
7. Why are flat walls better than curved walls in an auditorium? 
8. Why should a music hall have a longer peri,)d of reverberation 

than a classroom? 
9. Explain what is meant by a difference. in loudness of 1 decibel. 

10. What are the factors that limit the auditory'range? 

PROBLEMS 

1. How long does it take for sound to travel 10 miles if the temperature 
of the air is 20°C? Ans. 47 sec 

2. If a steam whistle is heard 5 seconds after the escaping steam is 
first observed, how far away is the whistle? The temperature of 
the air is 25°C. 

3. If it takes sound 10 seconds to travel a given distance in air, how 
long will it take to travel the same distance in sea water? 

Ans. 1.96 sec 
4. How much is the time required for sound to travel 10 miles in air 

reduced when the temperature rises from lOoC to 30°C? 
5. What is the frequency of a sound if its wave length.is 3 feet on a 

day when the temperature is 15°C? Ans. 372 vps 
6. What is the length of the sound wave which has a frequency of 

400 vibrations per second? The temperature is 15°C. 
7. What is the velocity of sound if a fork which has a frequency of 

256 vibrations per second has a wave length of 4.4 feet. What is 
the temperature of the air? Ans. 1126.4 ft; 19.7°C 

8. What is the velocity of sound if a fork with a frequency of 512 vi
brations per second has a wave length of 0.65 meters? What is 
the temperature of the air? 

'. 
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MUSICAL SOUNDS AND MUSICAL 
INSTR UMENTS 

Sounds may be divided into two classes - noises and musil-at 
sounds. Noises are usually thought of as disagreeable sounds; 
they may be loud, sudden, startling, and are a mixture of irreg
ular vibrations. A musical sound is agreeable, and the vibrations 
occur at regular intervals. If a door slams, a dish crashes on the 
floor, a wagon rolls along a pavement, or thunder rumbles in 
the sky, the result is a noise! But if a key on a piano is struck, the 
vibrations are sustained and regular, and the result is a musical 
note. / 

245. Characteristics of a Musical Sound. Sound sensations 
differ from each other in three characteristics: pitch, loudness, and 
quality. The differences are determined by the physical properties 
of the sound wave, the distance between the sounding body and 

Fig. 39.1. A siren. 

the ear, the intervening medium, 
and the ability of the ear to 
respond to the energy which 

i reaches it. 
246. Pitch. The pitch oj a sound 

is the_auditory sensation which is 
determined~by._,tb:e frequency oj the 
vibration. The relationship be-

tween pitch and frequency may be demonstrated with the aid of 
a siren. A siren consists of a disk mounted in such.a way th<l:~ it 
may be rotated at any desired speed. The di1lk has holes uni
formly spaced in concentric rings. If a column of compressed air 

_ is directed against the disk while it is in rotation, a puff of air 
passes through each hole. If the number. of puffs per second is 
increased bv turning the disk m~rapidly, the frequency of the 

H6 
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s~und is increased, and the pitch becomes higher. The distances 
between the l;loles in the different rings vary, and since the 
linear velocity varies as the radius, almost any frequency may 
be obtained by choosing one or another ring, or by varying the 
rate of rotation. If the number of puffs 
per second is twice as great in one case '\!\J\J\J\J\J\J 
as iQ. another, the frequency of the sound 
and the resulting sensation of pitch is ~ 
twice as great for the first case. The 
greater the frequency, the higher the 
pitch. 

Fig. 39.2. Variation in 
frequency. 

247. The Doppler Effect. The pitch seems to vary if the dis
tance between the person and the source of the sound is chang
ing. All have noticed the change in pitch of a locomotive whistle 
or automobile horn as it passes by. If an electric buzzer is swung 
around in a circle so that it alternately approaches and recedes 
from the ear, a rise and a fall in pitch are noticed for each revo
lution. Since the pitch of any sound is determined by the num
ber of vibrations reaching the ear per second, it is evident that; 
as a locomotive or a car approaches, the ear receives an increas
ing number of sound waves per second, but if the source is 
receding from the ear, fewer waves reach the ear per second. 
When the distance between the source oj sound and the ear is decreasing, 
the pitch is raised, and when the distance is increasing, the pitch is 
lowered. This is known as the Doppler effect. 

248. Loudness. The loudness of a sound sensation has been 
discussed in the preceding chapter. It is determined by the 
amplitude of the sound wave, the distance from the source to 
the ear, and the intervening medium - all of which enter into 
~he intensity of the sound energy which reaches the ear, the 
frequency of the vibration, and the sensitivity of the ear . 

. 249. Quality. Sound waves which have the same frequency 
and intensity may differ in the complexity of their vibrations 
and thus produce very different sensations in the ear. A sound
ing body seldom produces a vibration of one frequency only. 
In addition to the fundamental or vibration of lowest frequency 
there may be one or more. overtones. The frequency which is 
twice the fundamental is known as the first overtone. The fre
quency which is three times the fundamental is the second 



438 MUSICAL SOUNDS AND INSTRUMENTS LCh.39 

overtone. The number of overtones present and the resulting 
complexity of the sound depend on the nature of the vibrating 
body and on the way in which the body is set into vibration. 

I 

FUNDAMENTAL TONE ~ .... ." 

................. _----_..._" 

FIRST OVERTONE 

~ .... ,./ ....... ." - __ ---SECOND OVERTONE 

Fig. 39.3. Fundamental and 
overtones. 

Fig. 39.4. Strings may vibrate as a 
whole and in parts at the same time. 

The number of overtones produced by a violin string varies 
with the position at which it is bowed; if a violin and a piano 
both sound middle C there is no difficulty in distinguishing one 
from the other because of the differences in the overtones. The 
sound emitted by a horn for any given note depends upon the 

4 

way the musician blows it. One voice 
differs from another singing the same 
note at the same loudness, because of 
the differences in the vocal cords and 
resonance cavities of the two singers, 

b VVV\f\JV'NV\NIJ and the kind of training they may 

Fig. 39.5. Combination of 
two sound vibrations. 

a = the fundamental 

have received. The ear receives these 
complex sounds and detects differ
ences which are not due to either 
pitch or loudness. The differences in 
sound .;ensations. U!,hich are due to the 
number and distribution oj overtones are 
differences in quality. 

250. Resonators. A vibratipg body 
may cause another body near It to 
vibrate if the second body has the 

same natural period of vibration. This is because energy from the 
first body is transferred to the second body by means of the sound 
waves. Such bodies are said to be in resonance or in sympathetic vibra-..,..-

b = an overtone of higher fre
quency 

c = a + b. 
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lion. Suppose two tuning forks of the same frequency are mounted 
on wooden boxes which are open at one end, and of such dimen
sions that the air columns within the boxes have the same period 

c::::) 

Fig. 39.6. Resonance or sympathetic vibration. 

of vibration as the forks. If one of the two forks is set in vibra
tion, the other soon begins to vibrate. If the first fork is stopped, 
the other one continues to vibrate for a time. Part of the energy 
of one column of air has been transferred to the other and from 
there to the second fork. Without 
the boxes the energy from the first 
fork which reaches the second fork 
is not sufficient to start the second 
fork vibrating. If unlike forks are 
used, the second fork does not pick 
up energy from the first. If a note is 
sung into a piano while the loud 
pedal is down, the string of corre
:;ponding frequency is set. in vibra
tion. Sometimes other objects in the 
room are set in vibration when cer-
tain notes are sounded on an instru-

c------------------~ 
A-8 a C 

Fig. 39.7. Two sound waves of 
the same frequency may either 
cancel or reinforce each other. 

ment. A vase may be set in vibration or a panel of wood in a 
door may respond sympathetically because it has the same natural 
frequency of vibration. 

251. Beats. Two sound 

\1\, 
: I : 

waves may unite in such a way as 
ei ther to reinforce or to destroy 
each other. If two mounted 
tuning forks of the same pitch 
are placed side by side and 
struck with a soft mallet, they 
give a steady sound. But if the 
pitch of one fork is changed 

, I , 

~'VV\.~ , ' 
I 
I 
I 
I 

Fig. 39.8. Showing the cause of beats. 
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slightly by putting a rider on it, a throbbing or variable sound 
results. The rider has lowered the pitch of the second fork; 
therefore the two sets of vibrations are sometimes in step and 
sometimes out of step. The throbbing sounds are called beats. 
Beats are caused by the interjerence oj sound waves oj slightly different 
frequencies. 

·252. Musical Scales. The harmony or discord resulting from 
the combination of two or more tones depends upon the ratio 
of the frequencies. If the frequencies form simple ratios such as 
1: 2, 1: 3, 2: 3, 3: 4, 4: 5, and 5: 6 the result is harmonious. For 
example, the frequency of middle C is 256 vibrations per sec
ond; the frequency of E (above middle C) is 320 vibrations per 
second. These frequencies are in the ratio of 256: 320 or 4: 5 
and therefore are 'a harmonious combination. But the frequency 
of D (above middle C) is 288 vibrations per second and the 
ratio of 256: 288 or 8: 9 is not a simple ratio, and the combina
tion is not pleasing. When the frequencies of two notes are in 
the ratio of 1 : 2, they are said to be one octave apart. Middle C 
has a frequency of 256 vibrations per second. The C one octave 
above has a frequency 'of 512 vibrations 'per second and the q 
one octave-below has a frequency of 128 vibrations per second. 
The piano has a range of eight octaves, while the average 
human voice has a range of less than two octaves. 

It has been found that the ear recognizes as most harmonious 
those combinations of notes whose frequencies are proportional, 
to any of the numbers 1, 2, 3, 4, 5, and 6. Any combination or 
rapid succession of frequencies which do not have simple fre-

I 

quency ratios produces a discord. If the frequencies are in the 
ratio of 4: 5: 6, the notes form what is called a major triad, and 
if they are played simultaneously, they form a major chord. If the 
frequencies are in the ratio of 10: 12: 15,they.form a minor triad 
or a minor chord, which is a little less harmonIous than the 4: 5: 6 
combination. If the ratios 4: 5: 6 arid 10: 12: 15 are compared, it 
will be noted that 4: 6 is the same as 10: 15 but the difference is 
in the middle note - 4: 5 is not the same as 10: 12. Any note 
may be chosen for the first note of the triad and the ratios built 
up as explained above. 

A major scale is one in which the 1st, 3rd, and 5th notes form 
a major triad; also the 4th, 6th, ~nd 8th, and the 5th, 7th, and 9th 
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notes form major triads. A minor scale is one in which the 1st, 
3rd, and 5th notes form a minor triad. 

Several different frequencies are used as the starting point for 
determining the frequencies of the other notes. The physicist 
starts with middle C equal to 256 vibrations per second. This re
sults in E equal to 320, G equal to 384, A equal to 427, and 
C above middle C equal to 512 vibrations per second. Musicians 
usel a scale based on A above middle C equal to 440 vibrations 
per! second. This results in middle C equal to 264, E equal 
to 330, and C above middle C equal to 528 vi
brations per second. 

253. Musical Instruments. Of all the sounds 
that reach the human ear a certain proportion 
come from some kind of musical instrument, and 
of all the pleasing sounds that come to the ear 
those from musical instruments form a large per 
cent. Musical instruments in general have two 
parts: the generator of the vibrations, and the 
amplifier which aids in transferring the energy of 
the vibrator to the air. Since the amplifier can 
give out only those frequencies which it receives 
from the generator, it does not add frequencies 
to the sound; but it does increase the audibility 
of the sound by increasing the rate at which 
energy is given out. However, as this rate in
creases, the duration of the vibration decreases. 

Fig. 39.9. The 
tuning fork is the 
generator and the 
air column is the 
amplifier. 

Consequently the amplifier is a very important part of the 
musical instrument. 

If a vibrating tuning fork is held above a tube containing 
water, the height of which may be varied, the length of the air 
column may be adjusted until the sound from the tuning fork 
is amplified. Here the tuning fork is the generator, and the air 
column is the amplifier. If an unmounted tuning fork is set 
firmly against a table top, the sound is amplified, because the 
table top is forced into vibration by the motion of the fork 
handle. When a piano key is struck, the string corresponding to 
it is set in vibration, but a large part of the sound which comes 
to the ear 1S the result of the amplification by the sounding 
board. 
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Musical instruments may be divided into four main groups 
according to the physical characteristics of the vibrating source. 
These groups are (1) vibrating strings, (2) vibrating rods, (3) vibrat
ing columns of air, and (4) vibrating membranes or plates. 

Vibrating Strings. A string that is 'tightly stretched between two 
supports may be set in vibration (L) by bowing it as on a violin, 
(2) by striking it with a hammer as on a piano, or (3) by pluck
ing it as on a harp, banjo, or mandolin. If a string is stretched 
between two supports and a sliding bridge is placed under it, 
the length and tension of the vibrating part may be regulated. 

Careful experiments with this 
apparatus, which is called a sonom
eter, prove certain rules. (1) The 
vibration frequency varies in-

Fig. 39.10. A sonometer is used versely as the length of the vi
to illustrate the laws of vibrating 

brating string. Thus the pitch is strings. 
increased as the length of the 

string is decreased. (2) The vibration frequency varies directly 
as the square root of the tension. Thus if a string gives 100 vibra
tions per second when/under a tension of 9 pounds, it gives 
200 vibrations per second when under a tension of 36 pounds. 
(3) The vibration frequency varies inversely as the square root 
of the mass per unit length of the string. The strings which give 
the bass notes in a piano are wound spirally with wire to get 
the necessary mass. The number of vibrations per second may 
be found by 

where l = length of the vibrating segment 
t = tension in the string 

m = mass per unit length~~_ 

The piano and harp have many strings, arid each string gives 
but one note. The size and length of the strings are determined 
when the instrument is made, and the tension is adjusted when 
the instrument is tuned. The violin, mandolin, guitar, and banjo 
have few strings, and each string is made to give a large number 
of notes by pressing on it at various places and thus changing 

- the length of the vibrating segment. Thus, with only a few 
strings of varying sizes, a wide vari~tion offrequencies is pos'lible. 

-:' 
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_ If a string is struck, bowed, or plucked near one end, it gives 
out more overtones than if it is bowed in the middle; thus the 
quality of the tone is improved. In a piano the strings are struck 
one-seventh of the length of the wire from the end. On a violin, 
bass viol, or mandolin the bowing or plucking is always done 
near one end of the string. 

The sounding board is an important part of any stringed 
instrument, because the sound given out by the strings alone 
lacks volume; i.e., the energy is given out too slowly. In an 
upright piano the sounding board is in a vertical position; in a 

BRIDGE 

.,.~~::::9~~'~£~-=-=. ~= I~I/ ~~ 
SOUNDING POST 

Fig. 39.11. A violin. 

grand piano it lies horizontally. Since an upright piano is usu
ally placed against a wall and is more or less closed in, there is 
less opportunity for the free movement of the waves than there 
is in a. grand piano, especially if the cover of the grand piano is 
raised. In a violin or guitar the bridge rests on a thin sheet of 
wood, which is a sounding board. The front sounding board is 
connected to the back sounding board by means of a sounding 
post. The two form what is called the sounding box. When a 
string vibrates, the sounding box is set in vibration, and the 
quality of the resulting tone is determined by the number of 
overtones present, their relationship to the fundamental tone of 
the string, and their relative amplification. The shape and the 
quality of the materia} of the sounding box help to determine 
the quality of the sound. 

The intensity bf the sound varies with the force applieci to the 
string in setting it in vibration. On a piano the key may be 
struck gently or sharply. The pedals also vary the distance of 
the hammers from the wires and therefore regulate tQ_e ,,force 
with which the hammers strike. In the case of stringed instru
ments which are bowed or plucked, the amplitude is determined 
by the force applied by the bow or the fingers. 
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Vibrating Rods. A tuning fork is the simplest example of a 
vibrating-rod instrument. The rod is, bent into a U shape, and 
a handle is fastened at its mid-point. When a fork is set in 
vibration, the prongs move back andl forth. As the prongs move 
apart, the mid-point of the fork rises; as the prongs move to
gether, the mid-point of the fork falls. When held in the hand, the 
fork makes very little sound even though it is struck sharply, but 

if the handle is placed firmly against 
:: .. -:_-_-: ~ ~ ~-_-_ _ 'r-, a table top, the vibrations set up in the 

Fig. 39.12. Vibration of a table top amplify the sound. If the 
rod. fork is mounted on a box ofthe proper 

dimensions, its sound is amplified. 
A xylophone consists of bars of wood or metal of various 

lengths, resting upon two supports at points which are one-sixth 
of the length of the rod from the ends. When the ,bars are struck 
at their mid-points, they vibrate as shown in Figure 39.12. In 
a marimba each bar is mounted over a resonator to reinforce 
the sound. 

The reed of a musical instrument is a thin bar clamped at 
one end and free at the other end. It vibrates in the same way 
as one prong of a tuning fork. 
The frequency of vibration may 
be increased by shortening the 
reed or by reducing its cross 
section at its free end. The fre
quency may be decreased by 
loading the free end or by re
ducing the cross section near the ' 
clamped end. In reed instru
ments, such as oboes, clarinets, 
harmonicas, reed organ pi pes, 
a'nd accordions, the reeds are 
set in motion by a jet of air. 

Fig. -39.13. A xylophone. (Courtesy 
Vibrating Columns oj Air. Some' Central Scientific Co.) __ 

of the musical instruments 
which make use of vibrating columns of air are the pipe organ, 
flute, clarinet, cornet, and trombone. In these instruments the 
vibration takes place along the length of the vibrating medium 

I 

instead of transversely as in a string. 
~--
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The use of an air column as a resonator or amplifier has been 
explained. An organ pipe is such a resonating column of air 
which is set in vibration when a jet of air strikes the vibrator 
at the bottom of the pipe. There are two methods of producing 
the vibrations. The jet of air may strike an edge of the opening 
as in a whistle, or it may strike a thin strip of metal which acts 
as a reed. The pipe may be either closed or open. In a closed 
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Fig. 39.14. Diagrams of closed and open organ pipes. 

pipe there is always a place of minimum motion of the air at 
the closed end, and a place of maximum motion at the open 
end. In an open pipe there is a place of maximum motion at 
each end. See Figure 39.14 for diagrams of closed and open 
pipes. The pitch of any given pipe is determined by its length. 
Long pipes emit low notes; short pipes emit high notes. This 
rule holds for both open and closed pipes. 

By blowing harder on a pipe one may make it give out over
tones, and thus improve the quality of the sound. It may be 
shown that an open pipe is capable of producing twice as many 
overtones as a closed pipe, and therefore it can give a richer 
sound. The material and shape of the pipe also help to deter
mine the overtones; certain tone qualities are characteristic of 
certain types of pipes. A wood pipe sounds different from a 
copper pipe of the same dimensions. A round pipe sounds dif
ferent from a rectangular pipe. 

In a flute or clarinet the length of the pipe is varied byopen
ings along the length of the pipe which are controlled by the 
fingers. This is equivalent to cutting off the tube at that par
ticular opening. In a cornet the length of the air column is 
varied by means of pistons or valves. In a trombone the length 
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of the air column is varied by sliding a portion of the tube in 
and out. In the wind instruments mentioned in this paragraph 
the vibration of the air column is caused by the vibration of the 
lips of the performer. I 

Since the velocity of sound varies, with changes in the tem
perature, the pitch of a pipe changes with changes in tempera

o 
Fig. 39.15. 

Vibration of a 
bell. 

ture; an increase in temperature results in an in
crease in pitch. An organ should be tuned when 
the temperature is the same as it will be when the 
organ is played. A musician who plays a pipe 
instrument must be sure that his instrument has 
reached room temperature before the concert 
starts. The intensity of the sound depends upon 
the force with which the air is sent into the 

instrument, and the quality depends upon the material of the 
instrument, the shape of the horn, the diameter of the tube, 
and the shape of the mouthpiece, as well as the ability of the 
mUSICian. 

Vibrating Plates and Membranes. Gongs and cymbals are vibrat
ing plates. The pitch of the sound emitted depends on the area 
and thickness of the plate. A bell vibrates in quarters; thus the 
edge of the bell takes elliptical shapes which 
are alternately at right angles to each other. 
(See Fig. 39.15.) Vibrating membranes are 
found on tambourines and drums; a tam
bourine has only one membrane, but a drum 
has two with an enclosed volume of air be-
tween. The top membrane is set'in vibration 
and the energy is transferred to the lower Fig. 39.16. A drum 

has two vibrating 
membrane by the intervening air. The kettle membranes. 

drum is the only- drum which has a vafi: --- ~_ 
able tone. It must be tuned to the key in which the orchestra 
is playing. The tuning is done by means of setscrews around the 
"head" of the instrument. 

254. The Human Voice. The most extraordim_ry musical 
instrument of all is the human voice. The voice mechanism 
(larynx) is located at the top of the trachea and is commonly 
referred to as the Adam's apple. Sounds are produced by two 
thin membranes, one on each sid~_ of the throat, called vocal 

__,/ 
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cords, and by the vibration of the tongue and lips. In breathing 
the vocal cords are not under tension, but in speaking the muscles 
bring the cords nearly together, and the air which is forced 
through the narrow opening (the glottis) causes the cords to 
vibrate. By changing the muscular tension one may change th<: 
pitch of his voice, though anyone person has a normal speaking 
pitch which he unconsciously 
uSeS. A person is said to- have TURBINATED BONES .::::-f~"""'~ 
a high-pitched voice or a low
pitched voice if his pitch varies 
much from the average. The 
loudness of the voice depends 
upon the force with which the 
air is forced through the open
ing between the membranes. 
The quality of the voice is 

Fig. 39.17. The voice box and vocal 
determined by the membranes cords. 

themselves, the shape of the 
mouth cavity, the position of the lips, the nasal cavities, and the 
method of breathing. A person may learn to improve the quality 
of the voice by learning to control the muscles of the throat and 
by breathing properly, but the shape of the voice box and mem
branes is probably the most important factor in a good voice, 
and no amount of training will result in a rich voice if the 
physical structure of the throat and nose is not right. 

TALKING BREATHING 

Fig. 39.18. Top view of vocal cords. 

People tend to speak in higher pitched tones when excited 
because of the general nervous tension of the body. A person 
who has a high-pitched, unpleasant speaking voice may lower 
the pitch by learning to relax the throat muscles. The pitch of 
a man's voice is usually between 100 and 140 vibrations per 
second, and of a woman's voice between 200 and 270 vibrations 
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per second. The range of the human voice is less than that of 
any other musical instrument. The average person can sing 
notes over a range of one and one-half to two octaves. Two and 
one-half octaves is a'large range. I 

The power of the voice is small. ~n lifting an average-size 
book 6 inches one expends as much energy as he transforms into 
sound energy III speaking to an audience of average size for 
1 hour. 

STUDY QUESTIONS 

1. How does a noise differ from a musical sound? 
2. Does the frequency of a sound influence the speed at which the 

sound travels? Do the high-frequency notes of a distant orchestra 
reach you before the low-frequency notes of the same chord? 

3. Is there a difference between "the intensity of a sound" and "the 
loudness of a sound sensation"? Why? 

4. The lowest C string of a piano has a frequency of 64 vibrations 
per second. The C, three octaves above middle C, has a frequency 
of 2048. If the twn "ounds ,reach the ear with the same intensity, 
which will produce the lodder sensation in the ear? 

5. What are some of the factors that influence the quality of a sound? 
6. Which one of the three factors - pitch, loudness, and quality

enables one to distinguish one orchestral instrument from another, 
or one person's voice from another? 

7. What is resonance? 
8. What is the result if two sound waves of slightly different fre

quencies are combined? 
9. How may you determine mathematically whether two vibrations 

will produce a pleasing effect if combined? 
10. If middle E has a frequency of 320 vibrations per second, what 

is the note that has a frequency of 1280? 
11. What are the two main parts of any mu:;ical instrument? What is 

the function of each part? 
12. As a violinist tightens a string on his instrument is he increasing 

or decreasing the pitch? -.... _____ _ 
13. How does the vibration frequency of a string vary with the length? 
14. How are piano wires tuned? 
15. Why is a grand piano preferable to an upright piano for a large 

room? 
16. Why does the loudness of the sound from a tuning fork increase 

when the fork is set on a table top? ' 
17. Why do the various bars of a xylophone vibrate with different 

frequencies? 
18. How does the sound from an open organ pipe differ from that 

from a closed pipe? _../-
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19. How may overtones be produced in a pipe? 
20. Why is it important that a musical instrument reach room tem

perature before it is tuned? 
21. Is there any part of a gong which remains stationary while it is 

sounding? 
22. E~plain how a person may temporarily change the pitch of his 

VOlce. 
23. Can a person make any permanent change in the pitch of his 

voice? 

PROBLEMS 

1. If the frequency of C is 128 vibrations per second, calculate the 
frequencies of E and G in the major chord CEG. 

Ans. 160 vps; 192 vps 
2.. If the frequency of F is 1365 vibrations per second, calculate the 

frequencies of A and C in the major chord F AC. 
3. If the frequency of F is 341.3 vibrations per second, calculate the 

frequencies for Ap and C in the minor chord FApC. 
Ans. 409.6 vps; 512 vps 

4. If the frequency of G is 384 vibrations per second, calculate the 
frequencies for C and Ep in the minor chord CEpG. 

5. A given string which is 60 centimeters long is vibrating at 384 vibra
tions per second. What is its frequency if the length is decreased 
to 20 centimeters? Ans. 1152 vps 

6. A given string which is 40 centimeters long is vibrating at 440 vibra
tions per second. If the frequency is to be raised to 880 vibrations 
per second, what length will be necessary? 

7. If the frequency of a string is 320 vibrations per second when the 
tension is 16 pounds, what is the frequency when the tension is 
increased to 36 pounds? Ans. 480 vps 

8. If the frequency of a string is 300 vibrations per second when the 
tension is 9 pounds, what tension will be required to raise the fre
quency to 500 vibrations per second? 
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E,LECTRICAL SOUND DEVICES 

In the preceding chapter a number of sound instruments 
were discussed which were grouped together as musical instru
ments since they are used in producing musical tones. This 
chapter explains numerous electrical devices which have been 
developed to aid in (1) increasing the loudness oj sounds, (2) trans
mitting sounds, and (3) reproducing sounds at places jar distant jrom 
the sound source. The telephone is used to transform sound energy 
into a pulsating electrical current which can be sent across the 
country and then used in a ,receiver to produce vibrations which 
correspond to the vibrations of the original sound. In other words 
the receiver substitutes for the original speaker. The. public
address system makes it possible for a person to speak in his usual 
tone of voice and yet be heard distinctly in all parts of a large 
auditorium; or if the person is speaking or singing out-bf-doors, 
the sound of his voice may reach people who are several blocks 
away. Miniature public-address systems called hearing aids may 
be used by people whose sensitivity to sound energy has been im
paired. Others of these electrical sound devices are used to trans
form sound energy into electromagnetic wave energy, which 
travels out through space, where it may be absorbed by a suitable 
receiver and transformed again into sound~en~rgy, i.e., the radio 
broadcasting system. The development of the vacuum tube has 
made possible the public-address system, the radio, and countless 
other marvels of the twentieth century. 

255. The Telephone. A simple telephone system consists of 
two microphones and two receivers with electrical energy fur
nished by a suitable battery. 
- The Microphone. The microphone used in a telephone consists 
of a diaphragm and a small box containing granular carbon 

450",'-
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,through which an electric current flows. (See Fig. 40.1.) When 
sound waves meet the diaphragm, it vibrates and causes a vari
able pressure on the granular carbon; thus it changes the resist
ance of the circuit of which the 
microphone is a part, and as a B ~ 

result a variable current flows in 
the circuit. The voice energy does 
not generate an electric current -
that is furnished by the battery
but it does cause variations in the 
current which are characteristic of 
the voice. 

CARBON 

The Receiver. The ordinary tele
phone receiver (see Fig. 40.2) 
contains a U-shaped permanent 
magnet M which is wound with 
many turns of fine wire at each 
pole. A diaphragm D of thin steel 
is mounted so that its center. does Fig. 40.1. A telephone transmitter 

or microphone. 
not quite touch the poles of the 
magnet, but it is attracted by the magnet and thus is under 
a constant slight strain inward. When the variable current 
from the microphone flows in the wire around the poles of 
the magnet, the strength of the magnetic field varies. Thus the 

o 

Fig. 40.2. A telephone receiver. 

force acting on the diaphragm of the receiver varies, and causes 
it to vibrate. The permanent magnet is used because the dia
phragm responds more accurately to the slight changes in the 
magnetic field if it is already in a strong magnetic field and 
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under tension. This mechanism is enclosed in a hard rubber case 
with a small hole/ in the earpiece ""hich alb·;/s the vibrations 
caused by the diaphragm to be transmitted to the eardrum by 
means of the intervening air. The mod~rn telephone has the trans
mitter and receiver in one unit, but the basic principles of opera
tion are the same as explained above. ;The magnet in the receiver 
is C-shaped. 

A Two-Party Telephone System. The sending and receiving ap
paratus for two parties only is shown in Figure 40.3. Party X 
speaks into the transmitter T, and the vibration of the diaphragm 
causes a variable direct current to flow through the coil P which 
h~s but few turns of wire. As a result, an alternating current of 
higher voltage is induced in the coil S which has many turns 

Fi~. 40.3. A two-party telephone system. 

of wire. This alternating current travels along the line to receiver 
R' which party r is holding to his ear, and alternately strength
ens and weakens the poles of the permanent magnet in the 
receiver. This results in a variable magnetic field through the 
diaphragm which causes it to vibrate. 

The ringing device for calling central or another party is not 
shown, but when the receiver is 'in its cradle the circuit shown in 
Figure 40.3 is open, and the line is connected~tqJhe ringing de
vice. In large cities battery systems are not pr~ctical because of 
the difficulty of keeping so many batteries in working order. 
Instead, a large central generator is used which furnishes current 
to all of. the phones of the system. 

The above description of a telephone system is simplified to 
give the fundamental idea of transmission of sound by means of 
~lectricity. The modern telephone system, \yith its dialing appa
ratus and electronic controls, is far beyond. the scope of this book. 

~ . 
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_ 256. Vacuum Tubes. In 1883, Edison, in trying to improve 
his electric lights, made a discovery which at the time seemed to 
have no particular significance but which since has proved to be 
the basic principle of vacuum tubes used in public-address sys
tems, radio, television, movies, telephones, ~md~ many other 
devices. 

Edison put a metal plate as well as the filament into his light 
bulb and then evacuated the bulb. The filament Was heated by 

FROM 
MICROPHONE 

B 

L---------l-H 1--'-+--------' 

Fig. 40.4. A three-element vacuum tube or triode. 

means of a battery A as shown in Figure 40.4. Another battery B 
and a galvanometer C were connected in series between the 
plate j> and the filament F. This tube did not have the grid G 
shown in Figure 40.4. When he heated the filament and had the 
plate P connected to the positive side of the battery, a current 
was indicated by the galvanometer. But if the plate P was con
nected to the negative terminal of the battery, no current was 
indicated by the galvanometer. Since the addition of the plate 
did not improve the light, Edison made note of his discovery 
and went ahead with other methods for improving his electric, 
lamps. 

Now we know that when the filament is heated electrons are 
emitted which form a cloud around the filament and develop a 
space charge which eventually stops the emission of more elec
trons. But if the plate P is introduced and made positive, the 
electrons are attracted to it and a current results. If P is made 
negative, it repels the electrons and there is no current. The 
number of electrons which leave the filament in a second depends 
on the kind of material of which it is made and its temperature. 
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The number may be increased by raising the temperature. The 
speed with which the electrons trav~l to the plate may be in
creased by increasing the voltage between F and P. This basic 
idea of the vacuum tube is now knowll as the Edison ~ffect in honor 
of the scientist who first discovered it. Later a third electrode was 
added to the tube in order to contrql the number of electrons 
passing from the filament to the plate. This third electrode is the 
grid G in Figure 40.4. The effect of the grid is like a shutter which, 

DIAPHRAGM 
opening and closing, controls the 
flow of electrons from the filament to 
the plate. If the grid is positive it in
creases the flow of electrons, and if it 
is negative it repels the electrons and 
decreases the flow to the plate. As 
the current varies, a change in sound 

PERMANENT MAGNn results in the earphones E. In the 
next section we shall see how a cur-

Fig. 4:0.5a. A moving coil rent generated by the voice may be 
microphone of the type used in, t d t th . d ttl th 
a public-address system or in a connec e 0 e gn 0 con ro e 
radio broadcasting station. r flow of electrons, and consequently to 

control the current to a loud-speaker. 
257. The Public-Address System. When one speaks into the 

microphone of a public-address system, the energy of the voice 
generates an electric current which i~ amplified and then sent 
to the loud-speaker, which reproduces the sound. 

The Microphone. The microphone which is used in a public
address system or in a radio 
broadcasting station must be 
one which will aid in careful 
reproduction of tone quality. 
One type which may be used 
contains a permanent magnet, 
a sensitive diaphragm, and a 
small coil of wire, as shown in 
Figure 40.5a. As the dia
phragm vibrates, it causes the 
small coil of wire which is fas-
tened to it to move back and 
forth in th~ s'rong magnetic 

b 

a-c 

fACE VIEW CROSS SECTION 

Fig. 4:0.5b. A ,crystal microphone of 
the type used ina public-address system 
or in!: radio broadcasting station. 
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field of the permanent magnet. Consequently a current is gener
ated in the coil. In this microphone the energy of the voice is used 
to move the coil and thus generate the current, which varies as 
the voice does - or in other words, carries the characteristics of 
the voice. Another type of microphone consists of a diaphragm D 
and a crystal C mounted as shown in Figure 40.Sb. The crystal 
chosen is one which develops a potential difference between 
certain surfaces when it is deformed by bending. Points a, b, and c 
are permanently fixed, but d is fastened to the diaphragm. Thus, 
when the diaphragm vibrates, the crystal is subjected to a vari
able force which bends it, and the potential difference which re-

CURRENT TO 
ELECTROMAGNET 

FROM OUTPUT OF AMPLIfiER 
TO MOVING COIL 

Fig. 40.6. The loud-s?eakcr. 

suIts is applied to the amplification system. As in the first type 
the output current carries the characteristics of the voice. 

The Amplification System. The variable current from the micro
phone is connected to the grid of the vacuum tube, where it im
poses its characteristics on the current from the filament to the 
plate. The filament is heated the desired amount by changing the 
volume control. Consequently, the current in the plate circuit is 
like the voice current but stronger; this current goes to the 
loud -speaker. 

The Loud-Speaker. The loud-speaker contains either a pe:r;ma
nent magnet or an electromagnet which acts on the small moving 
coil as shown in Figure 40.6. When current from the amplifier 
flows through the moving coil, the coil is attracted to the magnet, 
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thc amount of the movement depending on the strength of the 
current through its windings. This movable coil is fastened to 
'the apex of a paper cone; the coil and cone form a light-weight 

I 
vibrator, which responds to a large range of frequencies. When 
the paper cone vibrates, it causes the air in front of it to vibrate, 
and thus the energy is transferred to the people in the audience. 
To be successful, such a system must be able to reproduce sounds 
over a wide range of frequencies without distortion. 

258. Hearing Aids. A person whose sensitivity to sound en
ergy has been impaired by accide:qt, illness, or increasing age 
often cups his hand back of his ear in order to increase the amount 
of sound energy entering his ear. The early-day ear trumpet 
served the same purpose and in addition helped to keep un
wanted sounds from reaching the ear, much as a doctor's 
stethoscope does. 

One of the earliest electrical hearing aids, first made about 
1930, was essentially a miniature telephone system consisting of 
a carbon microphone, a receiver, a battery, and a small rheostat 
to control the amplification. These instruments could furnish 
sufficient amplification, but the tone quality was not satisfactory. 

A later type of hearing aid, introduced about 1936, is essen
tially a miniature public-address system, with small vacuum 
tubes furnishing the means for amplification. These instruments 
usually reproduce speech more uniformly over a wider frequency 
range and are more free from objectionable inherent noises than 
the carbon microphone aids. 

A more recent type of hearing aid (1953), uses a transistor for 
amplification. While a discussion of transistors is beyond the 
scope of this text, it is interesting to note that the current required 
for operation is decidedly less for this type-of hearing aid. There
fore smaller batteries may be used and the b~ik of the instrument 
is consequently reduced. Also the cost of operation is decreased. 

Any of these hearing aids may be used as air-conduction or as 
bone-conduction instruments, depending on the need of the user. 
Air-conduction is more generally used, since it requires less power 
than bone-conduction; but if sound energy cannot be transferred 
-through the middle ear to the inner ear, it may be trans
ferred through the bone back o( the ear. IUhe auditory nerve has 
ceased to function, a hearing aid-cannot help the person to hear. 
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259. Radio Broadcasting and Receiving. In the public
address system the energy is transmitted from one part of the 
apparatus to another by wires, and all of the apparatus can be 
collected in one place and the circuits observed. In radio the 
broadcasting station may be a long way from the receiving set 
(your radio), yet no wires connect the two. How then is the 
e~ergy transferred? 

The Broadcasting Station. In the studio the sound energy is re
ceived by a microphone similar to the one used in the public
address system. The resulting 
variable current goes to the con
trol room, where it is amplified 
and combined with the current CARRIER WAVE 

which is used to operate the oscil
lator - the device which sends 
out the electromagnetic waves. VOICE WAVE 

(See Sec. 202.) In Figure 40.7 
the high-frequency (500 to 1600 
kilocycles per second for com-
mercial broadcasting) carrier MODUlATED CARRIER WAVE 

wave is shown, then the voice Fig. 40.7. Illustrating modulation. 

wave, and finally the modulated 
carrier wave which results from the combination of the carrier 
wave and the voice wave. When the station is on the air, the 
carrier wave is sent out continuously from the antenna. When 
sound energy generates current in the microphone circuit, a 
modulated carrier wave is sent out. The type of modulation 
shown in Figure 40.7 is known as amplitude modulation (AM) and 
is the type of moLiulation which is used extensively at the present 
time in commercial broadcasting. Another type of modulation is 
known as jrequenc_y modulation (FM). Here the voice current 
chang~s the frequency rather than the amplitude of the carrier 
wave. 

The Receiving Set. The energy which is transferred from the 
broadcasting station by electromagnetic waves to your radio is 
"picked up" by the aerial. When the radio circuit is tuned to the 
frequency of the desired station, a high-frequency alternating 
current is generated in the aerial by the radio waves. Since this 
is a very feeble current, it is amplified by energy furnished either 
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from a battery or from the usual house lighting circuit. Then by 
means of other tubes in the radio the variations in the modulated 
wave are amplified, or in other words the voice current is ampli
fied; and it is this current which flows through the small coil at 
the apex of the cone of the loud-speaker and causes the cone to 
vibrate - with the same frequencies as the sound which oc
curred in the broadcasting station perhaps hundreds of miles 
away. If instead of a loud-speaker a telephone receiver is used, 
the system becomes a radio telephone. 

STUDY QUESTIONS 

1. How does a telephone transmitter or microphone change sound 
energy into electrical energy? 

2. How does a telephone receiver change electrical energy into 
sound energy? 

3. How are the small changes in the current in the transmitter cir-
cuit increased for cross-country transmission? 

4. How is the electrical energy for a city telephone system furnished? 
5. Explain how a 3-element vacuum tube operates. 
6. Explain how the microphones used in public-address systems 

change sound energy into electrical energy. 
7. In a public-address system what is the source of the energy which 

_is used to amplify the voice current? 
8. Explain how a loud-speaker changes electrical pulsations into 

sound vibrations in the air. 
9. In which of the following cases is the speaker's voice probably more 

pleasing to the audience? 
a. Medium-sized auditorium. Speaker raises his voice so it can be 

heard in all parts of the room. 
b. Same room, same speaker. Speaker talks in his usual tone of 

voice, and depends upon a good public-address system to 
amplify his voice. 

10. Why do some deaf people have the receiver of a hearing device 
clamped to the head back of the ear instead of placing it in the ear? 

11. "Vhat is the "carrier wave" in radio telephony or radio broadcast
ing? Why is it necessary? 

12. How does the "voice· wave" change the "carrier wave"? 
13. When a person buys a radio, what part of the whole radio system 

is he purchasing? 
14, How does amplitude modulation differ from frequency modulation? 
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APPENDIX 

RELATIONS BETWEEN ENGLISH AND METRIC UNITS 

1 yd = 0.91 m 
1 mi = 1.609 km 
1 km = 0.62 mi 
1 sq in. = 6.45 sq em 
1 sq yd = 0.84 sq m 
1 eu in. = 16.387 eu em 
1 eu ft = 0.028 eu m 
1 eu em = 0.061 eu in. 
1 qt = 0.946 I 
1 oz = 28.35 g 
1 tsp = 5 eu em 

STANDARD CAN SIZES 

No.1 
No.2 
No.21/2 
No. 10 

NET WEIGHT 

10 1 /2 oz to 1 Ib 
1 Ib 2 oz to 1 Ib 4 oz 
1 lb 12 oz to 1 lb 14 oz 
6 Ib 4 oz to 6 Ib 14 oz 

NET WEIGHT PER BUSHEL OF VARIOUS FOODS * 
POUNDS 

Apples 48 
Beets 56 
Cherries (with stems) 56 
Grapes (with stems) 48 
Peaches 48 
Pears 50 
Peas (green, in pods) 30 
Plums 52 
Popcorn (shelled) 56 
Potatoes 60 
Sweet potatoes 50 
Tomatoes 56 
Turnips 55 
Walnuts (black) 50 

* In Kansas. 
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LIQUID MJ;:AsURES 

1 gal = 231 cu in. 
1 qt = 57.75 cu in. 
1 qf ~ 2 pt l 
1 pt = 2 cups 
1 cup = 16 tb 
ltb =3tW 

DRY MEASURES 

1 bu = 4 pk 
1 pk = 8 qt 
1 qt = 67.2 cu in. 

USEFUL FORMULAS 

Circumference of a circle = 2 1r1" 

Area of a circle = 'll"r2 

Area of a sphere = 4 'll"r2 

Volume of a sphere = 4/3 'll"r3 

Lateral area of a cylinder = 2 1I1k 

Volume of a cylinder = 'll"r2h 
I 

i 
j 



A 

Aberration, spherical, 366 
Absolute zero, 114 
Absorption, acoustic, 430 

by 'colored surfaces, 389 
of light, 363 

Accelkration, 14 
Acoustics of rooms, 431 
Adhesion, 65 
Air, composition of, 221 
Air cleaning, 217 
Air conditioning, 204, 219 
Air cooling, 189,216 
Air currents, 223 
Alternating current, 267 
Ammeter, 289 
Amorphous matcrials, 140 
Ampere, 276 
Anemometer, 229 
Aneroid barometer, 64 
Angle of incidence, of light, 363 

of sound, 429 
Angle of reflection, of light, 363 

of sound, 429 
Angstrom unit, 358 
Anode, 324 
Archimedes' law, 50 
Armature, 271, 317 
Artificial lighting, 403 
Astigmatism, 379 
Atmosphere, 221 

circulation of, 223 
pressure of, 62 

Atoms, 9 
Aurora, 257 
Axis, principal, of lenses, 373 

of mirrors, 366 ' 

B 

Back voltage, 319 
Balance wheels, 129 
Balances, 12 

equal arm, 12 
household, 13 
spring, 12 
unequal arm, 12 ~ 

Barometers, 62 
aneroid, 64 
barograph, 65 

INDEX 

mercury-in-glass, 62 
TorriceIIian, 63 

Battery, 262 
dry cell, 262 
storage, 262 

Beats, 439 
Black body radiation, 173 
Blankets, electric, 306 
Boiling, 141, 145 

effect, of container, 146 
of pressure, 145, 146 
of salt, 145 

Bomb calorimeter, 155 
Bourdon pressure gauge, 67 
Boyle's law, 68 
British thermal unit, 131 
Broadcasting, 457 

wave lengths, 357 
Broilers, electric 305 
Brushes, genera;or, 271 

motor, 318 
Buoyancy, 49 
Bureau of Standards, 6 
Burners, gas stove, 80 
Buzzers, 249 

c 
Calorie, 131 

gram-calorie, 131 
kilogram -calorie, 131 

Calorimeters, bomb or Parr, 155 
gas or Sargent, 157 
oxycalorimeter, 161 

Calorimetry, 136 
Camera, 380 
Can sizes, 461 
Candle power, 405 
Capacity measuring devices, 6 
Carrier wave, 457 
Cathode, 324 
Cells, 259 

dry, 262 
polarization of, 262 
storage, 262 
voitaic, 260 

Center of curvature, 366 
Centigrade thermometer scale, 112 
Centrifugal force, 118 
Centripetal force, 118 
Change of state, 133, 140, 142 
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I 

Change of state and change of tempera-
ture diagram, 135 

Charles's law, 114 
Chemical cells, 259 
Chemical effect of a current, 3_23 
Chroma, 398 
Circuit breakers, electric, 340 
Clinical thermometer, 117 
Closed organ pipes, 445 
Closets, 96 
Clouds, 224 
Coal, 153, 157 
Coefficient, of friction, 24 

of heat conductivity, 169 
table of, 170 

of thermal expansion, 125 
table of, 125 

Coffee, makers, 69, 298 
percolator, 298 

Cohesion, 65 
Cold storage plants, 189 
Color, 386 

addition, 392 
blindness, 391 
by reflection, 389 
charts, facing page 372, 391; 396, 398 
chroma, 398 
complementary, 397 
due tu thin films, 383 / 
Helmholtz theory, 390 
hue, 394 
intensity, 395, 398 
Munsell system, 398 
Prang system, 396 
primaries, additive, 393 

subtractive, 392 
response of eye, 390 
source of, 387 
subtraction, 391 
systems, 395 
value, 394, 397, 398 
vocabulary, 394 

Colored lights, effect on colored mate-
rials, 388 

Commutator, 273 
Compass, 245 
Composition of forces, 19 
Compound microscope, 380 
Conca ve mirrors, 365 
Condensations in a sound wave, 424 
Conduction, electrical, 252 

heat, 168 
Conductivity of heat, 168 

table, 170 
Conductors, of electricity, 252 

metallic and nonmetallic, 323 

l 
\ 

of heat, 170 
of sound, 424 

Conjugate foci, 368 
Conservation of energy, 32 

of mass, 32 
Convection, 167 

and winds, 223 
Converging lens, 373 
Cooker, pressure, 149 
Cooling systems, 216 
Cosmic rays, 361 
Coulomb, 275 
Crystalline materials, 140 
Crystals, tourmaline, 354 
Currents, alternating, 267 

chemical effects of, 323 
direct, 273 ' 
from chemical cells, 259 
from generators, 266, 269 
from photoelectric cells, 267 
from thermocouples, 265 
heating efft'cts of, 293 
magnetic efl'ects of, 247 

D 

Daylight, color distribution of, 414 
Decibel, 433 
Declination, angle of, 246 
Deep-fat fryer, 299 
Defects, of eye, 378, 379 
Density, 48 

of gases, 54 
of liquids, 53 
of solids, 48 
units, 48 

Derived units, 8 
Dew, 224 
Dew point, 191 

table of, 198 
Diffraction, of light, 381 

of sound, 429 
Diopter, 379 
Direct current, generators, 273 

motors, 317 
Di?ecrligh.tLng, 415 
Distillation, fractional, 141 
Div<:.rging-lens, 373 
Doorbells and buzzers, 249 
Doppler effect, 437 
Dry bulb thermometer, 192 
Dry cells, 262 
Dry measures, 460 

E 

Ear, human, 425 
sensfti vity of, 426 
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Echoes, 428 
Effects of heat, 106 
Efficiency, of light sources, 411 

of machines, 37 
of transformers, 331 

Elastic limit, 13 
Electric, bell, 249 

blankets, 306 
broilers, 305 
charges, 252 

attraction and repulsion of, 253 
circuit breakers, 340 
coffee makers, 69, 298 
conductors, 252 
current, defined, 239 
deep-fat fryer, 299 
energy, 259, 295 

cost of, 280 
fields, 254 
fuses, 340 
generators, 266, 269 
heating elements, 294 
heating equipment, choice and care 

of, 307 
heating pads, 306 
house heating, 307 
irons, 295 

thermostats for, 297 
lamps, 310 
lighting, 310, 403 
meters, 260, 289, 338 
motors, 316 
outlets, 344 
ovens, 304 
percolators, 298 
power, 279 
power factor, 319 
ranges, 299 

automatic controls, 127, 305 
five heats, 302 
seven heats, 303 
three heats, 300 
types of units, 301, 303 
wiring of, 300 

refrigerator, 183 
resistance, 276 
rheostats, 286 
roasters, 305 
space heaters, 306 
steam irons, 297 
switches, 344 
toasters, 298 

thermostats for, 298 
transformers, 329 
units, 275 
waffle irons, 299 

water heaters, 305 
wiring, 285 

house circuits, 335 
methods of installing, 343 
parallel, 287 
series, 285 

work,279 
Electrical equivale t f heat, 295 
Electrical measurements, 275 

ampere, 276 
Ohm's law, 278 
power, 279 
quantity of electricity, 275 
resistance, 276, 284 
voltage, 277 
work, 279 

Electricity, as a source of heat, 293 
effect on human body, 345 
nature of, 239 
sources of, 259 
static, 251 

Electrochemical equivalent, 324 
Electrodes, 324 

anode, 324 
cathode, 324 

Electrolysis, 323 
of water, 326 

Electrolyte, 324 
Electrolytic reduction of ores, 327 
Electrolytic silver cleaning, 326 
Electromagnetic spectrum, 356 
Electromagnets, 249 
Electrons, 239, 252 
Electrostatic charges, 252 

fields, 254 
induction, 255 

Electrostatics, 251 
positive and negative charges, 252 

Element, 9 
Energy, 31 

conservation of, 32 
electrical, 259, 295 
heat, 106, 131 
kinetic, 32 
light, 351 
mechanical, 32 
nuclear, 33 
potential, 32 
radiant, 170 
requirements of human body, 163 
sound, 424 

English-metric equivalents,S 
English system of units, 3 
Evaporation, 141, 143 
Expansion, 123 

applications of, 123 
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Expansion (Continued) 
coefficien t of, 125 

table of, 125 
factors affecting, 125 
forces due to, 128 
of water on freezing, 128 

Eye, 377 
anatomy of, 377 
defects of, 378, 379 
glasses, 379 
optical system of, 378 
sensitivity to color, 390 

F 

Fahrenheit thermometer scale, 112 
Faraday, Michael, 238 
Farm electric plants, 265 
Farsightedness, 378 
Faucets, 92 
Field glasses, 380 
Films, color due to, 383 
Fireless cooker, 176 
Fireplace, 205 
Fluorescence, 312 
Fluorescent lights, 313 
Fluoroscope, 360 
Flush tank, 97 
Flush valve, 98 / 
Focal length, lens, 374 

mirror, 366 
Focus, principal, of lens, 374 

of mirror, 366 
Fogs, 224 
Food freezers, 187 
Foods as fuels, 161 
Foot-candle, 406 

meter, 406 
number required, 409 

Food-pound, 31 
Force, 11, 18 

centrifugal, 118 
component of, 19 
normal,21 
resultant, 19 
transmission of, by liquids, 59 

Forces, addition of, 19 
graphical representation of, 18 
resolution of, 20 

Forms of matter, 9 
Freezing, 140 

expansion of water due to, 128 
mixtures, 142 

Friction, 23 
coefficient of, 24 
defined,23 
rolling, 25 

INDEX 

sliding, 24 
table of coefficients, 26 

Frost, 224 
Frosting, 142 
Fryer, deep-fat, 299 
Fuels, 152 

calorimeters for testing, 155, 157, 161 
chemical composition of, 153 
choice of, 153 
defined, 152 
foods as, 161 
origin of, 153 
values, tables of, 157, 159, 162 

Fulcrum, 39 
Fundamental units, 8 
Furnaces, 206 
Fuses, 340 
Fusion, heat of, 134, 140 

G 

Galileo's thermometer, 108 
Galvanometer, 260, 289 
Gamma rays, 361 
Garbage disposal unit, 95 
Gas, burners, 80 

calorimeter, 157 
meter, 78 
meter reading, 79 
oven thermostats, 83 
pressure, 68 
pressure regulator, 77 
refrigerator, 186 
valve, 82 

Gears, 42 
Generators, dectric, 266, 269 

alternating current, 271 
direct current, 273 

Glare conditions, 412 
cause of, 412 
effects of, 412 
elimination of, 413 

Glass, Pyrex, 126 
Gram, 5 
G?am-eentimeter, 31 
Graphical SOlutions of force problems, 

18 
Gratings, 381 
Gravity, 11 

specific, 51 

H 

Hail, 224 
Hair hygrometer, 200 
Hearing' aids, 456 
Heat,:defined, 106 

effects, 106 



kinetic theory, 105 
measurement of, 131 
nature of, 106 
of fusion, 134, 140 
of hydration, 143 
of solution, 143 
of vaporization, 134, 140 
sources of, 107 
specific, 132 

table of, 132 
theories concerning, 105 
transfer, 167 
units, 131 

Heaters, electric, 306 
Heating pads, 306 
Heating systems, 205 

choice of, 213 
early, 205 
hot air, 206 
hot water, 209 
panel he'ating, 212 
reverse refrigeration, 215 
solar heating, 214 
steam, 211 

Helmholtz color theory, 390 
Home lighting, 403 
Hooke's law, 13 
Horsepower, 34 

of motors, 320 
Hot air heating system, 206 
Hot water heating system, 209 
Hot water tank, 92 
House heating, 205 

electric, 307 
House wiring, 335 
Hue, 394 
Human voice, 446 
Humidity, 191 

absolute, 191 
amount for saturation, 193 
control, 217 
measurement, 191 
relative, 191 

table of, 196 
Hydration, heat of, 143 
Hydraulic brakes, 61 
Hydrometer, 53 
Hygrodeik, 195 
Hygrograph, 200 
Hygrometers, 192 
Hygroscopes, 201 

.I 

Ice, heat of fmion, 140 
Ice plants, 189 

INDEX 

Ice refrigerators, 182 
Illumination, home, 403 

intensity of, 406 
measurement of, 405 
standards for, 412 

Images, in curved mirror, 367 
in lenses, 374 
in plane mirror, 364 
real, 365, 375 
virtual, 365, 375, 377 

Incandescent lamp, 310 
Inclined plane, 40 
Indirect lighting, 415 
Induction, static, 255 
Inertia, 10 
Infrared rays, 358 
Insula tors, electrical, 126 

heat, 170 
sound,429 

Intensity of illumination, 406 
of sound, 432 

Interference, due to thin films, 383 
of light waves, 382 
of sound waves, 439 

Intermolecular space, 10 
Iron, electric, 295 

steam, 297 

Jack-screw, 43 
Joule, 160 

J 

K 

Kilowatt-hour, 280 
Kilowatt-hour meter, 338 
Kinetic energy, 32, 105 
Kinetic theory of heat, 105 

L 

Lactometer, 54 
Lamps, daylight fluorescent, 415 

efficiencies, 411 
incindesccnt, 310 
tungsten, 310 

Lenses, 373 
concave, 373 
construction of images, 374 
converging, 373 
convex, 373 
diverging, 373 
focal length, 374 
formula, 377 
optical center, 373 

467 



468 

Lenses (Continued) 
principal axis, 373 
principal focus, 374 
spectacle, 379 

Levers, 38 
Light, 351 

absorption of, 363, 388 
artificial sources, 403 
diffraction, 381 
interference, 382 
polarized, 354' 
propagation of, 353 
quality of, 364, 412 
quantum theory of, 352 
reflection of, 363 
refraction of, 370 
sources, 403 

color distribution, 415 
transmission of, 363 
velocity of, 352 
wave theory of, 351 
waves, 351 

frequency of, 35G 
length of, 356 

Lighting, home, 403 
standards for, 412 
types of, 415 

Lightning, 256 
Lights, electric, 310 

fI uorescen t, 313 
mercury vapor, 311 
neon, 312 
sodium vapor, 312 
tungsten, . 10 

Line loss, 331 
Lines of magnetic force, 245 
Liquid measures, 460 
Liquids, mechanics of, 56 
Lodestone, 242 
Loud speaker, 455 
Loudness of sound, 432, 437 
Lumen, 406 
Luminous bodies, 403 

Machines, 36 
efficiency of, 37 
laws of, 37 

M 

mechanical advantage of, 38 
speed advantage of, 38 
types of, 38 

Magnetic, declination, 246 
dip, 247 PL> 
effects of a current, 248 
field, 244 r.z.~ 

aroJJd-~ conductor, 247 

INDEX 
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materials, 243 
poles, 242 

Magnetism, 242 
earth's, 245 
theory of, 243 

Magnets, electro-, 249 
permanent and temporary, 249 
polarity of, 242 

Magnifying glass, 380 
Major chord, 440 
Manometers, 70 
Mass, 11 

and weight, 11 
conservation of, 32 

Matter, 9 
properties of, 10 
states of, 9 

Maximum and minimum thermometers, 
118 

Measurement, systems of, 3 
tables, 5, 461 

Measures, can sizes, 461 
dry, table of, 462 
liquid, table of, 462 
mass, 9, 12 
time, 9 
weight, 9, 12 

Mechanical advantage, 38 
Mechanical equivalent of heat, 160 
Megaphone, 433 
Melting points, table of, 141 
Menisclls, 65 
Mercury thermometers, 110 
Meteorology, 226 
Meters, ammeter, 289 

galvanometer, 260, 289 
gas, 78 
kilowatt-hours, 338 
voltmeter, 290 
water, 90 
wattmeter, 290 

Metric system of units, 4 
~etric-English equivalents, 5 
Microphones, 450, 454 
Microscop~s, 380 
Minimum thermometers, 1111 
Mirrors, 364 

concave, 365 
construction ofimages, 365 
convex, 365 
curved,365 
parabolic, 365 
plane, 364 

Moqulation of radio waves, 457 
Moisture, in the air, 191 

saturation table, 193 



Molecular motion and heat, 105 
1\10lceules, 9 
Motors, choice and care of, 320 

alternating current, 318 -
direct current, 317 
horsepower of, 320 
household, 316 
power factor, 319 

Munsell color system, 398 
Musical instruments, 441 

amplifier, 441 
generator, 441 
kinds, 442 

Musical scales, 440 
Musical sounds, 436 

N 

Nearsightedness, 378 
Neon lights, 312 
Noise, 436 
Non-luminous bodies, 403 
Normal force, 21 
Northern lights, 237 
Nuclear energy, 33 

O· ....... " 

Octave, 440 
Oersted's discovery, 238 
Ohm, 277 
Ohm's law, 278 
Opera glasses, 380 
Optical imtruments, 380 

camera, 380 
field glassC3, 380 
magnifying glass, 380 
microscope, 380 
opera glasses, 380 
telescope, 381 

Organ pipes, 444 
closed, 445 
open, 445 

Outlets, electrical, 344 
Oven, electric, 304 
Oven temperature controls, 83 
Overtones, 437 

p-

, Panel heating, 212 

I 

Parabolic mirrors, 365 
Parallel wiring, 287, 335 
Parallelogram of forces, 19 
Parr calorimeter, 155 
Pascal's law, 59 
Pendulums, 129 
Percolators, 298 
Phosphorescence, 312 

INDEX 

Photoelectric cell, 267 
Photometer, 410 
Photronic cell, 268, 408 
Pigments, mixing of, 391 
Pitch of sound, 436 
Planck's constant, 172 
Plane mirror, 364 
Plumbing, 94 
Polarized light, 354 
Polaroids, 354 
Poles, of magnets, 244 
Potential difference, 277 
Potential energy, 32 
Power, 33 

electrical, 279 
factor, 319 
horsepower, 34 

Prang color system, 396 
Precipitatio , 224 
Pressure, 22 

absolute, 68 
coffee maker, 69 
cooker, 149 
effect on boiling point, 145, 146 
gauge, 67, 68 
of gases, 68 
of liquids, 57 
sauce pans, 151 
tank, 88 
transfer of, 59 
water, 57 

Primary colors, additive, 393 
subtractive, 392 

Principal focus, of lens, 374 
of mirror, 366 

Prisms, 372 
Public-address system, 454 
Pulleys, 43 
Pumps, 8 

fnrce, 87 
lift, 86 

Pupil of eye, 377 

Q 

Quality of sound, 437 
Quantity, of electricity, 275 

of heat, 131 
of light, 406 

Quantum theory, 172 
Quick freezing, 188 

R 

Radiant energy, 170 
Radiation, of heat, 170 
Radiators, 209, 211 

electric, 306 
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Radio, 457 
broadcasting, 457 
loud speaker, 457 
modulation, 457 
receiving set, 457 
telephone, 458 
waves, 357 

Radiographs, 359 
Radiosonde, 230 
Rain, 224 
Rain gauge, 229 
Range, electric, 299 
Rays, distribution of, in sunlight, 415 

cosmic, 361 
gamma, 361 
ultraviolet, 359 
X rays, 359 

Receivers, radio, 457 
telephone, 451 

Reflection of light, 363 
diffused, 364 
regular, 364 

of sound, 428 
Refraction, of light, 370 

rules of, 370 
through prism, 372 

Refrigeration, 181 
air cooling, 189 
cold storage plants, 189 
electric, 183 
food freezers, 187 
gas, 186 
ice, 182 
ice plants, 189 
reverse, house heating, 215 

~efrigerator walls, 181 
Relative humidity, 191 

table of, 196 
Rcdstance, electrical, 276, 284 
, effect of temperature on, 276 

laws of, 277, 278, 285, 288 
measurement of, 276, 278, 285, 288 
unit of, 277 

Resistances, in parallel, 287 
in series, 285 

Resonance in sound, 438, 441 
Reverberation, period of, 431 
Rheostats, 286 
Right hand rule, for direction of lines of 

force, 248 
Roasters, electric, 305 

s 
Sandwich toaster, 299 
Sargent calorimeter, 157 

Sauce pans, pressure, 151 
, Scales, musical, 440 
Screw, 43 

I SensatioD, color, 390 
Septic tank, 100 
Series wirin'g, 285 

uses for, 286 
Sewage disposal, 99 
Silver cleaning, electrolytic, 326 
Siphon, 71 
Slip rings, 271 
Snow, 224 
Soil pipe, 94 
Solar heating, 214 
Solution, heat of, 143 
Solutions, boiling point of, 145 
Sound, 423 

absorption coef?eient, 430 
table of, 430 

angle of incidence, 429 
angle of reflection, 429 
beats, 439 
cause of, 423 
diffraction, 429 
Doppler effect, 437 
echoes, 428 
in auditoriums, 431 
insulation, 429 
intensity of, 432 
interfcn:nce, 439 
loudness of, 432, 437 

relative, table of, 434 
meter, 433 
musical, 433 
noise, 433 
not transmitted by a vacuum, 424 
overtones, 437 
period of reverberation, 431 
pitch cr, 436 
quality of, 437 
reflection of, 428 
refraction, 429 
;eSbnatQrs, 438 
tones, fundamental, 437 

overtbne, 437 
transmission of, 423 
velocity of, 427 
waves, 333 

amplitusie of, 432 
frequcney of, 427 
length of, 427 

Sources, of heat, 107 
Space, heaters, electric, 306 
Speaking tubcs, 433 
Specific gravity, 51 

table of, 52 



Specific heat, 132 
table of, 132 

Spectrometer, 373 
Spectrum, continuous, 373 

electromagnetic, 356 
table of, 357 

line, 373 
visible, 358 

Speed, 13 
Speed advantage, 38 
Spherical aberration, 366 
St. Elu'J.o's fire, 237, 258 

INDEX 

Thermometers, ·108 
calibration of, 110 
candy, 115 
Centigrade, 112 
clinical, 117 
constriction in bore, 117 
dairy, 116 
Fahrenheit, 112 
gas, 109 
household, 115 
incubator, 117 
jelly, 115 

Standards of length, mass, and time, 5, limits, 110 
6,9 

State, change of, 140 
Static electricity, 22 
Steam" cooking devices, 147 

heating systems, 211 
jacketed kettle, 148 
pressure cookers, 149 
sauce pans, 151 
temperatures and pressure, 146 

Steam irons, 297 
Steamer, 148, 149 
Stethoscope, 433 
Storage batteries, 262 
Storm paths, 225 
Stoves, heating, 206 
Strings, laws of, 442 
Sublimation, 142 
Subtractive colors, 391 
Sunlamp, 359 
Sunshine recorder, 229 
Surface tension, 65 
Switches, 344 
Sympathetic vibration, 438 
System of units, 3 

English,3 
metric, 4 

T 

Telephone, circuit, 450 
receiver, 451 
transmitter microphone, 450 

Telescope, 381 
Temperature, 108 

absolute, 114 
boiling, 145 
effect on weather, 222 
measurement of, 112 
regula tors, 83, 126 
scales, 112 

Thermal capacity, 132 
Thermocouples, 265 
ThermoJraph, 119 

liquid-in-glass, 109 
liquids used, 109, 110 
maximum and minimum, 118 
meat, 116 
oven, 115 
quickness of response, 111 
scales, 112 
sensitiveness, 111 
Six maximum and minimum, 119 
solid, 111 
thermograph, 119 
wet and dry bulb, 192 

Thermostats, 83, 126 
Thin films, color due to, 383 
Thunder, 256 
Time, fundamental quantity, 9 

units, 9 
Toaster, 298 

sandwich, 299 
Torque, 21, 39 
Torricellian barometer, 63 
Tourmaline crystals, 354 
Transfer of heat, 167 
Transformers, 329 

effect on line loss, 331 
efficiency of, 331 
step-down, 329 
step-up, 329 
theory of, 329 

Transmitter, microphone, 450 
Traps, 94 
Tungsten lamps, 310 

u 
Ultraviolet rays, 359 
Underwriters' Laboratories, 335 
Units, 1 

derived, 8 
fundamental 8 
standardization of, 5 
systems of, 1 

Useful formulas, 462 

471 
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v 
Vacuum, bottles, 177 

cleaners, 72 
permanently installed, 74 

heating systems, 211 
pans, 146 
tubes, 453 

Value, color, 394, 397, 398 
Valves and faucets, 92, 93 
Vaporization, heat of, 134, 140 
Velocity, 13 
Ventilation, 204 

by window fan, 217 
Vibrations, of columns of air, 444 

of membranes, 446 
of plates, 446 
of rods, 444 
of strings, 442 
of vocal cords, 446 
sympathetic, 438 

Virtual image, in lens, 375, 377 
in mirror, 365 

Viscosity, 168 
Vocal cords, 447 
Voice, human, 447 
Volt,277 
Voltaic cell, 260 
Voltmeter, 290 
Volume of irregular solids, 49 

w 
WaIDe iron, 299 
Water, community supply, 89 

distribution of, 89, 92 
faucets and valves, 92 
heaters, 92, 305 
household supply, 88 
meter, 91 
purification of, 85 
sources of, 85 

Water equivalent, 132 
Watt, 280 

kilowatt, 280 
kilowatt-hour, 280 
meter, 290 

INDEX 

Wave, electromagnetic, 356 
Wave length, 172, 353, 427 

and color, 394 
Wave theory, 171 
Waves, electromagnetic, 356 
I radio, 457 

sound,423 
Weather, 221 

air .masses, 224 
bureau, 225 
forecasting, 227 
front, 225 
instruments, 228 
proverbs, 226 
temperature, 222 

Wedge, 40 
Weight, and mass, 11 

per bushel of common foods, 461 
Weights and measures, 5 

standardization of,S 
Wet and dry bulb thermometers, 192 
Wheel and axle., 41 
Wind direction apparatus, 229 
Wind velocity apparatus, 229 
Winds, 223 
Wireless telephony, 459 
Wiring, code, 335 

house, 335, 343, 344 
parallel, 278 
series, 294 

Work,30 
units of, 31 

X rays, 359 
Xylophone, 444 

Yard, standard, 4 

X 

y 

Z 

Zero, absolute, 114 






