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PREFACE
The first edition of this book, .iDlis»* i five years ago,

was an effort on the part of its authors t .ntrr^Iuce into the
teachinir of Physics a more vital m-thod of presentation than
the one then in common use.

The fundamental principle underlying the method of pres-
entation used in both editions of this book is that the study
of Science in high ools can be justified only when the
pupils gain both ki . i d-c of the subject matter and trainingm scientific thinking. In conformity with Spencer's defini-
tion of Science as classified knowledge, the teaching of sub-
ject matter has so dominated elementary instruction in
Physics that little attention has been given to training in
mcMiods of thought.

The overestimation of the value of mere subject matter,
and the prevalence of the custom of testing the results of a
teacher's work by examinations on a specifically outlined list
of prescribed topics, drove teachers to use metl .ds of teach-
ing that were mainly formal and didactic. Definitions, laws,
an(' princip s were simply stated, memorized by the pupils'
an -istified afterwards if at all by illustrations in the way
of I ..^eriments and practical applications.

Both educational experience and educational theory show
clearly that scientific facts may be memorized, but not
mastered in this way. Scientific knowledge is acquired only
on the basis of concrete experience by the trying-out process
known as the scientific method. Therefore a method of
treatment that develops the subject from the concrete ex-
periences of the learner, and gives practice in the framing
testing, and selection of hypotheses appropriate to the solu-
tion of definite, concrete problems, is the only method that
gives mastery of subject matter.

co„taTn;:;;tanrra.rd 11."
"

'" ''^ ^''''^^- 'pp"-^^ "^ '•'•^ -•"•"'^'•^ ^^



VI
PREFACE

If the study of Physics is also to give real training in

powers of thought and action, it is necessary moreover tha

the work in hand should appeal to the student as being worth

while -it must define in his mind problems that are signifi-

cant to him ; so that the motive that impels him to work is a

Tesre to silve the problems for the sake of knowing the

Lutions. The solution of scientific P-^^.^-^^^^f^tt
set with difficulties, and it is in overcoming the difficulties

that are inherent in a problem whose solution is sigmficant

to the pupil, that real training in power of thought and ac ion

s secured Therefore, the method of treatment that develops

the subject as a series of problems that are significant to the

pup is is not only the one method that leads to the rea

mastery of subject matter; it is also the one method that

gives him real training in scientific thinking.

In our first book the effort was definitely made to apply

this problem method of treatment to the subject matter

that was then generally accepted as the necessary con-

tent oT a first course in Physics. During the five years that

have elapsed, teachers have come to recognize more and

more clearly the value of this problem method of teaching.

The recognition of the fact that the problem must be signifi-

cant to ^he pupil has of necessity raised the question whether

he subject matter of the old course is the best that can be

chosen io impress the student with the significance to him of

thekws and principles of Physics. Are such topics as the

laws o7accelerated motion, the absolute units, and coefficient

of expansion, capable of being presented \'^ ^^"•^.^^^
J^^^^^^^

they define significant problems in the mind of the average

4h-ihool boy or girl just beginning the study of Physics?

Both experience with high school pupils and common

,ense seem to the authors to answer this question unequiv-

Ta ly L the negative. So a rewriting of the book became

a n^essity -an edition in which the attempt should be made

to
Tpp" tke same principles of teaching to subject matter

more Hkely to be significant to the pupils, and so to make more

TervL ab the net method. The authors believe that the
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majority of the teachers of the country now appreciate the
value of the problem method of teaching; we believe that
they recognize that the old series of topics, which was
selected to contain the "Physics every Physicist must know,"
must give way to a series of topics which contains the "Physics
every child should know."

Recognizing that many of the topics which have been con-
sidered essential to a course in Physics are necessary and sig-
nificant to those who are going into technical scientific work
but are neither necessary nor significant to others, we have
divided the book into two parts. Part I contains the ma-
terial that should be significant to everybody. There is
enough material here for a full year's work. Those who
have completed this part in one year will have satisfied the
definition of the unit in Physics as adopted by the North
Central Association of Colleges and Secondary Schools.

Part II contains material that may be needed by thosewho are going on to work in scientific professions, and con-
siderable other material which many teachers desire to place
before their pupils. This material is so arranged that itmay be used either in connection with that material of Part
I to which It is most closely related, or in a later course in
which the first course is reviewed and amplified.

This division of the subject matter into two parts is a
doubly advantageous one. First, it makes it possible to give
all the pupils a significant and learnable course in Physics
Second, those who go on will be able to master the whole
subject better if they take it in the order given, because the
more abstract and difficult topics come near the end In
other words, the demands on the pupil's powers of abstrac-
tion and analysis increase as the argument proceeds. This
arrangement, therefore, gives a better preparation for future
work than the usual one, which begins with a mathematical
treatment of accelerated motion. Those who master both
parts will have more than satisfied the new definition of the
Requirement in Physics of the College Entrance Examination
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The material in Part I has been selected not only because

it is significant to the pupils, but also because it supplies the

basis of an appreciation of the largest and most useful prm-

ciples of Physics. In his well-known address on the Future

of Mathematical Physics, Poincare has shown that the prin-

ciple of the conservation of energy and that of least action

are the two physical principles most likely to endure. In

order to prepare as far as possible for an understanding of

the physical meaning of these principles, great emphasis has

been placed on energy relations. For the same reason the

ideas of relativity involved in Newton's Laws of Motion have

been emphasized rather than the quantitative application of

those laws to particular cases.

This grouping of subject matter according to the physical

ideas of energv and relativity has three decided advantages

over other groupings. First, it reduces to a minimum the

number of different things to be learned, thereby making pos-

sible a great simplification in the treatment, and securmg the

much-needed repetition of familiar ideas and principles m
new relations. The inclined plane, the pulley, the lever,

etc., are not separate topics to be learned separately, but

special cases of the work principle. Second, the energy re-

lations are more easily grasped by students, because all their

motor sensations supply them with those intuitive ideas

which are the necessary basis for a clear formulation of the

energy relations. The daily experiences thus furnish an easy

means of defining significant problems, and so the work is

more likely to give real training in power. Third, clear con-

cepts of energy relations are the best possible preparation for

future work in Physics,—they are worth infinitely more than

a memorized series of definitions in fine logical order.

Practically no use is made of algebraic formulas in Part

I. Symbols are omitted because it is important that the

pupil's intuitive notions be crystalized in physical concepts

before they are reduced to symbols. Although the symbols

have been omitted, mathematical reasoning has been em-

ployed freely. Therefore the mathematics phase has not
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been omitted; but the danger of memorizing formulas whosesymbols do not stand for well-devdoped phy.ic.1 concep shas been reduced to a minimum. The pupils who are ready

n nn?.- 'T''"',
'^'"^°^^ intelligently will have no troublem puttmg t!.c relations into the equation form for themselve

lith:u:tn:L""
^'" '^ '^ ''- -•" ^« ^--^^

ends o the chapters are not mathematical puzzles. They area
1 real phys.ca problems, and their solution depends on heuse of physica concepts and principles, rather than onmere mechanical substitution in a formula

f..f' f^^^r^^l
helps to both pupil and teacher the important

fn?
° .'"'^ chapter have been gathered together at the endunder the caption Definitions and Principles. These r^ybe committed to memory. In the text each paraeraohconstitutes an argument that begins with concrete rxperienceand ends with the statement of the principle or fact that ^sunder discussion. In order to emphasize the fact, the state

portant of these conclusions are printed in black-faced type
It IS expected that both demonstration experiments andlaboratory exercises will be given in connecrionTtL thfsbook; but no attempt has been made to specify in the textthe particular experiments that should be made. Since mostschools are supplied with fairiy cc.plete equipmenn

demonstration and laboratory apparatus, it is believed thateach teacher will be the best judge as to the selection o1 suchexpenn.ents and the order in which they are to be giv".Those who adopt this book will not find it necessary to disicard then- old equipment and buy a new outfit in order tofit the laboratory work to the method here presented. Thosedemonstration and laboratory experiments that have p oved

with courses heretofore given, will be found to be the bestfor use with this book also.

The authors wish here to express their thanks to Pro-
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fessor R. D. Salisbury of the University of Chicago, Editor-

in-chief of the Lake Science Series for many valuable criti-

cisms and suggestions. We desire also to thank our col-

leagues, physicists, psychologists, and school men generally for

their courtesy in answering imjuirics and giving time to con-

sultations in our endeavor to solve the problem of better

methods of teaching the subject of Physics in Secondary

Schools. , » » xTM
C. R. MANN.
G. R. TWISS.
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PACB

PART ONE

CHAPTER I

GRAVITY

1. The Regularity of Nature. Of all the things that
happen m our daily lives, none is more familiar than the
fal of heavy bodies toward the earth. Even very small
children soon become cautious about letting heaw objects
drop on their toes, and about falling from high places.We are so accustomed to seeing things fall that it is diffi-
cult to imagine a world in w' ' H they would not do so. Itwould seem strange indeed if stones when released from the
hand flew upward or remained floating m the air instead of
falling In the fairy tales of our childhood we have read of
^uch things but in real life we know of no such exceptions
to the usual h openings.

The sun set last night and rose again this morning, and we
are sure that it will set again to-night and rise again to-morrow
morning. In fact, from all our experiences with Nature wehave learned that she always acts in such a perfectly regularway that we can predict what will happen under a given setof circumstances. It is because we can thus predict what willhappen under given conditions that we are able to master the
orces of Nature and make them work for us. He who knows
the ways of Nature and is able to reason most clearly about|them IS the one who can best control h<-r forces. We study

? Na'ur^
" ^''""" how to become masters of the forces

We can know and control the forces of Nature because
ature always acts tn a perfectly regular way.

ennl ^^T^'-
^^'^'" ^^"^°'^ ^"^ ^ody-a book, aend, a chair-i„ your hand, you "feel the pull of gravityPrawing it down." Moreover^you notice that when a body
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Fig. 4

Balan-ced Di<k

so as to reach its center and apply the sharpened end of
the pencil at this point, the ruler will balance, although it

is supported at this paint only (Fig. 3).

A square or circular piece of board may lie balanced
horizontally on the point of a pencil applied at the center of
one surface. But if we bore a hole half way through at this

point, and thrust the pencil upward into

the hole, the piece of board can be balanced
on the pencil point not only when it is

horizontal but also when it is inclined (Fig.

4). If the pencil is placed at the right point,

the board will remain supported and at rest

in any position in which it is set. So we
see that we can counteract the entire pull

of gravity on a body by a single upward
push applied at a particular point. This point is called the
center of gravity.

The word force is used to mean either a push or a pull

;

and the force or pull of gravity on any particular body is

called its weight. The use of these words, force and weight,
enables us to frame the following brief definition of center of
gravity.

The center nf gravity of a body is that point at which its

weight may be counteracted by a single upward vertical force.

4. Hov^r to Pind the Center of Gravity. If the plumb
bob (Fig. 1) be pulled to one side and allowed to swing to and
fro like a pendulum, it comes to rest at the middle of its swing
where its center of gravity is at the lowest point that it can
reach. In other words, the center of gravity "seeks the lowest
level."

This fact suggests a convenient means of finding the center
of gravity of an irregular body. Thus^ for example, if we
cut from thin metal or cardboard the irregular shaped body
abc (Fig. 5), and suspend it on a pin passing through a hole
near its edge, as at a; and if we also hang a plumb line on the
pin, the center of gravity of the body will be somewhere in

j^^^

^m|
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Fig S. Finding the Cen-

ter OF Gravity

the vertical line indicated by the plumb line. If we mark

this line on the body, and then suspend the body from

another point, as b, and again draw on

it the line marked out by the pluinb

line, the center of gravity must lie in

this line also; and, since it is in both

lines, it must be at their intersection.

If the experiment has been made care-

fully, we shall find that the body may

be balanced on a pin point applied at

this intersection.

This method of finding the center of

gravity is based on the fact that no

matter how the body is suspended it remains at rest only when

its center of gravity has reached the lowest level possible.

5 Balancing. Probably every one has tried to balance

a long stick or even a pencil vertically on tha tip of his finger

(Fig 6). To prevent the stick from falling requires -

considerable skill and agility on the part of the per-

former. It is easy to make a bottle stand right side

up on a table, but it takes a skillful juggler to balance

it on the rim of a plate.

A block of stone on the ground shows no tend-

ency to tip over. Indeed considerable effort is required

to overturn it. The tumble jack (Fig. 7) will not

remain tipped over; but insists on standing upright

A pencil, which can with

difficulty be made to stand

upright by itself, refuses to ^'°- *

upset if two penknives are stuck

into it as shown in Fig. 8. Let

us find the reason for these facts.

FIG. 7 Q Stability. In general we

know that a body may be tipped over easily if it stands

on a small base, and with difficulty if it stands on a large
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base; but this fact alone does not make clear the

real reasons for stability.

In the case of the stick on the tip of the

finger, the center of gravity is at a higher level

than the finger; and, since the base on which
the stick stands is small—practically a point

—

a very slight tipping will cause the center of

gravity of the stick to describe an arc ab (Fig.

9), about the tip of the finger as a center. By
this motion the center of gravity begins

to descend; and it will continue to de-

scend unless the performer takes quick

action to prevent it. The stick remains
balanced only so long as its center of

gravity is at a, the highest point of the

arc ab; for then the vertical line through
its center of gravity passes through the

point of support.

The case is the same with the bottle

on the rim of a plate. Unless the juggler

-w

—

^^ \ can keep the point of support of the bottle
y^—--^^ *' in the vertical line that passes through its

center of gravity, over it goes, because its

a point. Any rotation

about this point gives the center of

gravity a chance to descend. Be-
cause it is so difficult to keep bodies

balanced in this way, we say they
are in unstable equilibrium. A body

is in unstable equilibrium whenever

it cannot be tipped without lowering

its center of gravity.

In the case of the block of stone

on the ground, the base is larger.

When the block is tipped up on edge, its center of gravity
must be raised to a higher level (Fig. 10) ; and, if the stone is

large and heavy, this operation requires hard work. The

Fig. 9

base is but
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line drawn from the center of gravity of the stone to that

of the earth passes within the base even after the stone has

been turned through quite a large angle.

It takes work to tip the stone over because in doing

this its center of gravity must be raised to a higher

level; on this account the stone, when so placed, is said

to be in stable equilibrium. In like manner, the toy (Fig.

7) and the pencil with the knives stuck into it (Fig. 8)

are in stable equilibrium when they are standing upright,

because then their centers of gravity are as low as possible.

Hence the conclusion : A body is in stable equilibrium when-

ever it cannot be tipped without raising its center of gravity.

We can now understand better why the ruler (Fig. 3) or

the circular board (Fig. 4) rema* balanced in any position

when supported on a pencil point applied at the center of

gravity. When a bf so supported is tipped, its center of

gravity stays on the pencil point

and so neither rises nor falls. If

a ball on a level table (Fig. 11)

be rolled about, its center of grav-

ity remains over the point of

F'c. 11 support and so is neither lowered

nor raised by the motion; therefore, the ball remains in

equilibrium wherever it is placed.

Bodies that remain in any position in which they are placed

(Figs. 3, 4, 11), are said to be in neutral equilibrium. A
body is in neutral equilibrium whenever tipping neither raises

nor lowers its center of gravity.

All cases of equilibrium under the action of gravity are

included under the following principle:

A body is in equilibrium under the action of its weight

when it is so suppoited that its center of g^ravity cannot

descend to a lower level. This condition is fulfilled when

the vertical line through the center of gravity passes within

the base or through the point of support. ^

7. Degree of Stability. When the stone shown in
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Fig. 10 has been tipped up on edge (Fig 12)
less work is required to tip it back again For
this reason the stone is said to be more stable
in the first position than in the second. The
reason for this appears from a study of the two
figures, 10 and 12. In order to tip it up on end,
Its center of gravity had to be lifted through
the difference ,n level ab (Fig. 10); but in order
to tip ,t back again, its center of gravity had f.c. n
to be raised through the smaller difference in level cd (Fig. 12).

The stone in Fig. 13 has
the same volume and weight
as the other, but its base is
twice as large and its center
of gravity half as high. When
lying flat, it is more stable, but

/ when on end it is less stable
than the other. In order to
tip it up on end, the center of
gravity must be lifted through
the larger difference in level

'fig. 13 ^*' w'^i'e in tipping it back

throuph .he smaller difference InlllZ ThfSi'd

I conditions the verticddTtan.^ ,1 ^'
^'""'^ ""''" '^'^

I
.ravit. „.t .e l^d^ltrn ^ot fst ^ed'--

"'

^ -'it^t'lrer^^.f:,r:tt ^-h^'

^-^^ - '^=

lifted in tippinguZ ''"'''' '^ ^'"""^'y '""^^ *^

8. How Gravity Acts. When you stretch a rubber
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band, it pulls equally hard on both hands. Now gravity

pulls a body toward the earth; but, like the rubber band, it

cannot pull the body without pulling the earth just as hard.

Hence we may imagine that the force of gravity acts like an

elastic cord stretched between the center of gravity of the body

and that of the earth; and so it constantly tends to pull them

toward each other along the straight line joining their centers of

gravity.

9. Action and Reaction. When a boy lifts a heavy

stone he must stand with his feet on the earth and his hands

under the stone, and push downward against the earth with

his feet just as hard as he pushes upward against the stone

with his hands. In this,

his action is like that of a

coiled spring that is com-

pressed between two
massive blocks (Fig. 14).

If the spring expands and moves the blocks, it must push

on both bodies equally and in opposite directions.

In like manner, when a man slides a heavy box along the

floor, he pushes with equal force forward on the box with his

hands and backward on the floor with his feet. If his feet

slip on the floor, the box does not move. This is because

he cannot push any harder against the box than he pushes

against the floor, and the greatest force that he can exer*- on

the slippery floor is less than that required to move the box.

Whenever a force acts, two bodies are equally and op-

positely affected. This very important fact is known as

"Newton's third law of motion." It is usually stated as

follows:

"To every action there is an equal and contrary

reaction."

Fig. 14

10. Mass. If the two blocks (Fig. 14) consist of equal

quantities of iron, then, when they are pushed apart by the

Compressed spring, one moves just as fast as the ". But
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if one block contains much more iron than the other, it moves
much more slowly than the other. In like manner, when the
boy lifts the stone, both the stone and the earth are moved;
but the quantity of matter in the earth is enormously greater
than that in the stone; therefore the earth's motion is so slow
as to be imperceptible.

The word mass is equivalent to the expression, quantity
of matter. With the aid of this word we may state our con-
clusion as follows : When force acts between two bodies so as

to produce motion, both bodies move. If the masses are equal

they move equally fast. If their masses are unequal, the

greater mass moves more slowly.

Mass is quantity of matter.

The greater the mass, the slower the motion.

11. Inertia. When a man is standing in a street car
and the car starts unexpectedly, he is apparently thrown
toward the rear of the car. In reality,

' ' r t-oves forward
under him, while he tends to stay whei^ uv. 'as. In order
to put his body into motion when the car moves forward, he
must push backward with his feet on the floor of the car.

On the other hand, when the car stops suddenly, he may fail

to stop with it, and so seems to be thrown forward. In order
to stop with the car, he must push forward with his feet against

the car floor so as to prevent his body from going on. When
he jumps from a moving car, he must brace himself in the
same way; else his bodv will go on after his feet stop, and he
will fall.

Again, when a man is standing in a moving car, and the
car suddenly rounds a curve, the man seems to be thrown
toward the side of the car. In reality, the car changes the
direction of its motion, while the man tends to go on in the
direction in which he was moving. In order that the direction

of his motion may be changed when the car turns, he must
push sideways against the car. When you swing a stone
around in a sling, you feel the force that compels it to move
in «. curved path. When you let go the sling, the force
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ceases; and the stone flies off in the direction in which it was

moving at the instant when you let go.

In order to put a football into motion, the player kicks

it with his foot. The ball never puts itself into motion.

Neither does it stop itself. It goes on unless it is stopped by

another player, or by the resistance of the air, or by friction

a-ainst the earth. When kicked upward, it follows a curved

p!ath instead of a straight one, and falls to the earth because

its weight is constantly pulling its center of gravity and that

of the earth toward each other. We never see a change in

the motion of one body without being able to point out some

action between it and some other body. So we have come

to believe that if a moving body were alone, so that there

could be no force whatever to stop it or to change its speed or

its direction, it would go on with the same speed and m the

same direction forever. This idea is expressed by saying that

the body has inertia. This same idea is also expressed m

the following statement, which is known as Newton s first

law of motion:

Every body continues in its state of rest or of uniform

motion in a straight Une, except in so far as it is compelled

by force to change that state.

Inertia is the inability of a body to change its condition oj

rest or motion.

12. Universal Gravitation. We know that bodies fall

at the tops of high mountains and from balloons; and that

occasionallv a meteorite, or falling star, falls from an unknown

height VVe also know that the moon goes ^. ;und the earth,

and that therefore there must be some force acting between the

moon and the earth to compel the moon to move in a curved

instead of a straight path. Knowledge of this sort led New-

ton (1642-1727) to wonder whether the same force of gravity,

which constantly draws bodies toward the center of the earth,

might not extend to the moon, and be sufficient to hold the

moon in its curved path around the earth.

After long and careful calculations on the observations of
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astronomers. Newton announced his conclusions in the fol-
lowing statement, which is known as the law of universal
gramtatton: Every body attracts every other body with a force
that tsdtrectly proportional to the product of the masses and
xnversely proportxonal to the square of the distance between their
centers of gravity.

By assumin-r the truth of this law, astronomers have been
able to describe accurately the motions of the heavenly
bodies, to predict eclipses and the return of comets, and even
to discover new planets. Because predictions based on thislaw have always come true, we believe that the law is trueand that gravity is universal; i. c., that

Every body in our universe attracts every other bodyand IS attracted by them all.

DEFINITIONS AND PRINCIPLES

oh.^'
^ ?"? °'" ^ P^'^-^-^^ything that changes or tends tochange a body s condition of rest or of motion-is called a

2. The force of gravity acts in a vertical line.
3. The force of gravity on a body is called its weight
4. The center of gravity of a body is tlie point at whichthe weight o the body may be counteracted by a singleTp

ward vertical force. ^ ^

siblt \^v^\

'^"'^'' °^ ^'^"""'^ ""^ "" ^°'^^ ''^^^^ '^^ '°^^'^«t P«s-

6 A body is in equilibrium under the action of itsweight when Its center of gravity cannot descend to a lower
level. This is the case when the vertical line through its

orsupptr'^''''
'''''''' ''''^^" '^' ^''' ^^ ''^'^"^^ ^^^ P«'"*

^ of L I*"^
''^"^"^^y °f ^ body is greater, the greater the weight^of the body and the greater the vertical distance through[which Its center o gravity must be lifced in tipping it over.

«. 1
he force of gravity acts between a body and the earth
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in such a wa/ as constantly to pull the earth and the body

toward ^I'.h other.
. . , ^i. *u

9. A body pulls upward on the earth as hard as the earth

pulls downward on the body.

10. To every action there is an equal and contrary re-

action. ,

11 Mass means quantity of matter. When a force acts

to produce motion, the greater the mass, the slower the motion.

12. Inertia is the inability of a body to change its con-

dition of rest or motion.

13 Every body in the universe attracts every other body

and is attracted by them all (universal gravitation).

QUESTIONS

1. Why do you believe that a ball that has been thrown up in the

air will come down again?
,

2 (a) Mention some other things which you are certain will happen.

(b) State why you believe that your predictions will come true.

3. If you hold a large book on your hand, what evidence of the force

of gravity do you get?
, ,. . ,

4 Why is a plumb line useful in buildmg houses?

5 What direction is "vertically downward" to a person who is on the

opposite side of the center of the earth? Show by a diagram the position

in which he stands compared with your own.

6 Is there any up or down in space apart from the idea of the center

of th'c earth? What direction would be "down" to an inhabitant of the

^ ^T How must a boy place himself so as to lie flat across a horizontal

bar?
*

At what point may the entire weight of the boy be supposed to act?

8. What is meant by the center of gravity of a body?

9. Why does a man lean forward when climbing a hill and backward

when descending?
. . , a a

10. How does an empty rocking chair act when tipped forward and

let BO? Explain its action.

11. How would you find the center of gravity of an empty pasteboard

box? Prove the correctness of your method.
'

12. Why docs the tuirblc jack (Fig. 7) insist on standmg upright?

Compare it with a heavily ballasted sail boat.
•,!...?

ir Where is the center of gravity ot a football? Of a tennis racket?

Of a derby hat?
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14. Why docs the pencil in FIr. 8 insist on standing upright while

the one in Fig. 6 insists on tipping over?

15. Why is it easier to balance a china bowl on the end of the finger

when the bowl is upside down than when it is right side up?

16. Why are racing automobiles made with wheels wide apart?

Why is the engine of a boat or automobile placed low down?
17. Why is it safer to sic down in u cancje than to stand up in it?

18. Why are ink bottles often made cone-shaped and with thick

bottoms?

19. Describe and explain the action of a marble on a level table.

Of a wheel supported on a fixed axle.

20. Make diagrams and explain the relative stal>ility of a brick in

three diiTcrent positions.

21. Is the stability of a box greater when it is empty or when it is

full of a he- vy substance? Why?
22. If a freight car is to be loaded with kegs of nails and crated sew-

ing machines, how jhould the load be packed in order that the car may
be as stable as possible?

23. A jar is full of water. If a quart of sand is poured into it, some
of the water overflows. Is the jar more stable or less stable when the

sand is in it? Why?
24 Compare the action of gravity with that of a stretched elastic

cord, when connecting (a) two bodies of ecjual mass, (b) two bodies of

unequal mass.

25. When an apple falls from a tree docs the earth move toward the
apple? If it does move why do we not f)erceivc the motion?

26. What is the correct position in dismounting from a street car?

Why?
27. What is the correct position in turning a corner on a bicycle?

What is likely to happen in this case if the pavement is wet and the speed
is not slackened? Why?

28. Explain some facts similar to the one just mentioned about the

bicycle, question 27. (For example, in connection with (a) a circus

ring, (b) a railway curve.)

29. Why does an automobile tear up the surface of a njad? Why
does the mud fly off the wheel? Describe the direction in which the mud
flies.

30. Why does a ball roll farther and straightcr on a smooth sidewalk
than on rough ground? If the sidewalk were very long and perfectly

smooth and level, and if the ball were perfectly round and smooth, what
would the ball do if started rolling?

31. Place a n. ..ole on a card that rests on the rim of a tumbler.
You can snap the card away and the marble will fall into the tumbler.
Explain.
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32. What can you tell about Newton and universal gravitation?

PROBLEMS

1. Given a carpenter's s(]uaro and plumb line, how can you find out
whether the blackboard molding; in horizontal?

2. Make a careful examination of a beam balance or of any other form
of balance in the laboratory or in a drug or RrfKrcry store, and explain how
it differs from the balanced ruler (Art. 3) and how it resembles it.

3. Is the center of gravity of a balance beam above, below, or at the
line of support? Explain how you found out.

4. Explain why the Leaning Tower of Pisa docs not tip over.

5. Explain why a tall slender vase b more likely to be tipped over
than a shokt thick one.

ft. Give reasons for the following familiar facts: (a) a man stands in

a moving street car with his feet apart, (b) one climbing a step-ladder is

more careful not to lean back as he ncars the top.

7. If you were alxne on a perfectly smooth and slippery horizontal

floor at a place near its center, how would you get off? If two boys were
there how could they both get oflf?

8. A fast skater collides with a slow one. Who gets the worse bump?
9. How can you start yourself swinging in a rope swing, or on the

rings in the gymnasium, without touching the floor?

10. If all the trains, boats, and animals on the earth should start at a
given instant to move eastward and continue moving, would it slow down
or hasten the earth's rotation?

11. How might the earth's daily rotation be stopped?
12. How successful was the man who fastened large bellows m

the stern of his boat to blow wind into the sail during a calm? If the
boat were small how might the bellows be used to move it?

13. Why does a rotary sprinkler rotate?

14. If an electric fan were placed at the rear of a light boat and set in

motion, would it move the boat? Would it work better if under the
water? Why?



CHAPTER II

WORK AND MACHINES

13. ''^ork. When an expressman lifts a heavy trunk
into his wagon he is doing work. The trunk and the earth
are being pulled together by gravity, which resists any attempt
to separate them. The man, therefore, has to place his hands
under the trunk and his feet on th.. earth and forcibly push
them apart, until the trunk has been raised to the desired
higher level. If he carries the trunk up stairs he has to do
more work than if he merely lifts it into his wagon.

Althougii we do not as a rule thi^k of it in this way, a man
does work whenever he goes up stairs himself, because he is
overcoming his own weight in pushing his own center of gravity
and that of the earth apart. He readily recognizes, however,
that his work is increased when he goes up carrying a pail of
water, a package of books, or any other load.

Lifting heavy bodies is not the only thing commonly
recognized as hard physical work. Sawing wood, driving
nails, hoeing corn, sweeping, scrubbing floors, mowing grass,
pumping water, rowing, painting houses, plowing, are all
familiar types of work. What do these various activities
have in common that makes us class them all as physical
work?

A careful analysis shows that in every one of the cases
just me..aoned something had to be forced some distance
against resistance. We thus see that

Work is the action offorce through distance.

14. Inclined Plane. Suppose an iceman has to raise
a cake of ice (Fig. 15) from the sidewalk into his wagon.
Apparently the simplest way is to lift it vertically. But
the ice is too heavy for the n^an to lift. So he gets a plank

31
r f
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and rests one end of it on the sidewalk and the other on the

back of the wagon. He is now able to push the ice up this

Fig. 15 A?) Inci-ined Plank

"inclined plane." The inclined plane is a simple machine.

With its help, the man accomplishes an otherwise impossible

task.

Is work saved by this machine, or must more work be done

by it than if the ice were lifted vertically into the wagon?

This question can be answered only by measuring the work

done, in each case, and then comparing the results. Before

we can make such measurements, we must agree on con-

venient units in terms of which the forces, distances, and

amounts of work "nay be measured.

16. Units of Force. The most familiar unit of

weight is the pound, which is "the weight in the

latitude of London and at sea level of a certain piece

of platinum kept in the Standards Office" and known

as the British Standard Pound Avoirdupois.

Weight may be measured with a common spring

balance, which consists of a coiled spring armed with

a pointer that moves over a scale (Fig. 16). This

scale forms the front of the case in which the spring

is inclosed. It is graduated by hanging on copies of

the standard pound, so that it reads pounds-weight

and fractions thereof.

Weight acts in a vertical direction; but we can push

Fig.
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or pull honzontally or in any other direction; i. e., a forcemay act in any direction. Since a spring balance may be
used in any direction, force may bo measured in pounds by
the stretch it produces on a spring balance, the scale of
which has been graduated to read pounds-weight. as described
above. Hence the definition

A pound-force is any force that stretches a spring balance as
far as a pound-weight does.

The pound-force is the unit of force in the British system
of weights and measures which is used in the commerce and
industries of ail English speaking countries; but, on account
of Its greater simplicity, the "metric system" is everywhere
used by physicists and chemists. In his experiments the
student will often be required to measure forces with gram-
weights and distances with a centimeter rule. A gram-force
ts any force that stretches a spring balance as far as a gram,
weight does. *

.u "V Y?^*"
**^ ^°*- ^'""^^ ^"''^ •« the action of force

through distance, and since the British unit of force is thepound and the unit of distance is the foot, the British unitof work IS the foot-pound.

The foot-pound is the work done when a force of one pound
acts throuf^h a distance of one foot.

Similariy the metric unit of work is the gram-centimeter.
The gram-centimeter is the work done when a force of onegram acts through a distance of one centimeter.

17. Measuring Work on an Inclined Plane. In order toanswer the question raised in Ar^ 14. it is not necessary tomeasure the force acting on
the ice and the dimensions of
the inclined plane. We can
discover the principle involved
by constructing a small model

it. For this purpose let the ice (Art. 14) be represented by



34 PHYSICS

the wooden block B (Fig. 17), which weighs 3 pounds; and let

the plane be represented by the board AC, 4 feet long, with

one end on the table and the other end supported 2 feet above

the table.

To find the number of foot-pounds done in lifting the

center of gravity of the block vertically through the 2 feet,

we reason as follows:

3 pounds-force lifted 1 foot (3 X 1) = 3 foot-pounds.

3 pounds-force lifted 2 feet (3 X 2) = 6 foot-pounds.

For other forces and other distances the reasoning is the

same; hence in general we may say that the amount of work

is obtained by multiplying together the number of units of

force and the number of units of distance or displacement—
provided always that the force and the displacement are

measured in the same direction and in the same system of

units.

We abbreviate this rule by writing it

Foot-pounds= Pounds-force X Feet-

Oram-centimeters= Orams-force X Centimeters.

Work= Force X Displacement.

To measure the work done in pulling the block along the

plane, up to the height of 2 feet, we attach a spring balance

to it and pull it upward along the plane. While the block

is moving, we read on the scale of the balance the number of

pounds-force that we are exerting, taking care always to

keep the balance moving uniformly and parallel to the plane

and also to change the position of the eye so as to look squarely

at the scale as the balance moves along the plane.

In this case we find that the force indicated by the spring

balance is less than 3 pounds, the weight of the block. Sup-

pose it is 2)4 pound-. The work is now done by a force of

2X pounds acting through 4 feet along the plane; there-

fore, the amount of work is

Work = Force X Displacement

Work = 2)4 (pounds) X 4 (feet)

Work =- 9 foot-pounds.
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This is 3 foot-pounds more than was done in lifting the
load vertically through the same height.

These figures answer our question. We find that we
actually do more work and not less when we push or pull a
body up an inclined plane than when we lift it vertically
through the same height. The advantage in using the plane
lies in the fact that if the body is too heavy to be lifted ver-
li.ally, the plane enables us to do the work by means of a
.•mailer force exerted through a greater distance.

In doing a given amount of work, the less theforce the greater
the distance.

18. Useless Work. We had 6 foot-pounds of work to do
in getting the block to the desired height, but . foot-pounds
had to be done to accomplish this with the help of the in-
clined plane. It was the friction of the block against the
board that made it necessary to do the 3 foot-pounds of extra
or useless work.

V we mount the block on wheels, and cover the plane with
a strip of plate glass, the friction is much reduced, and the
force required to pull it uniformly up the plane is found to
be about 1.6 pounds. Therefore, the work now done along
the plane is

Work = 1.6 (pounds-force) X 4 (feet) = 6.4 (foot-pounds).
Laboratory experiments with the inclined plane, like the

one just described, may be conducted under such conditions
that the effects of friction are nearly eliminated. Such ex-
periments, made with various weights and with planes of
various heights and lengths, all lead to the following con-
elusion

:

The useful work got out of the machine {work out) is never
greater than the total work put into it {work in): in any ideal
case, with perfect apparatus, the work got out would be exactly
equal to that put in. If we call the force exerted along the
plane the effort, and the weight lifted the resistance, this con-
clusion for the ideal case may be briefly written:
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Work out = Work in.

Resistance X Height = Effort X Length.

This statement is commonly known as the Law cf the

Inclined Plane. In using it we must always rememt er that

it is strictly true only when there is no friction.

The law of the inclined plane is useful in solving many

problems that arise in practical work; for if, of the four factors,

resistance, effort, lenp^h, and height, any three are known,

the fourth may be fo^iid by simple arithmetic.

For example, suppose the ice (Art. 14) weighs 200 pounds,

that the end of the plank is 3 feet above the sidewalk,

and that the plank is 12 feet long. Neglecting friction, how

many pounds-force must be exerted in pushing the ice into

the wagon?
Resistance X Height = Effort X Length,

200 (pounds-force) X 3 (feet) = x (pounds-force) X 12 (feet)

2C0 X 3
Hence the effort x = ——— = 50 pounds-force.

Fifty pounds is therefore the least force that maybe applied

to move the ice uniformly and without friction, up the in-

clined plane. In the practical case, in which there is friction,

a greater force must be used. Hence, for the inclined plane,

Work out is never greater than work in.

With no friction, Work out = Work in. (Work prii.

19. Work Done With a Fixed Pulley. A single pulley is

often attached to a firm support as shown in Fig 18, and used

merely to change the direction of a pull.

In this case the student may readily find

by actual trial and measurement that if the

weights of two masses of metal P and Q ar^

equal, they will balance each other. Since

just half of the wheel and also half of the

total weight is on each side of the axis, and

since they are symmetrically placed with

reference to it, the case is similar to that of

the balzmced ruler (Art. 3).
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If Q weighs 90 pounds, and its center of gravity is lifted
steadily through 1 foot, the work got out of the pulley in
doing this is 90 pounds-force X 1 foot = 90 foot-pounds.
If this work is done by pulling at P, the weight that measures
the necessary effort is a little more than 90 pounds. Suppose
the required eflfort is 100 pounds-force: then, since P must
descend through 1 foot in order to lift Q 1 foot, the work put
into the pulley is 100 pounds-force X 1 foot = 100 foot-
pounds. We find, therefore, as in the case of the inclined
plane, that less work is actually got out of the machine than
is put in.

From common experience it is natural to suppose, as in
the preceding case, that part of the 100 foot-pounds of work
put in was employed in overcoming friction and the stiffness of
the cord. By perfecting the apparatus and reducing the
evident sources of friction, the difference between the work
put into the device and that got out of it may be made very
small. With the pulley, then, as with the inclined plane,
we may conclude that the work done by the device is never
greater than the work done on it, but that in the ideal case
of no friction or other resistance

—

Work out = Work in.

Resistance X its displacement = Effort X its displacement.

20. Efficiency. In the experiment just described, we
found that when we put 100 foot-pounds of work into the
pulley we were able, under the given conditions, to get out
but 90 foot-pounds; i. e., the useful work got out is 90% of
the total work put in. The extra 10 foot-pounds of work
put in is useless work.

If the useful work got out of a machine is a large fraction
(or per cent.) of the entire work put into it, t' e machine is
said to be very efficient; and this fraction (or per cent.) is
used as a measure of its efficiency.

The efficiency of a machine is the ratio of the useful work
got out of it to the total work put into it: or more briefly,



h B'

38 PHYSICS

Work out
Efficiency.

Work in

Since the work got out is never greater than the work put

in, the efficiency can never be greater than unity; in real

cases it is always less than unity.

The definition of efficiency tells us how its numerical

value may be found. Determine the work got out and the

work put in (both being expressed in foot-pounds or both in

gram-centimeters) and diviJe the former by the latter.

The pulley just considered had an efficiency of 90%, i. e.,

only 90% of all the work put in comes out in useful form, while

10% of the whole amount employed was done in overcoming

internal resistances. This internal work serves no useful

purpose, and is therefore waste. It is apparent that the

efficiency of a machine is a matter of great economic im-

portance: and any one who discovers a way to increase the

efficiency of machin?r>' confers a benefit on mankind.

21. Single Movable Pulley. A fixed pulley enables us

to change only the direction of a force. It does not enable

us to overcome a large resistance with a small effort as the

inclined plane does. We must, in fact, use an effort that is

greater than the resistance in order to secure the convenience

of pulling in a different direction. With a

movable pulley or a combination of movable
and fixed pulleys the case is different.

Fig. 19 represents a fixed pulley combined

with a single movable pulley on which is sus-

pended a heavy body Q. First note that the

cord is doubled at the movable pulley where

the resistance acts; therefore, the end of the

cord at which the effort is applied must
travel 2 feet for every 1 foot that the center

of gravity ofQ is lifted. Verify this statement

by measuring the distances through which

the end of the cord fastened to P travels

Fig. 19 when the center of gravity of Q is lifted 1
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foot, 2 feet, etc. Suppose the weight of Q is 40 pounds. This
weight is the resistance to be overcome. Then attach to
the end P (Fig. ^9) of the cord some body whose weight is

just sufficient to keep Q rising with uniform speed after it

has been started. The weight of P, which is the measure
of the effort, we find to be somewhat more than 20 pounds
—say 25 pounds. When the center of gravity of Q rises 1

foot, the work got out is

Resistance X its displacement, or

40 (pounds) X 1 (foot) = 40 foot-pounds.

The work put in is

Effort X its displacement, or

25 (pounds) X 2 (feet) = 50 foot-pounds.

With this combination of pulleys, then, we can overcome
a resistance of 40 pounds with an effort of only 25 pounds,
but in doing this we do not get out more work than we put
in; in fact, we get out 10 foot-pounds less than we put in.
After the experience with the inclined plane and the fixed
pulley, it is clear that the 10 foot-pounds of unproductive
work is expended in ove coming the friction and the stiffness
of the cord, and in lifting the movable pulley itself.

If we use pulleys with ball bearings, make the movable
pulley as light as possible, and reduce the other causes of
friction as far as possible, the useless work may be nearly
eliminated. By such experiments, made with various com-
binations of pulleys, and with various resistances and displace-
ments, we can prove, as in the cases of the fixed pulley and the
inclined plane, that for every ideal case of a combination of
pulleys

Work out = Work in
Resistance X its displacement = Effort X its displacement.

22. Law of the Pulloy. If a man who weighs 150
pounds wants to know whether the pulley (Fig. 19) will
enable him to lift a 250-pound stone, he can use the work
equation (Art. 21) thus:
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Resistance X its displacement ^ EflFort X its displacement
250 pounds X 1 foot = Effort X 2 feet.

„„ ^ 250 X 1
Effort = = 125 pounds.

Since he weighs 150 pounds, he will be able to lift the stone.

In this case the rope is doubled at the movable pulley;

so that the effort must pull the end of the cord through 2 feet

for every 1 foot that the resistance moves. Thus when there
are two parts of the cord supporting the movable pulL*/,

Resistance = Effort X 2.

A similar analysis of cases in which the movable pulley
is supported by three, four, or more cords will show that in

every case the value of the greatest resistance that can be over-

come with a combination of pulleys i. obtained by multiplying
together the effort that is applied and the number of cords that

support the movable pulley.

This statement is known as the law of the pulley; but like

the law of the inclined plane it is only a special case of the
general principle that, tuith an ideai machine, the work got out

is equal to thai put in.

23. The Equal Arm Lever. The lever has been more or
less definitely known by all of us from childhood; tor

nearly every child has played the game of "see-saw," or
watched a workman use a crowbar to "pry up" a heavy body.

Thus it is known at the

outset that if the board
(Fig. 20) be balanced at its

middle like the ruler in

Fig. 2, page 18, its weight

is counteracted by the sup-
Fig. 20 Thb See-Saw

port OX fulcrum, and has no influence in turning the board.
The effect of friction is very small; so that we mny omit
the consideration of both the weight of the board and the
friction.

If the children sit at equal distances from the fulcrum and
if their weights are equal, the board will balance. The two
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™nl'-LTrz '"" ^^"""*"'' '•-' '^" "' " ''-s
fulcrum. The case is

precisely similar to that
of the trip scale or equal
arm balance (Fig. 21),
for in this case also we
know from common ex-

perience that when the
two weights are equal

Fig. 21 The Trip Scale

placements of their centers of gravity must In k T
£:rncf?itrf? -- ^-'^ ^^^oZ^ :^^:r:'^.Resistance X its displacement = EflFort X its displacement.

Workout = Work in.
rA«. the lever also acts in accordance with the work principle.

of t^h*;

^^^^
^u*^

^"'^"^^ Arms-First Kind. In the caseof the sej-^aw shown in Fig. 22. the child at one end of
*^^e board is able to lift two
children, each of his own
weight, on the other side,
because he is seated twice

F.G.22 Less Fo^r'"2;i;;~^^' ^^ ^^'" ^^^^ the fulcrum

when the see-saw mr^x,o u
^^ ^ ^^ ^^^' ^"^ therefore

placement whichTsrwice "^^'^'^ '^'"^"^'^ ^ ^-^'^^I dis-

This is Hke the cl in X'h " ''"' "' ^'^ ^^^'° ^^''^-n-

long effort arm X^)Zmf^ "". ""' " '^^"^ "'^^ ^

than the force \hat h 'ap^lr'^T^^^^^^^^
force . .„. ,e applied b/L man^a t tnd" it^rdTrt

I
Ml
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lift a 500-pound stone at the other end b, represent the lever

by the straight line be (Fig. 24). When the man applies the

Fig. 23 The Lever Fic. 21 The Lever Diagra i

force vertically downward, his hand moves through a vertical

displacement ce, while the center of gravity of the stone rises

through a vertical displacement bd. Since this ideal lever

acts in accordance with the work principle we have,

Work out = Work in

500 X bd =- X X ce.

The values of bd and ce may be determined by direct measure-

ment. However, because the triangles abd and ace are similar,

bd and ce are proportional to the arms of the lever ab and ac.

Since the arms are more easily measured, it is convenient

to use them instead of the displacements. If in the diagram

ab represents 1 foot, and we find by measurement that ac

= lab, then ac represents 5 feet. Whence

Resistance X its arm = Effort X its arm

500 X 1 = :<: X 5

X = 100 pounds-force.

From a careful study of this example we see that the

mechanical advantage obtained with the lever does not lie

in a gain of work, for we actually lose a very little work in

overcoming friction and other resistances. It lies in the fact

that we may alter the relative magnitudes of the two factors

of work (force and displcicement) so as to make the force less

in any desired ratio, provided we increase the displacement

in the same ratio. To state this in another way with special

reference to the lever, we may say that the resistance thai may

he overcome with a lever is as many times the effort required as
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r500!LB&

the effort arm is times the resistance arm. This statement is

commonly called the Law of the Lever.

25. Lever of the Second Kind. Sometimes a lever is

used as shown in Fig, 25, In this case the fulcrum is at one
end, the effort is applied at the ^

other end, and the resistance acts /;
""•••... «

at some point between them. A
lemon squeezer, or a nut cracker

is a lever of this second kind. Let

us find how much force must be

applied at the effort end of a lever P'«-2s levkroi the second kind

6 feet long to lift the 500-pound stone when placed so that its

center of gravity is directly over the point b, 1 foot from the
fulcrum a. Since the effort arm is now 6 feet long, and the
resistance arm 1 foot long, we have, applying th ' law of

the lever,

Resistance X its arm = Effort X its arm
500 X 1 = X X 6

500 XI „,,,X = = 833^3 pounds-force.

This problem may also be solved by the work principle

(Art. 18). This lever differs from the preceding one in that
the effort arm is the whole length of the lever instead of

being only a part of it, and that the effort and the resistance

act in opposite directions instead of in the same direction.

26, Law of Machines. The work principle has been
found to apply to the inclined plane, the pulleys, and the
lever. It applies to many other mechanical devices, and so
it is often called the law of machines. It should be memorized
in one of the following forms:

Work out= Work in

Resistance X its displacement= EflFort X its displacement.

27. Force Exerted at the Fulcrum. To know with how
much force the fulcrum of a lever must resist when the
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lever rests upon it, it is imjxjrtant to note that if the fulcrum
of the levers shown in Figs. 20 and 11 is to sustain the see-
saw with the children, it must resist the united weights of
the children together with the weight of the board itself; and
since these weights all act in the same direction, namely,
downward, the fulcrum must push vertically upward with
a force equal to the sum of all these weights. If the fulcrum
pushed up with a force greater than this sum, the entire lever
wiih the children woulrl he lifted upward; if the resistance of
the fulcrum wore less than this sum they would fall downward.

This fact may be proved by suspending a lever with ita

load on a spring balance
(Fig. 26). When the
lever is not moving
bodily upward or down-
ward, the force indicated

by the spring balance is

just equal to the sum of

the weights of the lever

and its

X3

l)
Fio. 26 Force l> Equals Force Down

that when a rigid body, like a lsv>

moving bodily in a straight line in any direc-
tion, the sum of all the forces tending to move
it in one direction is equal to the sum of
those tending to move it in the opposite
direction.

28. The Wheel and Axle. Another
type of machine? is the wheel and axle. It

consists of a large wheel (Fig. 27) and a
small cylinder or axle rigidly fastened to-

gether and mounted so as to turn about a
common axis. In using this machine to
draw water from a well, a man pulls on

M

Fig. 27

Whee!. A^ D Axle
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a rope Mb which has been wound around the wheel so thatm unw.nd.ng .t turns the wheel. The bucket of water iraised by a..other rope which is wound on the axle at c whenhe wheel turns. VV.th the aid of the diagram it is evKJ.

"

hat for one revolution the displacements of the effort anthe resistance are the circumferences of the wheel and theaxle respect.vely. and that the arms of the two f.rccs ar'the corresponding radii ab and ac. If the bucket of water^weighs 40 pounds and if the radius of the axle is 3 incheand that o the wheel 12 inches, we have for one revolutk,.
of the wheel in the ideal case

"»uuoii

1 Work out = Work in

40 X 2 X X 3 = Effort X 2 x x 12

a T,. . , ,

^^^^^ = 10 pounds.
1 1 he law of the lever gives

I 40 X 3 = Effort X 12

I ^, , , ,

Effort = 10 pounds.
1 The law of the lever applies to the wheel and axle and is but
I a special case of the law of machines.

I 29. Translation and Rotation. The levrr u^a .u

I n hat when they move they tu., or rotate about an ax sI H h le in the cases of the inclined plane and the pulleys t^ei niotion ,s .n a straight line. Such motion about a, Lis !
i called rotary motion or rotation; and motion in a stra ght LeI !=> called translatory motion or translation

^
I In solving problems of the lever we have found it more|conven.en^ to use the arms of the lever rather har theId.spacements. although these arn.s are not always pepc^dicular to the directions in which the forces act.' In' ord ;

fin ^ .T""
""^^ ^'^"^y-^ ^^^^ the same meaning it is dc

X arm of force, is a convenient measure of the effective-
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ncss of a force iti pnxlucing rotation. This protluct is called
the moment of force; hence

:

Moment= Force X Arm of force.

30. Principle of Moments. Rotation may be either
right-handed or left-handed, i. e., clock-wise or counter
cl(X'k-\vise. In order that a lever, a wheel and axle, or any
other bo<ly mounted on an axis be in rotary equilibrium, it

is not enough that the two moments due to the elT(jrt and the
resistance respectively have the same numerical value; but
one must be a right-handed moment tending to turn the body
in one direction and the other a left-handed moment tending
to turn it in the opposite direction. Hence a rigid body does
not turn about an axis ivlicn the moment tending to turn it in one
direction is equal to that tending to turn it in the opposite direction.
This statement i:; known as the Principle cf Moments, More
briefly.

There is rotary equilibrium when Right-handed moment =
Left-handed moment.

31. The Screw. The
simple machineswe have been
studying do not enable us to

do such heavy work as lifting

locomotives or ouses. For
example, if it is desired to lift

a heavy and bulky object like

a house, the use of the pulleys,

the inclined plane, or the

wheel and axle would be in-

convenient if not impossible.

The need for doing such
work led at an early date to

the invention of the screw.

Fig. 28 represents a jack-screw
such as is used for this pur-

pose. The screw consists of

a cylindrical rod of metalFig. 23 Jack-Sckew
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=C3=.

Kli;. 29

around which thrrc has been cut a
groove or thread which rises uniformly
a certain distance in every turn about
the cyHnder. Cut in the iron base or
nut is a similar thread which fits the
thread of the screw snugly. By refer-
ence to Fig. 29 it may be seen that
the screw is like an inclined plane
wrapped around a cylinder.

When the screw is turned once around, it moves upward

ofthe'thretr T^'r' '° ^'^^ "^''"'^^'^ ''^^ -ccessive'turns
of the thread. This distance is called the pitch of the screwHence f ,He top or head of the screw is supporting a we ghtof 1000 pounds and .f the pitch is 0.05 feet, the tork doneby the screw when turned once around is 1000 pounds-forceX 0.05 feet = 50 foot-pounds.
A lever may be inserted in a hole in the head of the screwto assist m turning it. Since this lever may be made as iZas desired a small force applied at its end m^ayfurnirh a largemoment of force to turn the screw. Suppose that the lengfhof this lever ,s 5 feet, let us find what is the least force whichmust be applied at its end in order to turn the screw when 7s•fting the 1000-pound load. The distance through whchthis force must act is the length of a circumference of a circleof 5-f.et radius; .. e.. it is 5 X 2x = 5 X 6.28 = 31.4 feeTherefore we have for the ideal case,

Work out = Work in

1000 X 0.05 = Effort X 31 4
jOOO X 0.05 _
~ J^ - Effort =1.6 pounds-force.

In any actual case, the effort would have to be greater thanthisbecauseof friction. Screwsenahle us to lift very heavyloads or to produce very large pressures by the applicationo r^ativeiy small forces; therefore they ^JuJ^^^^^
presses of various kinds.

32. Conservation of Work. Every on

ill

e knows that
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If he chmbs a h.U and coasts down ou a sled or a bicycle

Zl°h .
""'^' '^ ^''^

'" ^"'"^'"^ ^^^ J^'" ^e-ains withh.m when he reaches the bottom and carries him part way upan opposjte hdl. A child in a swing is a still better examp^"^
because m this case the resistance due to friction is less

Ihiir^ T '" '"'"'"^ '^" """'^^ °^ S'-^^ity of the child toa higher level on one s.dc remains with him when he has de-scended to the lowest level at the middle of his trip andcarnes him nearly to the same height on the other sidT'
In order to discover the principles that are illustrated insuch experiences as these, we must produce the phenomena m such a way that the disturbances due to friction arereduced to a minimum. This may best be done by the follow-ing experiment, which was first performed by the great Italianphilosopher, Galileo (1564-1643).

«*«• "auan

Make a large pendulun\ by suspending a heavy ball on awire from a nail in the wall. The ball wilf then repre^nt the
child, and the wire the
swing rope. Draw the pen-
dulum bob back and forth,
marking the path of its
center on the wall (Fig. 30)

;

and, with the help of a car-
penter's level, join the ends
ei of the arc with a hori-
zontal line. Draw another
horizontal line mn through
d the lowest point of the

Fig. 30 Gaiileo's Pendulum

a level with the upper l,„e ei. the work put in is measured

drstat r'"'
"' '"= '""' -"'"•>'" ^y '^^ vertiJ

JJtfLT^"^'^ ^^ '^^""""^ '" '»»• i' d»«=«"l« to the

Ta level Jir^r,"
™"

"S""'" '^ ^""-' ^u. not qdte

th.VT. "^ " '^™" 'f "'^ "t* the string ofthe pendulum at some point, as 4 or c, so that the pendufumbob nses on the other side of its swiig along ^Tun,ite
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that along which it fell, as df, or dg, we find that the centerof gravity of the bob does not rise to a higher level than thatfrom which ,t started. The work thereby got out is measuredby the weight of the bob multiplied by 'he vertical ditaTceme. But since me ,s never greater than ni, it appears thatmost of the work put into the bob in lifting it on one ^dehas been stored in the bob during the descent, and got out

the other side. Hence the conclusions:

irraiif^^f ''"i ^a^
*'"°'' °^ 8^*^*^ a^o"®' the Center of

wSt feU
"^
"'"" ''''' *° * ''''' ^*^^«^ '^^- that from

tl,« natw 1? '^T ^J
°'* ^^^^''^^ fi^a^ty ^ independent ofthe path foUowed and equals weight multiplied b/difrerence

3. Really
:
Work out is never greater than work in.

4. Ideally: Work out == Work in.

havf labZ'*To T*°"
^''''^''- ^°'" ^^"^""- '--torsnave labored to dev.se a perpetual motion machine

;. Tu ' '^^"'^ "^"''""^ *« "^«^^ f^'-ever and todo work

f su?h aue^tT' t"^
°" ''• ^"^ ^'^^-^'^ °^--"s

cessful %TT u"""
^'"'^ '"''^^'' """^ ^^^ ^^^'^ been suc-

rom thich h
"'

M
'''' '"'^^^^'^ ^'^ ^^^^-S - -achinetrom which he could get out more work than was put inTherefore the law of machines, namely, that in the ideal casethe work out IS equal to the work in. has come to be regarded

11 T:^-^^::"^- ™^ ^^- «"^^ P-^ar eC'
"A perpetual motion machine is impossible."
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DEFINITIONS AND PRINCIPLES

1. Work = Force X Displacement.

measured TnT""^ """"'J^'

^"''^ ^"^ di^acement must bemeasured m the same direction and in the same system of

timL^"'''
°^ """""^ "'"' '^' foot-pound and the gram-cen-

4 Machines convert small force X larr ul >nro intolarge force X small distance, or the reverse.

'

5. In real machines, work out is never equal to work in.

6. In ideal machines. Work out = Work in. (Work Prin-ciple, or Law of Machines.)

7 Vfn^- Workout
/

. H-mciency = — — •

Work in

8. Moment = Force X Arm of force.

. k!:^^^'^"
Right-handed moment = Left-handed momenta body does not rotate (Principle of Moments)

.

enct^n kvd.
''°"' ^"^ °' ^^^'"'' ^'^"^^'^ == '^''^^' ^ ^'^^^'^

to il'-
^""^7 '^\^<^tion of gravity alone, a body never risesto a higher level than that from which it fell.

12. A perpetual motion machine is impossible.

QUESTIONS.

1. Mention as many different kinds of mechanical work as vou ran nnHshow how each satisfies the definition of work. Art 13
^

' ^
2. When you hold a heavy stone motionless in your hand are voudoing mechanical work as defined? Explain your ansler

"^

J. Uiscuss the scientific knowledge of thp ^M u^^
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4. Where is the reaction that enables you to perform the arfJon ^(
pulling the block B up the inclined plane of Art 17?

^

5 If you want to pull a heavy log up the beach with the combination

SL?S;" wSy^'
"'"' ^""=^ ^°"'^ ^'^^ ^-- - *•>« •«« -^tt:

6. A rope passes over a single fixed pulley on the ceiling A bovon one end .s counterbalanced by an iron weight on the othe^ Expl^^what happens when the boy climbs the rope hand over hand
^

7. A pamter sits in a slin; t hangs from the movable pullev at O
:" fhertl..

'' ""^^ ""' " "'^^ "'^" '•^ P""^ °" ""-"^ ^

left^h.n^''' HT '''T' r'- ^° y°" P"" "P °" the Shovel with your

!fht? " " " '"^" *'"" y°" P"^'^ ^«^" - 't« h-dle with you.

hai?;j:rr^^-:ii^rr3^-^r::^-3each hand do

widlfand^cut" Tr^^^0^'
^'' ^'^ ^^^^"' ^'^^ ^° ^^ °P^" t»>-

n. Make a diagram of the whiSletiwa ot a waeon when =rr,„™iso ,ha, each of three ho,«s shall pull „„e third „t ,™El
'"'"^

. '« .o"rmte'acrhrhro?tr:jrtt%i--rr" - -"
ha.M he pUeed » that the „a„ „a, supportVo'r^irjh^^'

13. How is the lever principle applied in rowing a boat?
14. In carrymg a pack on a stick over the shouldpr sf,«,.M *u

be carried near the shoulder, or far out on the stick 1 Why?
'"''

15. Explam with a diagram how to use a six nn.,n,i a * •

on 'the "di\:r s'"r!:„r„T 'ztj
^°"

^/ t'-^
'" •°^•

.M the stick ,e„ai„, h'iriJIL" L'te fing^.^r/u'ird^V"'?!^
'°

why the linger meet in the middle of the stick.
*'"

19. The two blocks of sloiic .hown in Fio 10 and ft l.™ .i.
weight. ,f y„„ p„„ „„ ,^^ 1^,,

^jl^- ^» "d 13 have the Mme
a. .ndtcated, on which do you have to puKe3e" ?

"" °" ""

^20. On which stone do you do the m„„ work in turning it up on end?
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21. If in lifting the stone of Fig. 10 you always pull at right angles to
its lower face, why do you have to pull with less force the farther the stone
is turned? Illustrate with a diagram.

22. Why do door knobs make it easier to unlatch doors?
23. Why does some wei-ht have to be placed on the lower end of a

tall ladder when it is being raised to lean against a house?
24. What is the easiest way of raising a telegraph pole into the vertical

position without machines to help?

25. Why must the hinges on a farm gate 9 feet wide and 3 feet high
be stronger than those on a door of the same weight but 3 feet wide and
7 feet high?

26. When you whittle with a knife, how and where does the handle
press on your hand?

27. Why is it a good plan to build railway stations on slightly ele-
vated ground so that the tracks slope gently up to it on both sides?

28. Why is the end board of a wheelbarrow placed as near the wheel
as possible?

29. A jar is two-thirds full of water. When you pour sand in until
the jar is full, what happens to the center of gravity of the water?

30. What is the source of the work done in changing the center of
gravity of the water in question 29?

31. If you drop a marble on the sidewalk from an elevation ol
feet, why does it not bounce as high as four feet?

32. What do you have to do to the marble in question 31 to make it

bounce higher?

33. What is a perpetual motion machine?
34. Why do we say that the man who tries to invent perpetual

motion machines is wasting his time?

35. Who was Galileo? What were his most important discoveries?

PROBLEMS

1. A laborer carries 1000 pounds of brick up to a bricklayer working
20 feet above the ground. How much useful work does he do?

2. The laborer mentioned in problem 1 makes 20 trips. If his hod
weighs 10 pounds and he weighs 170 pounds, how much useless work must
he do?

3. If instead of going up the man hoists the brick with a single pulley
in a bucket that weighs 30 pounds, and the bucket makes 10 trips, ho-x-

much useless work does he save by using the bucket and pulley insteaJ
of going up himself?

4. Neglecting all useless work not mentioned in problems 2 and 3,
calculate the efficiency of the pulley method of raising the brick and also
that of the hod m:":hod, and compare the two efficiencies.
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ground. He uses for an incline/^ . f
P'^*^"™ "^ ^^t above the

succeed? (b) What is"^ n,t^^^^^^^^^^
(a) Will he

will be able to accomplish theT^rl^
""' P*^"*^ ^'^"^ ^'"'^h be

6. A smooth road up a hill rjsps i r^^* •

Neglecting friction, wh'at is the e „^, rd wSh7 oJ
'"^ °' '^ '^"^^''•

heaviest load that can be pulled up the hm h!; k ^ ''^^°" ^"^ ^be
the plane with a force of 250 pounds? ' '' "' """ P"" ^'°"8

7. A boy has a sailboat that weighs 9nnn r.^ a
it up on a beach that slopes 1 foot In 5 hTh ^ ' f^ ^'"'^^ *° ''aul

a pair of pulleys having 2 sheaves n u
.'"""^ P'^"''"' "°'"^ ^°"«^".

Show by diagram and explfn" o„ how'he" '^ T^l
^"' " '°"^ ^P-

able to pull on the rope with aW o^ ^IZ""
P"" '^^ ^°"' "P '^ be is

8 If thP h^ f uT
''"'^ '"°''« tban 100 pounds

dia^am" ^m^f^r^^^^^^^^
explain with the'he.ptf a

order to help him do the work
'" '''"' '^^ ™'^''* "^ "P '"

the visi •: r;:^";t^^lZll^^ ^•^^.
-^ ^ -b and the handle of

squeeze a board if a ml tum^lhTJn ?' Tl^ T'"'
'°'-" ^°"'^ »be vise

pounds?
""* ^''^ ^"'^ of tbe handle with a force of 20

pounds oe„ed .. ,h. handf. e'dTrdbarr" °' " '"" °' '«>

inche, aldtTa'Sa"" rinliVrr' "' T*" " "— ^
l.y a nail that requires a fcr^rf,,"^ 7 """^^ "*'""" !» »*«<f
handle and perpenVnlar ,„ Mo^dl,W ""'""'' " "" ^-l -' "«

r;^sK down „„ ...^„ ,, ,

,WHe„

f;^;;^^J^^^^ ,„„

4'nci,JTn"?: iit: ™;s;:J" ^v't^ """' °' ° '"^* -^
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barrow and load intersects the bottom of the barrow one-third of the
distance between the axle and the handles, what is the weight of the
barrow and its load?

17. Two men whose combined weight is 320 pounds have to raise a
safe that weighs 1280 pounds to a second story window. What sort of a
combination of pulleys will enable them to do it?

18. A bucket used to lift coal from a boat to a dock, weighs 60 pounds
and carries 300 pounds of coal each trip. What is its efficiency?

19. Suggest a plan for saving some of the useless work done on the
bucket in problem 18.

20. If you weigh 120 pounds, how much work do you do when you go
up a flight of stairs 10 feet high?

21. When you come downstairs, do you get back the work done in
going up?

22. The hammer of a pile driver weighs 2500 pounds and is lifted 20
feet. How much work is done on it?

23. If the hammer in problem 22 is dropped on the head of a pile, how
far will the pile be driven if the average lesistance of the pile is 25,000
pounds?



CHAPTER III

MOTION

34. Characteristics of Motion. A man is seated in aslowly moving railway train. How shall we describe hismo^on? The man by his side might say that he was at resanother passing h.m in a faster train moving in the samedn^ection might think that he was going backward; whiLapedestrian by the wayside would say he was going forwardat a certain speed. Which description is correct?

.nJ
^^ ^'^!

L"" "^T "^""^ ^°'"''^^*' b^^^"«e a motion mayappear very different from different points of view A bodVamotion can be detected and described only when therfLother bodies with respect to which it moves!^ If a body we .

r stTinT:- T'r ' m
'^^"'''^ ^° ^^" ^^^^^^^ '^ weiTarest or m motion.? Could we tell whether or not our sun ismoving rapidly carrying all the planets with it, if there wereno fixed" stars? A body's motion is always described withrespect to some other bodies which are arbitrarily seizedas convenient points of reference, and then regarded as stllonary. In practical life motions are usually described wth

:£:norrr ''- ''-'''' --''-' -^-^- '^--
This method of describing motions by referring them to

regarded as fixed is a most convenient one for simplifying

CxTmnt' "'"!f
°'!;^^^" '^ ^°° ^°-P'-^^<l to solve'

stlt Tf"^
'

'°"''^'''

f"
'"^" °^ ^ ^^^ ^-Iking along the

have io tL?
""' '° tT'^ ^" "^^^•^'^ '- f""' ^^ should

yearlv rell ,'''T'
"^

u'
^""^ '°'"^^°" ^^ '^^ ^^^'^' its

the u„ Tn LhV V''"
'""• ^"^ ^"y P^'^^'ble motion ofthe sun, in addition to his personal motion. Such a descrip-
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tion, if possible, would be of no practical value for the purposes
of daily life. We need only note (1) that the man passes a
certain fixed object, as a lamp post on the street, at a certain
time; (2) that he moves in a certain direction with reference
to the street; and (3) that he moves with a certain speed.
For all practical purposes, his motion is then fully described.

Thus, if the man passes the lamp post on the street at
10 a. m. and moves east at the uniform rate of 4 feet a
second, we can tell justwhere he will be at the end of any given
number of seconds. For example, at five seconds past 10,
he will be 5 X 4 = 20 feet east of the lamp post.

The fixed point where the center of gravity of the body
is when we begin to consider its motion is called the origin
or potnt of reference. The direction is determined with ref-
erence to a chosen set of points, which are then considered
to be at rest. .. he speed is the rate of motion.

Origin, direction,and speed are the three characteristic*
of motion.

36. Uniform Speed. When we say that the speed of
a man is uniform and equal to 4 feet per second, we mean
not only that he passes over 4 feet during each second, but
also that he passes over 1 foot during each quarter second,
1 u foot during each ,V second, and so on. It is perhaps
unnecessary to state that no man can walk with a speed
that is exactly uniform, nor can he walk exactly in a straight
line. Most of the motions that we call uniform are only
approximately uniform.

A body has a uniform speed when it passes over equal
distances in equal time intervals.

36. How Speed is Measured. When a boy runs 300 feet
in 10 seconds at a uniform speed, he moves at the rate
, 300 (feet) ,^ ^

10 (seconds)
^

^^^ second. Similarly the speed of

any moving body may be measured in miles per hour or in
centimeters per second. Hence the numerical value of a speed
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may hefound by dividing the distance traversed by the time taken
to traverse tt. More briefly

Speed = .P*!*???l.

This equation defines the magnitude of a uniform speed ex-
actly. Since most speeds are variable, the equation is gen-
erally used to calculate the average speed of a body that ismoving at a varying rate. The Twentieth Century Limited
train ravels from New York to Chicago, a distance of

rstonf' '".; .^°^\ ^"""g this time it makes a number
of stops, so that at different times it is running at speeds
that vary from zero up to 60 or 70 miles per hour. Itsaverage speed in miles per hour, however, is all that wecare to know ordinarily. Thus

Distance 990 (miles|

Time ' 18 (hours)
'^ ^^ '""^^ P^*" ^O""*'

Speed

,
*""c lo inours) '

the average speed between New York and Chicago
The average speed is the uniform speed that would enable abody to traverse a gtven distance in the same time that t.js

actually required to traverse it with the varying speed.

37. The Sum or Difference of Motions. VVJien a manwalks in a moving car. hemoves with reference to the car, whilethe car carries him along the track. He therefore has at thesame time two independent motions. How does he move with
reference to the track? Let us begin to consider his motion atthe mstant when he is directly over a certain stake that has

w ith a speed of 16 feet per second, and if the man walks toward

evident that, at the end of one second, he will be 16 + 4 = 20feet northward from the stake.

/>rit^r^'"
^^^ mo/.-.«. are in the same direction, the^.Poduce the same effect as would a single motion which has tha^-

sp7eds

"" '^''^ '' '^"^^ ^° ^^' '«"» ' ""' «^'>

Suppose, on the other hand, that the man walks toward the
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rear of the car, and that the speeds are the same as in the first

case. Then at the end of one second the man will be 16 ~ 4
— 12 feet northward from the stake.

This process of finding a single motion that produces the
same effect as several independent motions is called the
composition of motions. The motions that are combined are
called the component motions. The single motion that would
produce the same effect is called the resultant motion.

The resultant of two motions in the same direction has their
common direction and a speed equal to the sum of their speeds;
the resultant of two motions in opposite directions has the direc-
tion of the greater and a speed equal to the difference of their
speeds.

38. Composition of Motions at Right Angles. Now
consider that the man walks eastward across the northward
moving car, the two component speeds being the same as
before. In this case it is evident that at the end of one
second the man will have been carried northward 16 feet,
and at the same time will have gone eastward 4 feet across
the car; i. e., each component has produced its full effect.
The new position at the end of the second will therefore be
neither due north nor due east of the point of reference on
the track, but will He mewhere between these two directions.
Also his di.stance frc ^he point of reference will be less than
20 feet—i. e., the .. iultant speed will be less than the sum
of the two component speeds. Since this problem cannot
be solved by simple arithmetic, we shall have to use another
method which is simple and of wide application.

39. The Graphic Method. On a sheet of paper, starting
at any convenient point representing the origin or point
of reference, draw a line in the direction of the first motion,
making it of such length as to represent the first motion on a
scaleofconvenient size. Thus, in Fig. 32, the point of reference
is represented by the point O, and the distance the man travel?
eastward in one second by the line Ox, which is drawn to the
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right on the scale 1 inch - 8 feet. As the dis-

tance represented is 4 feet, and as each foot is

to be represented by }i inch, Ox must be J
inch long. The point x then, represents the
point at which the man would have arrived in

one second if the car had remained at rest.

But the car, in which he was walking eastward,
was at the same time moving northward at
the rate of 16 feet a second; and so its motion
-nust be represented by the line Oy drawn
toward the top of the paper and ^ inches
long. If the two motions took place one after
the other, the man would have followed either
the path represented by Oxp or that repre-
sented by Oyp, arriving at the point represented by p in two
seconds; but the two motions were simultaneous, so the man
was carried northward 16 feet while he was walking east-
ward 4 feet. He therefore actually reached the point
represented by p in one second. Moreover, eince he was
going both eastward and northward at every instant, his
actual path was neither the broken line Oxp nor the broken
line Oyp: but was that represented by the straight line Op.
The line Op therefore represents the resultant motion both
as to direction and as to distance per second, i. e. as to speed.
Now although we have found the line Op which represents

the resultant motion in both direction and speed, we have not
yet finished our problem; because we have not yet found the
numerical value of the speed. To do this we must measure
Op and multiply its length by the scale number.

In this case the scale number is 8, because on the scale
that we adopted 1 inch = 8 feet. Measuring Op we find
It to be 2iV inches long, and since each inch represents 8
feet, the actual distance traveled by the man in one second
because of the two simultaneous motions is 2,V X 8 = 16.5
feet. So 16.5 feet is the distance per second, i. e. the sneed
of the resultant motion. The resultant motion has. the
direction indicated by the line Op a little east of north.
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rA« gml>ltica! solution is based on Ihe pHnciOe that tad, »c
';^J2','"-ent nations produ»s i,s }uU IffeU !n tr:l:i

fJLlT^^r:!^,'" """""" ThUgraphic=Un,e,hod„f'inumg the resultant of two motions that are neither in rh.

3. Jlfea..^-. /Ae rf/ag«„a/ and multiply Us length L tZni.number to find the numerical value of the spZ ^

42 Composition of More Than Two Motions. If thereare three or more component motions, the resultan of th!whole group may be found by first finding the res" tantoany two. then the resultant of that and any one of the remamzng components, and so on. till all the components have

O^VoT :t '''"f
•" ^'^- ^^' ^h- resultanVof Oa and

S: ft mil
^"!^.;^"^^^"^ «f ^» three motions Oa, Oft.andOc. It makes no difference either in what order the comoonents are combmed, or whether or not they He in he sa-e

^Jkam
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f.'-'

plane as in this figure. The
same rule applies to all

cases. This construction is

possible because each com-
ponent motion produces its

full effect in the resultant

motion.
Fig. 33

43. Traveling Crane. The composition of three motions
IS illustrated by a device used in shops where heavy castings
or other massive objects have to be lifted and carried
from one position in the shop to another. This device
(Plate I) is called a traveling crane, and it consists of a steel
bridge whose ends rest on little motor cars which run on tracks
supported by the side walls of the shop, so that the crane can
traverse the shop from one end to the other. The bridge
also carries another track, along which another motor car can
run across the shop from one side to the other, while the object
to be carried may be lifted to any desired height by means of
a pulley hanging fom the bottom of this car. The motor
cars and pulley are operated by electricity, steam or com-
pressed air; and the operator, who rides in the "cage"
suspended below the crane, controls them by levers, so that
the car carrying the pulley may be made to move either across
or along the shop while the weight is being raised or lowered
by means of the pulley. Thus the weight may move vertically
while the car carries it horizontally across the shop, or the
crane may also at the same time carry the weight horizontally
along the shop. Therefore, with this device it is possible to
combine motions in three directions at right angles to
each other.

**

44. Resolution of Motions. In Art. 18, we learned
that the work done against gravity in pulling a body up an
inclined plane is equal to that done in lifting the body
vertically through a distance equal to the height of tlie plane
1 His same result can be obtained in the following way : The
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motion of the ice up the plane may be regarded as the result-
ant of two motions, one horizontal along the sidewalk, and
the other vertical into the wagon.

Neglecting friction, practically no work is done in mov-
ing the ice horizontally (Art. 32) ; therefore the work done
in sliding the ice up the inclined plane is equal to that done
in lifting the ice vertically into the wagon.

The process just considered, in which an actual motion is
conceived to be the resultant of two component motions and is
resolved into these components, is called the resolution of motions.
The actual motion is said to be resolved into its components.

To resolve a motion into two components, we must not
only know the magnitude and direction of the motion to be
resolved, but also either (1) the directions of both components,
or (2) the magnitudes of both; or (3) the direction of one and
the magnitude of one. Unless these additional data are
determined the problem is indeterminate, since any number
of parallelograms may be constructed on a given line as a
diagonal.

Any motion may be resolved into component motions.

46. Composition and Resolution of Forces. Forces, like
motions, have three characteristics, namely, point of appL
cation, direction, and magnitude. So it is evident that a
force may be represented by a line drawn to scale just as a
motion can, the beginning point of the line representing the
point of application, the direction of the line the direction in
which the force acts, and the length of the line the magnitude
of the force. Hence we can construct a parallelogram offorces
and find the resultant when the components are given; or
conversely, the components when the resultant is given,
using the same rules that we used for the composition and
resolution of motions. To state the rules for the composition
and resolution of forces, substitute in the former rules (Art. 41)
the word "force" whenever the word "motion" occurs and
the word "magnitude" whenever the word "speed" occurs.

Since forces are fully described by the same characteristics
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as motion, namely, point of application, direction, and mag-
nitude; and since forces may be compounded and resolved
just like motions, it follows also that each component force
produces its full effect in the resultant force.

Throughout this chapter emphasis has been laid on the
fact that when component motions or component forces are
combined into resultants, each component produces its full
effect. This fact is often called Newton's second law of
motion, which is stated thus:

A force has the same eflfect in producing motion, whether
It acts on a body at rest or in motion, and whether it acts
alone or with other forces.

46. Work by an Oblique Force. One example will
suffice to illustrate the resolution of force. Suppose a boy pulls

Fig. 34 The Horizontal Component Does the Work

a loaded sled along a level road by a rope over his shoulder

u^u ['
^*^'^ ^^^^ ^^^ """P^ indicates the direction in

which the boy pulls, but the sled moves horizontally. We
have learned that in measuring work, both the force and
the distance must be measured in the same direction. We
therefore, conceive that the boy's pull is composed of two
component forces-one horizontal, which does the work, and
the other vertical, which lifts up on the front of the sled, but
IS useless so far as horizontal motion is concerned.

Suppose the boy pulls on the rope with a force of 5 pounds,
that the rope is five feet long, and that the end on the boy's
shoulder is 3 feet higher than the end at the sled. Half of
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the parallelogram for this problem is represented in F.V ^ithe scale used beine 1 inrh ~ a ^
presented m Fig. 34,

i« 5 ;r,^h I . f
"" ^ pounds-force. Hence nr

every foot he pulU .he sled along .hrrvelroa^Th! ";
«ork done is 4 (pounds-force, x", (fJ^rL'Tltpor^':'

35Lv!C'°rrHnc'"Tih*^„'^,'r^'- ''-

may be verified exJ^riZ l,,"; ^ThrStl^^J^h"' '" "

a To'zrr"'' "' '-^--'"ovX he'^aS^h

:

48. Equilibrant. A single forcp wh.Vh , n •

Fig. 35 The Resultant is od; the
Equilibrant oe

.P^r=^xr;;.r3i;-x=ti:j:
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other two. Also, c is equal and opposite to the 10 nn.. a

./ajrr ^r;/Hr-^„ i.^„urin'tvr

jP.»^ in .«,. The, a. .„" Ne.t.fLt'^l

3. To CT/cry ac/ioM, there is always an eaunl n«^

of the Perf^t r4 L™y o NatTe" A??^
°" ™""''''™'

action, but that
b «*» «in isolated body or

Everything in the universe so r*ia*i.,i *^

DEFINITIONS AND PRINCIPLES

3. Uniform or average speed =
^'"^^"^^

Time
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4 The resultant of two motions in the same direction
has their common direction and a speed equal to the sum of
their speeds.

hJ\J^^ 'T^^^""^ ""! *^° '"°''°"" '" °PP°«^e directionshas the direction of the greater and a speed equal to the
difference of their speeds.

6. If two simultaneous motions are represented by two
adjacent sides of a parallelogram, the resultant is repre-
sented by the concurrent diagonal.

7. Any motion may be resolved into component motions.
». Point of application, direction, and magnitude are the

three characteristics of a force.

9. The principles for the composition and resolution of
forces are the same as those for the composition and resolu-
tion of motions.

10 A force has the same eflFect in producing motion
whether It acts on a body at rest or in motion, and whether
It acts alone or with other forces.

11. Everything in the universe is so related to every
other thing that not one of them moves without producingan effect, however slight, on them all.

QUESTIONS AND PROBLEMS
1. What is the worid's record for 100-yard dash? How mav th.speed be determined from the record? ^ '^^

2. If you drop a stone from the rear platform of a moving traindoes .t stnke the ground directly under your hand? Expl^r

«.ni i^ r" ?^".^
°
V**^ "^^^ '''^''°™ °^ ^ "'''^'"g ^^^i" and throw astone backward with the same speed with which the train is going forward, how does the stone move with reference to the track?

4. Is it easier to walk toward the front or toward the rear of a trainwhen It IS runnmg at a high uniform speed?

at L/' " ^^' '° '^'" ^^^^"^ '" ^ ''^'" ""^'"^ uniformly or in one

6. Why do we not fee! the motion of the earth?

«an'ding7um"?"
"""" ^""^ ''"'" " " """'"^ ''°^^ ^^^P *han in a

8. Why is it easier to ride a bicycle with the wind than against it?
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lu "i^"! '"^''''f ^ """PP^ horizontally from the top of a table andanother be dropped from the same height at the same instant which
reaches the floor first? Why?

>nsiani, wnicn

to go ov?r bX'?"""'
''' ''"''" °'

' "'"''^"°'' -^^ '^ ^"-
11. Why is it easier to push a baby carriage over bumps when thewheels are large than it is when the wheels are small?

at It?' my?" * ^""'^ *"'' *° ''''"' ^ ^^'"«^ ^"'^'^' ^°^ »>« ^^ di«ctly

thetge? myT'"' '' ' ''^^''* ^^^*' ^ '"^^'«™-^ *° -"• a^ve

How shordVS^anoS'orf^ ^'"' ^""^^'^ ^^^'^ ^ «-« °' -"^^
15. Why do raindrops make inclined streaks on the window panesof a movmg railway car?

""tuuw panes

r ^^u^^V "f" P"'''" °" ^ '^'^" '"°^e'- in the direction of the in-clm«l handle-bar. mto what two components is his push res^rvS?

boy i;wer%r hanc^elr
"""^ ''''''' *'~"^' '^-^^ ^- -••^ ^^ ^

th/^' ii^^u ^ ^•''? ""^ ""'^^ * '•"''^'" °" 't i« t'"^''" into a swift stream

Wh Tr
the -nker on the line is the res.,ltant of what two foTc^/What force is the equilibrant of these two forces?

in tlie airT^'
"' *'*' *^'''' ^°'"' '^^' ^'' °" ^ '^'^^ ^^''^ •' « "standing"

lhe't°hirdr''
''''*'°" ""'* ^'^^ '"'"'*""* °^ ""y *"° '°^^^ have to

21. Represent by a parallelogram the two forces that support a

resXanT ^"^ '" ' ''"""'"'' ^"' ^^^^ ^'^^ "^ ^^at repLn^ei:

a hiU 'reslj^T'"*
*"° '°""""^"*^ '^ ^'^^ ^'^^^^ °' ^ -^O" d^ending

23 A boy flying a kite runs with a speed of 20 feet per second and

24 With a diagram show by the resolution of forces why a kitascends vertically when it is pulled against a horizontal wind
25. A wind stakes the sail of a boat at an angle of 45°. with a pressure



CHAPTER IV

PRESSURE IN FLUIDS

and Pieni,ur::p i^^^tid^r^::^ ,^„.tixs : pp;r r;::;;/,^:
p-lt;™^^^,-

pressure sufficf/nt'to for.rr.he .0" ^J'STs' TJ'"
"

havfa la'S'l!.'^ '^"J"-,
^™^" " "^"^ '' - '""-"ate as ,0

.t^Lfirtozi;rzt^"' 'r' <r

water does this because it is "under presTurt" I?,
'^^ ""
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with water. The weight of a cubic foot of water is 62.S
pounds; and therefore the cubic foot of water in the box will
press on the bottom with a force of
62.5 pounds. This force will be distri-

buted uniformly over the 144 square
inches of its area. Each square inch of

the bottom will therefore sustain -
144

of the whole weight of the water ; or
62.5
—=0.434 pounds Since the force

Fig. 36 A Cubic Foot of
Water Weighs 62.5 Poundson each square inch of the bottom is

0.434 pounds, the bottom of the box is said to be under a
pressure of 0.434 pounds per square inch.

Pressure is force per unit area. It is measured in pounds-
force per square inch; or, in grams-force per square centimeter.

63. Pressure and Depth. The cubic foot of water may
be thought of as consisting of 144 columns of water each
havmg a base of 1 square inch and a height of 1 foot, like that
shown m Fig. 36. Each square inch on the bottom of the box
supports the weight of one of these columns of water i e
0.434 pounds. If the water were only one inch deep,' each
column would be only ,\ foot high, and would weigh only~ 0.0362 pounds. The pressure on the bottom would
then be 0.0362 pounds per square inch. If the water were 2 3
teet deep, a column having a base of one square inch would
weigh 0.434 X 2.3 = 0.998 ; or, approximately, 1 pound. There-
ore, the pressure in water at the depth of 2.3 feet is about
1 pound per square inch.

The relation of pressure to depth in water is numerically
Simpler when the metric units are used, because one cubic
centimeter of water weighs one gram. Reasoning just as
before, we find that the pressure in water at a depth of 1
centimeter is 1 gram per square centimeter; at a depth of 10
centimeters it is 10 grams per square centimeter, and so on
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0/ p"^'^^::^^L':^z:Tr''''''p *"«>'>«
.nch for every 2.3 feet of denthT ?

'"""'' "*' ^"^™
meter for eve,y centi^Ver o? Lth T" """L""'"'

"""-
^n «»<^ »i<* a/ne upper surfT\k 1

"""""''"'=

be^eifri:S:t^;::tj^.r'T" •'""<' -
under pressure, weighed nZ- ,h

™'^"'' *'"'« '' »
more water w^reX«^ bv

"r ""
"L*^

^"''«- "
cubic inch, the compre^ If,? 'J"

•" *" 'P^« «' a
would be ^„ ^^.Z.^^^, -f^;™W wegh n,ore, i. e..

be compressed appreciablv S. T' .

^'^*^'* cannot
weighs about 0.03^2^^1, ^Th.^^u^r^^!;tZ
mua^tSi^'chTwaTer Ta^isT ^^t "' «™- ^
mercury weighs 13.6 tim^s as m^h "u'^"'

centimeter of

wa^r I„ other words^^de™ y o^ mereu^T;r6n"
°'

that of water. Therefori- ., ,.„i.. ,
mercury is 13.6 times

in cross-section and 1 i^A h°hT T'"'^ ' «.uareinch

0.0362 X 13.6 - 49 or. 'f ' ' '' ""''''= '"^'" *cighs
also a column of meTcLr^t

"PP^^^ately, 0.5 p„„„d,. %„
and

1 centimeter hS 11Twcrf^'T'""'^-"'-"- 13.6 grams. Kent reLnt^
centimeter) weighs 1X 13.6

find that, since Tr LH^c»lT'* ""= "*'^'- » =

pressure in mercury at r?st1sO 5 n„!. '^°"P'-=^. the

every inch of depth- orTiV
'^""^^ P"" ^"are inch for

every centimeter of'dlth ^^J"' """•'" ""''™'« '-

mu^rfrt^ -: vrmettr -fh-r'^
«•« -

Orr-^^Tndsr - 4^-"- '" a!^ .•-0^62 ^^
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the depth. The same reasoning applies to all other liquids
Hence the conclusion

:

In any liquid with a free surface, the pressure at any depth
ts proportional both to the depth and to tki density of the liquid.

66. Pressure Independent of Size and Shape of Vessel
A column of water 2.3 feet high, with a base of ^ a square
inch, weighs K pound; but the pressure at the bottom is not
half a pound per square inch. It is half a pound per half
square mch. Half a pound was the weight of the water borne
by half a square inch when the column had a base of 1 square
inch. Therefore, the pressure is at the rate of one pound per
square mch, just as in the case of a column with a larger base
If the base of the column were 2 square inches, the pressure
would be 2 pounds on 2

square inches, or one pound
on each inch as before.

Several connecting tubes
of various sizes and shapes
are filled with water as
shown in Fig. 37. If the
water in the larger tube pro-
duced a greater pressure,

the water in the smaller
tubes would be pushed up,
and the tops of the columns
of water would not all be on
the same level. When the
water comes to rest after the vessel has been filled, the tops
of the columns are all at the same level. The same result is
obtained if the vessels are filled with alcohol, oil, mercury or
any other liquid. Therefore;

In any liquid with a free surface the pressure at any given
point is independent ofthe shape and size of the containing vessel
and of the amount of liquid that it contains.

66. Pressure is Independent of Direction. In the experi-
ment just mentioned, the weight of the liquid in the vessel A

Fig. 37 Thk Fluid Stands at the Same
Levfl in All



72
PHVSTCS

conn«,i„« ,uU „*, anu Sees ,h-
""'"' '•"""'«'' "'«

by the liquid in d,e tube Bni, I ""T"" P"*'"^«' " »
nomatterin what direction 'fl,„7

""'' "" '^ '™= always
"ay lead, and ^oZTJh^^"^:^. '"'''- '^^t^'bottL,
alcohol or any other liquid

'" " """' """i » *ater, oil.

point in a liquid at ^sTthe"^r^Trr"" ^"'""any
direction than in any other ihTf?, " ^"'" '" "w
direction of the g.^ate'^- preSirl cZ ."-""'dmove in the
up in the liquid; and thc«. cun^„^, "u' r"" """^ ^ ^''

paddle wheel,, so that wo^wou^",'" *" ""= "«^ '" drive

«ravtr,,rorj.Trert^p *;*r " "- "- <" ^
PiP« are at a lower leveT,ha„Tr

'^
jf

""'''"' P''''^-'-^- The
reservoir. The press^e i ,1" refor^t"" "'

f""
"""• '" ""^

overlyingwa,er,.and,sinc
.he'^ru;^!'"'''^"^*'''"''''^shape or size of the conf„n;„r f ^ ""' ''^P^nd on the

the pipe, but only on 'hedrnZr""' °', "" "' <«^'^"o" «
ence whether the ^sel^Jw near'"a. hf ^ '"t' "° «"-
long as the water is at resf w ""'' °'' '"" away, so
differences inlevel in a towTbv™!' ""

"'f'"""'
'''''""'"•^

-- on .He water r..>:7^:'j;;:zz^Zr:r '" ''^^-

Plain'ed i°"Jh°:t"ue°J "?:!1!;;TJ-
^"^ P™ciples ex-

To calcUMe the prSl «' '"'']'' "" '"""^ing rule-

obse:l^^'''%;"X'.f'^^^^^^'Points ^"O""' ^ -fully
line drawn from the givT„p„rt„^,"?'='^r''"' ™ ^ ««ic^
of the liquid.

2. lf,hed^s"v°.'' »'"''•«= ^"-^^^
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oot. the depth must be expressed in f. ct; and the pressure will
!.o m pounds per square foot. 3. If the density is given
,

.

pounds per cub.c inch, the depth must be express^ i"

:- If the density ,s g.ven m ^ranis per . ibic centimeter, thedepth must be expressed in centimeters; and the pressure wUlbe m grams per stjuare centimeter.

68. Pressure Gauges. The principles just discussed
suggest a ready means of measuring pressures at faucTwe tasten a vertical tube to the faucet and note how h^hhe water rises in ,t. the pressure is 1 pound per square inch
for ev.y 2.3 feet that the water rises." This metS " onvHuent for measuring small pressures, but it is im racticable

^ sure I. 30 io ^0 pound:, per square inch, orm even more; so the water column would have
to he 70 t.

. 1 r „et high in order to measure it.

A shorter tube will serve if we use a denser
liquid to measure the pressure. As has -ust
been shown, mercury is such a liqu-'d a
column of mercury 1 inch high ghh,, :>. m- .

sure of ; ^ pound per square inch, p -id ,
. ;,

.

E Jiiches high, a pressure of KX30- -..-: p, .

per square inch. A mercury col n a ' .V

measuring pressure as here describe. i .; , j Ji
^n open mercury manometer (Fig. 38> -».k.

I snuare i^r""""^
"^"'^ ^'"'""'"'^ ^'•^"*" ^-^^'"^ ^5 pounds per

I
square inch, a pressure gauge (Fig. 39) is usually preferable to

I .radmS° r" Jll^^^^'^-^-P^-reist'obemeasur^^

I BDeT^U
"'"''^

'u'
P'P' ^ '"*° *^^ ^"^^d metal tubeI BDE, which IS somewhat flattened so that it has an ellipdca!

I .Tl''''^"' ^^^^" ^"^ ^'^'^ ^ fl"'d under pressure sTch

be otef"'^
'°

T'^'^^"
''^''' ^^-"- thiLuow 'i^ o

the r^ht?';;" "^"'rt ^" ^°'"^ ^^•^' '^^ ^"^ ^ -oves tothe right, and turns the hand before the dial. By comoariJnw.th a mercury manometer, the scale on the diaYisTadua S
[

to read pounds per square inch. This type of gauge is mu^^

c
.
38 ab Measures

TiiK Pressuhk
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I *

pound per square inch for every
2.3 feet difference in level; increas-
ing as we go down, and decreasing
as we go up.

This change in the water pres-
sure IS due to the weight of the
water column in the pipes above
the level of the taps. From the
observed pressures it is easy to cal-
culate how high wet:ould go before
we reached an elevation where there
would be no pressure at all.

Fic. 39 Pressure Gauge

60. Pressure Variations Because
of now. The principles just dis-
cussed are true for water at rest

when
Y.„,

.„ d.,. „,Jfrll .Tp trone":" ^r"'floor, of a house, by having .he water sJdenTy so' r"!!?"beeau«= some one had opened a faucet on alowe LT O*

faucets higher than the second floor B^f I .
'" ""'"
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Fig. 40 No Flow: Uniform
Prkssurb

system of water supply. R is the reservoir; 10, the supply
pipe; and the vertical tubes at a, b, and c, are the pipes that
carry the water up into the buildings. The heights of the
water in these vertical tubes indicate the pressures in the
supply pipe at the points a, b, and c.

When the water is not flowing
from the end O, it stands in all the
vertical tubes at the same height
as it docs in the reservoir R. This
indicates that when no taps are
open, the pressure all along the
supply pipe is the same as it is at
the end /, through which the water
is supplied (cf. Art. 55). On the other hand, when the endO IS open, so the water can flow out there, the pressure is no
longer the same at all points along the pipe; but falls off as
the distance from the reservoir / increases. This is indicated
by the decreasing heights at which the water stands in the
vertical tubes a, b, c (Fig. 41). From this illustration it is
clear that when water is flowing through a pipe, its pressure
gradually decreases, being greatest at the point where it flows
m, and least at the opening where it flows out.

The experiment just described
furnishes a picture of the way
the water pressure changes at
the taps in the building. When
a number of taps are opcii, the
water escapes easily and the

7 o 6 c o\ pressure in the neigi.borhood
Fig. 41 Pressure Falls wm. Flow** becomes small. Farther away

from the open taps the pressure
IS greater; and when all the taps are closed, the water comes
to rest, and the pressure all along the mains becomes the same.

61. Other Systems of Water Supply. The gravity sy .
tern of water supply is the most economical one when it h
available, because the work of moving the water is done by

52$\*.
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gravjty, which makes no charge for its labor. Some dtieslike Denver and Los Angeles, are situated near a satisfa^
supply of water at a higher level in the mountains, s^ th2a gravity system is possible. In other cities, like Chicago,
St. Louis and Cleveland, water can be secured only aTfheexpense of work. We may now inquire how this work is do«eand how it is measured.

62. Wells and Cisterns. In thinly settled distncts, thewater supply is drawn from individual wels and cfoterns.
The work of raising the water
from the well was originally
done by hand with a pail or
bucket on the end of a rope.
This simplest of all methods has
been made easier by the use of
a long lever called a well-sweep;
or of a wheel and axle (Fig. 27),'

a pulley, or a chain pump. The
principles on which these devices
depend have been discussed in
preceding chapters. Because of
well-nigh universal experience in
raising water from woUs. men
have come to recognize the fact
that work must be done on water
if we would raise it from a lower
to a higher level. The useful
work done in lifting the water is

A 1 .

worK can be done more conven fntlvAmong the amplest of the^ ;, ,he oribary lift pump Tl^

Fig. 42 Lift Pui.-o



PRESSURE IN FLUIDS 11
%

was known and used in Greece in the time of Alexander the
Great (B. C. 350). The diagram (Fig. 42) shows how it is

made and how it acts. It consists of a hollow cylinder C at
the bottom of which is a valve iv, opening upward like a
trapdoor and called the inlet valve. Fitting closely into the
cylinder is a piston P, perforated by a hole over which is fitted
another valve ov, also opening upward and called the outlet
valve. A long pipe sp, called the suction pipe, extends into
the water below. When the piston P is lifted, the air in the
suction pipe sp pushes up the inlet valve iv, and forces itself
into the cylinder C. When the piston starts down, the inlet
valve w closes by its own weight, so that the air inclosed in the
< \ iinder cannot return into the suction pipe. As the piston
fifscends, the air in the cylinder C forces the outlet valve ov
open, and passes through the piston. When the piston comes
up again, this air is lifted out; and more air is pushed up from
the suction pipe into the cylinder. When, after several
strokes, all the air has been pumped out of the suction pipe, the
water is forced into the cylinder as the piston rises, passes
through the piston when it is pushed down, and is lifted
out when the piston rises again j;?st as the air was.

But what force is it that pushes the air and the water into
the suction pipe, and causes it to lift the inlet valve and flow
into the cylinder? The celebrated Greek philosopher, Aris-
totle (384-322 B. C), and his followers offered in explanation
the saying that "Nature abhors a vacuum"; but the reader
will readily recognize that this is no explanation at all.

64. Air Has Weight. Any one who has tried to walk
against a stiff breeze, or who has seen the havoc wrought by a
Kale or a tornado, or watched the windmills spinning around
and doing work, must have realized the fact that air, though
invisible, is a form of matter just as truly as water and lead
are; and that therefore it must have weight. No one seems
to have recognized the fact, however, until Galileo proved it
by weighing a glass globe, forcing more air into it, and weighing
It again. The difference between the two weights, he rightly
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ascribed to the weight of the air that had been added. Hedid not discover that the weight of the air had anything to dowith Nature's alleged horror of a vacuum. He was aston shedwhen informed that a lift pump had been made with a suction
pipe about forty feet long, and that no amount of pumpingwould cause the water to rise higher than about thirty-thrco
feet. Since a vacuum remained in the cylinder and upper
part of the suction pipe, he was led to remark that "the horror
of a vacuum was a force that had its limitations and could bemeasured by the height of a column of water that it would

Galileo's friend and pupil, Torricelli (1608-1647) tookadvantage of this suggestion, and concluded that the weight
of the atmosphere was the cause of the rise of the watercolumn in the suction pump.

65. Torricelli's Experiment. Reasoning that, since agiven volume of mercury weighs 13.6 times as much as thesame vo^me of water, the pressure of the atmosphere ought
to be sufficient to balance that of a column of mercury only
about one-fourteenth Qj as long as the water column, he
caused two of his pupils to carry out the experiment, whichhas since been known by his name.
A glass tube, about 33 inches long was closed at one endand complete^' filled with mercury. When the open end ofthe tube had been closed by the finger, and the tube inverted

It was supported in a vertical position with the open end in adish of mercur>'. On removing the finger, the mercury sankdown a little way m the tube, and. after a few oscillations,came to equ.hbnum with the surface of the mercury inside
the tube about 30 inches (76 centimeters) above that of themercury in the dish. The modern barometer is simply one of

broken
' ^conveniently mounted so that it will not get

The atmosphere exerts a pressure equal to that of a mercurycolumn nearly 30 inches high.
»»* »J a mercury
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66. Why the Water Uses in the Pump. The reason
why the water rises in the suction pipe of a pump, and why it

does not rise to a greater elevation than about 34 feet, should
now be clear. These phenomena result from the fact that a
fluid remains at rest when at any given point the pressure is
the same in all directions; and that it moves in a particular
direction only when the pressure is greater in that direction.
Hence when the pressure in the top of the suction pipe is
dimini^ed by pumping out some of the air, the pressure of
the atmosphere on the water in the well is greater than the air
pressure in the suction pipe; so it drives

the water up the pipe. The water in the
pipe stands at such a height that the pres-

sure at the bottom of the pipe inside is

ccjual to the atmospheric pressure outside.

67. Pumping Systems. In cities,
individual wells and cisterns cannot be
used

; and when a city has in its vicinity

no hills or mountains where a reservoir

can be built, it cannot have a gravity q//"

system of water supply. In such cases,

the water is taken from a lake or river or
from large wells and the pressure in the
city mains has to be secured by means of
pumps.

The ordinary lift-pumps cannot be used for this purpose
because the water has to be forced into the mains against the
pressure that is due to the columns of water standing in the
pipes of tall city buildings,

68. Force Pump. Fig. 43 is a diagram of the simplest
kind of pump that is used for this purpose. Machines of this
type are called force pumps. The force pump differs from the
lift pump in that the piston has no hole in it; and the outlet
valve 07; is at the same end of the cylinder as the inlet valve iv;
but it, of course, opens outward. When the piston P is

Fig. 43 Force Pump
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raised, water is pushed into the cylinder by the atmospheric
pressure outside; and when the piston is pushed Town the.met valve is closed and the water is pusheS out thr^^ the

pusL?ng"if
'' '"""" '"'""^^^ "'^ ^^ '^- "^ in

In order to design a pump for a city system we must knowwhat relation ex.sts between the pressure desir^l in the dtymams and the force that must be used in the pumps to produce

nLi^-T"u
''""'^ ^"^' *^^ P^^^"^e Produc-xi by thepump distributes itself through the system of pipes.

69. Pascal's Principle. In order to find the answer tothi^question return to the model of agravity system (Art 60)
"^

' U/ llii-
^'^^ P''^^"^^ in the system

1 11 pf tubes will not bechanged
if we add on one side of

the larger tube R another
tube M to which is at-

tached the force pump P
(Fig. 44). If p ia at the
same level as the tube 10,
the pressure at P is the
same as that in 10 \ namel>

,

Fig. 44 Pbessure Rises the Same in All
.1 ^. , , .

o'^^'castnacinic/.-nameh
that measured by the heigh, ae, */, eg of the water :x,I„mn;.

,h. !r .
''"""'.^ •« ^' «" *<>*. water will be forced intohe apparatus causing all the water columns to rise from the

inct's /b;' hrrraiuit^' Th"y'
'• "' ' '^'' ="

at P h-,« nJ, , .
^"'^ amount. Thus the pressure addedat P has caused the same increase in pressure at all points inthe system of pipes. Hence, when the water is at ^st. tl^epressure due to the pump is transmitted undiminished to allother parts of the system. The effect will be the same ithe vertical tubes (Fig. 44) are all closed at . /.tdTet

"v Pa'sc r 1'"r ""^'"^'°"' "^'^^^ -- first annoLrdby Pascal and is known as Pascal's Principle.
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ILs.

A in-nsure exerted on any part of a fluid enclosed in
a vessel is transmitted undiminished in aU directions and
acts with equal force on aU surfaces of equal area, in direc
tions perpendicular to those surfaces.

70 Hydraulic Machines. The meaning of Pascal's
Principle may be made clearer by considering its application
to a simple machine. Thus, if we have a vessel (Fig 45)
consisting of a large and a small cylinder connected by a pipe
and each fitted with a water-tight piston, and if the areas of
these pistons are 1 square inch
and 100 square inches respec-
tively, then a force of 1 pound
exerted upon the smaller piston
will produce a pressure of 1

pound per square inch on the
larger piston, or a total force of
100 pounds. Thus the total force

transmitted to any surface by a
fluid is directly proportional to
the area of that surface. "Hence"
said Pascal, "it follows that we
have in a vessel full of water a
new principle of mechanics and
a new machine for multiplying forces to anydegree we choose."

71. The Mechanical Advantage of a Hydraulic Machine.
Since the pressures on the two pistons are proportional to
their areas, the mechanical advantage gained by means of a
hydraulic machin. of this sort is equal to the ratio of the area
of the larger piston to that of the smaller, i. e., the resistance
that may be overcome by the larger piston of a hydraulic machine
ts to the effort applied to the smaller piston, as the area of the
larger piston is to the area of the smaller.

72. Work Done by a Hydraulic Machine. With regard
to the work done it should be noted that if in the example just

FiG, 45 Om« Pou«d Can Lift 100
POUNM

T
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T^Z .1
'""^ P"*°" '' P"^^^^ *^^°"^^ a distance of

IriT^J f r."'°"
"^"^ ^ ^'^P^^^^^ through only 0.01foot because the hquid forced out of the small cylinder intothe larger has to spread out over an area 100 times as greatTherefore. ,f we multiply the forces by the corresponding

«r^ Ti*.'' ""i"^'
'^^^ ^'•^' '-^-^"^^'"^ -'"o^nts of workare equal. 1 (pound) X 1 foot) = 100 (pounds) X 0.01 (f^t)

It can easdy be shown that this is true no matter whatTheareas of the pistons are and no matter what the force and
displacement of the smaller piston are; so that every hydraulicmachtne conforms to the general law of machines (Art. 26.)

73. The Hydraulic Press. The principle of Pascal isextensively applied in a class of machines of which thehylaJ^

r^ -^
..^ /^"^ (Fig- 46) is a

I . tT ~Tf type. It consists of a
i J large, strong cylinder

connected by a pipe
with a force pump
(Fig. 43). The piston
of the large cylinder
has an area many
times larger than that
of the pump. The
pump plunger A is

worked by means of a
lever and forces water

^linder. causing the large piston Bto riL" T^: fbJrSCO ton. or whatever substance is to be compressed is squ^' edbetween the pressure head Cof the large piston, and tS hTavyframe above ,t. Uydravlic jacks, used for lift ng ve^Sweights, work on the same principle; and hydraul^VZZ
are operated by the ordinary pressure in the city watermd^

th.Jt
'^'^'^''^ Pressure. In Art. 60 it has been notedthat the pressure in water mains varies as faucets are opened

Fig. 46 The Hvdraw:,tc Press
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and closed at different points. In order to allow for thesechanges, there must be some flexibility or spring introduc^somewhere m the system. Water itself is almost Tom-
pressiblc. so the sudden starting and
stopping of the flow would cause seri-
ous jarring and result in leaky pipes.
Two devices for giving flexibility or
spring are in common use; (1) the
standpipe, and (2) the air cushion.

76. The Standpipe. This is sim-
ply a large vertical steel pipe (Fig. 47),
open at the top, and connected at the
bottom with the city pipe system and
the pump. Fig. 44 shows a model of
such a system. Since it is open at the
top, a sudden flow of water that pro-
duces a change in pressure simply
raises or lowers the level of the waterm the standpipe. The pipe also serves
as a reservoir from which the city
can be supplied for a time if the
pumps break down. Fig. 47 A Tall Pipe, Large

Pressurb

mains as shown in Fig. 48. Unlikr water
air is easily compressed; st. .hu, the
pressure in the pipes cnan,..:; ih. air
expands or is compressed, introduci.ig the
necessary elasticity into the sjstein AM
fire engines, force pumps an-! atomi^er^
have air cushions, which serve to keep
the water flowing continuously betwv n

- that U,e a,r confined in the do^ end may act as a cushloi'

Fig. 48 The Ajr Dome

.'"'v?l^»
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Fig. 49 Familiab Air
Cushion

77. Sprlm: of Air. Boyle's Law
In order to understand fully the action
of the air cushion it is necessary to find
out how che volume of a given quantity
of a,r changes as the pressure changes.

nM7ut\ c. .J.
English scientist, Robert Bovle(1627 91), first discovered the relation we are seekincr «nHwe cannot do better than follow his experimenr Se t"ka glass tube ^F^,. 50) .'which by a dexterous hand and^ehdp of a lamp was in such manner crooked at the bottom

tube^ The shorter leg was closed and che longer openMercury was poured in and the tube tipped
^

and shaken until the mercury stood at thesame level ab (Fig. 50) in both legs of the tube,
rhe columns of mercury in the two legs then
balanced each other, and the pressure of the
air in both was that of the atmosphere. The
barometer showed that the atmospheric pres-
sure at the time was equal to 29 inches of mer-
cury. At this pressure the length of thecolumn of air confined in the short leg, ad, was
I^ inches More mercury was then poured
into the long leg, till the column h was 29
inches long; so that the pressure on the con
hned air was increased by 29 inches of mer-
cury, and was therefore twice 29 inches When
the confined air column was under this pres-
sure, Its length cd was 6 inches; i. e., when the tub.—

harLo^h "To"
.^r^-.^^-o'u-e was reduced one-

pre surC thr .
'"'^" °' '"^^'""^ ^^^'^ *° ^ -ade the

Fig. 50 Boyu's
Tubs
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As a result of extended experiments like these, Boyle
announced the following law, which has since been verified
by a great many experiments, and found to be approximately
true for all gases.

The volume of a given mass ofgas, ct a constant temperature,
ts inversely proportional to the pressure thai U supports.

,, ^\ fj^lf-^w and Depth in the Atmosphere. When the
french philosopher, Pascal (1623-1562), learned of Torri-
celh s experiments (Art. 65), he reasoned that if one were to
ascend a mountain with a Torricellian tube, the mercury
column should fall

; because the pressure of the air at the greater
elevation should be less, since there would be less air overiying
the mountain top than there was over the plain. When the
experiment was tried, the mercury column was three inches
shorter at the top of the mountain, but resumed its previous
length when brought down again to the plain. Hence the
atmospheric pressure decreases as we ascend.

Since air is easily compressed, the atmospheric pressure can-
not be proportional to the depth of the air. as it is proportional
to the depth in liquids. It is possible to calculate, with the
help of Boyle's law. how the pressure changes with the alti-
tude; so that a measurement of the pressure enables us to
determine the altitude of mountains. The pressures are
measured with a barometer.

79. The Mercurial Barometer. The ordinary mercurial
barometer, which is an instrument of great precision and of
inestimable practical value, is simply a Torricellian tube in
>v^ich the dish for the mercury is replaced by a flexible bag
of chamois skin. The tube and bag are enclosed in a metal
case which is fitted with a very accurate scale, by ineans of
which the height of the mercury column may be measured,
bince the height of the mercury varies in direct proportion
to the pressure of the atmosphere, this height is taken as a
measure of the atmospheric pressure. For example, 29
mches of mercury represents a comparatively low pressure,
while 31 inches represents a high pressure.
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Since changes m the weather are caused by the passing

columTf.^; I ^"""?
i"

''^ atmosphere, the barometrifcolumn falls when one of these areas is approaching, and risesagam when the low pressure area passes and a high pressure
area takes its place. ^ assure

sii "'''"'? °^ barometers and other instruments, reads multaneously at scores of station., the United States
VVeather Bureau officials are able to m .p the weather condi
tions of the entire country every eight hours; and thus asthe areas of low or of high pressure travel across the country
taking with them their characteristic weather conditions, the
forecast official announces by telegraph the probable time of
their arrival at any given place and the kind of weather thatmay be expected to accompany them. These weather fore-
casts and storm warnings, which would be impossible withoutthe barometer and thermometer, save many lives and much
property annually.

80. Calculation of Atmospheric Pressure. Since the
pressure of the atmosphere exactly balances the pressure ofa column of mercury having a certain length, we can calculatethis pressure m pounds per square inch by calculating thepressure due to the weight of this mercury column. Thus atsea level, the average height of the barometer column is 30
inches; and since a column of mercury 1 inch high gives a pres-sure of nearly 0.5 pound to the square inch (Art. 54) the average
pressure of the atmosphere is approximately 5 X 30= IS
pounds to the square inch.

fn.P'' TTTn
'''^'^''^'

'' '^ ^^'^' '""''^ ^^«« ''"^ '^« P^r square
foot, or to 1 ktlogram per square centimeter. / Ike pressure in
Itqutds It xs the same in all directions at a given point.

.tr^^' J^^
Magdeburg Hemispheres. The phenomena ofatmospheric pressure were very thoroughly investigated byOtto von Guencke (1602-1686). an eminent civil engineer andburgomaster o Magdeburg. Guericke made many"xpe^

ments, one of the cleverest of which was that of pumping the
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air out of a pair of hollow iron hemispheres having smooth
rims which fitted very accurately together. When the air
was pumped out of these, it was found, as Guericke expected,
that great force must be exerted in order to separate them-
because the pressure due to the weight of the air held them'
together. This experiment was made by Guericke in the
presence of Emperor Ferdinand II and the Reichstag, with
hemispheres 1.2 feet in diameter. The force of sixteen horses
was required to separate them. Plate II is a photograph of
the picture that appeared in Guericke's book.

82. How Animals Sustain Atmospheric Pressure. If the
pressure of the atmosphere is about one ton on each square
foot, how are we able to withstand so great
a pressure on our bodies ? The reason is

that our blood and tissue cells contain air
at the same pressure as the air outside our
bodies. The presence of this air can be
demonstrated in an experiment with the

• "hand glass." This is a bell jar (Fig. 51),
which fits on the plate of the air pump,
and has an opening at the top to which
the palm of the hand can be fitted air tight.

When the air is pumped out of the jar, the hand is not only
pushed down with great force by the weight of the overiying
air, but also the fleshy part of the palm swells out and extends
through the opening into the receiver. This is because the
pressure of the outside atmosphere has been removed from
the palm, and the air within the hand, being free from out-
side pressure below, expands and distends the cells in which
It is confined. This is one reason why aeronauts and mountain
climbers often suffer great inconvenience. As they ascend,
the pressure of the atmosphere diminishes so rapidly that
the blood is forced to the surface by the pressure of the air
within the tissues.

83. Pleating. Archimedes' Principle. The impor-
tance of boats, both for business and pleasure, gives point to

Fig. 51 Hanb Glass
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the study of the principles of flotation What H^tPrm'

aoDlvincr tn Z u,^"^
questions may be answered byapplying to this problem the principles we have already

^h \Tll^'u^
--epresent a vessel, filled with liquid to the levelg^ in which a rectangular solid cdef is conceived to be sub<f^ ^""J^. merged; and let us find whether the

liquid exerts any force which tends to
move the solid.

The resultant of all the horizontal
forces exerted b- the liquid on the
solid IS zero, because every such force
IS opposed by an equal and opposite

bforce at the same depth on the opposite
side. The force on the top cd is equal
to the weight of a column of liquid

ward Th. f«
represented by gkdc, and it acts down-

Pascal's principle (Art Sn.!-!-'^^ According to

downward forces is equal to tl,eir ari.hmeticaSrence

w.cHistHesa.ea3Vo'ftt:^i;^^^^^

tHU )'^"«'/««» on the «>lid an upward force equalto the weight of the liquid displaced.
^

Ihe foregoing argument does not deoend for if. .
clus.«. on the kind of fluid, nor on the Zfht which i,"

bod': Tlfr^;""-"," t ''^ """ *^P» cJ the subt^d

Fig. 52 Thb Cubb is

BuovBO Upward
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84. Boats and Balloons. Applying this principle to a
boat, we learn that the boat will sink in the water until the
weight of the water displaced by the boat is just equal to the
total weight of the boat. If the boat is loaded, its total weight
IS greater; therefore, it sinks deeper so as to displace a greater
weight of water, and thus produce a buoyant force sufficient
to balance the increased weight. The submarine boat (Fig
53) must be so constructed that its total weight is not quite
equal to the weight of an equal volume of water. It is pro-
vided with air-tight compartments into which water may be
admitted to increase its weight and make it sink. When
this water is expelled by means of strong pumps, the boat

Fig. 53 Weight of the Submarine = Weight of Water Displaced

rises again. The devices for admitting and expelling the
water are under the control of the men in the boat

Balloons are filled with hydr^ Ten or iUuminadng gas
which IS much lighter than air, so .he balloon and the gas
together weigh less than the large volume of air which it dis-
places. When the balloon has risen to an elevation where the
air ,s less dense than near the ground, so that the balloon
and its load weip% just as much as the displaced air, it floats
along with the a currents and neither rises nor sinks. 1 f the
aeronaut wishes >.o ascend, he throws out a little of the sand
which he carries for ballast, thus making the weight of the
balloon less than the buoyant force of the air. When he
wishes to descend, he pulls a cord which opens a valve at the
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top Of the balloon and lets out some of the gas. This diminishes
the volume of the balloon, and makes the buoyant force lessthan the weight of the balloon.

85. Relative Density or Specific Gravity. In Art 54we learned that a cubic inch of water weighs 0.0362 pound. an<la cubic inch of mercury weighs 0.49 pound; i. e.. the mercury
weighs 13.6 times as much as the same volume of waterThis fact IS generally expressed by saying that the mercury-
is 13^ times as dense as water,-or more briefly, that its
speafic gravuy,. 13.6. So likewise, if we find that a piece obrass weighs 17 pounds and an equal volume of water weighs

2 pounds, then the brass is -^= 8.5 times as heavy as the
same volume of water; i. e., its specific gravity is 8 5

mie specific gravity of a substance is its weight dividedby the weight of an equal volume of water.

medet l^^L^r^K **^ Archimedes' Principle. Archi-medes Pnnciple furnishes a convenient method of deter-
mining the specific gravity of a substance
that does not dissolve in water, because it
tells us that a body immersed in water is

buoyed up by a force jt >
i

'
to the

weight of the water disp' . unre the
volume of water displace -:. ^ame as
the volume of the imme.o.u body, the
buoyant force is just equal to the weight
of an equal volume of water. If then a
body whose density is desired is weighed
in air, and then weighed suspended in

.^ .7~,
^^*^'* ^^'-- 54), it weighs less in water bv

^'^
VwY^^T'^

^"^^ -—«t just equal to the weight of its

A' A A ^ . ,

°'''" volume of water. The weight in airdivided by the loss of weight in water, is therefore I
specific gravity.

It is to be noted that this process of weighing in air and
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then in water is simply a convenient way of finding the weicht
of an equal volume of water.

Specillc gravity= WeighUn^Jr
Loss of weight in water

87. Why Some Bodies Float. In Art. 4 we have learned
that the center of gravity of a body always seeks the lowest
possible level. Yet, if we push a block of wood down to the
bottom of a jar of water and let it go, it rises to the surface-
1. e.. Its center of gravity goes up. When mercury is poured
into a jar partly full of water, it sinks to the bottom, raising
the center of gravity of the water to a higher level

If the mercury stayed at the top of the water, the common
center of gravity of the jar, the mercury, and the water, would
evidently be higher up than it is when the mercury is at the
bottom. Likewise, if the wood stayed at the bottom of the jar
of water, the common center of gravity of the jar, the water,
and the wood would be higher up Jhan it is when the wood is at
the top The common center of gravity of a collection of
several different bodies is at the lowest possible level, only
when the denser substances are at the bottom, and the leJs
dense ones are on top. So if, in any collection of bodies some
are fluids, the less dense ones float upward, and the more
dense ones sink downward; because

$

DEFINITIONS AND PRINCIPLES

1. Pressure is force per unit area. It is measured in
pounds-force per square inch or grams-force per square
centimeter. n^aic

2. Density is weight per unit volume. It is measured inpounds per cubic inch or grams per cubic centimeter
3. In a liquid with a free surface the pressure at anydepth IS proportional to the depth and the density of the
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4 In a liquid With a free upper surface the pressure at any
depth IS independent of the shape or size of the containing vessel

5. When water is flowing in a pipe, the pressure gradually
decreases, being greatest at the end where the water flows in
and least at the end where it flows out.

6. Work must be done in raising water to a higher level
7. In raising water to a higher level, Work done- weight of

water raised X difference in level.

8. Air has weight.

9. Normal, sea level, atmospheric pressure is IS pounds to
the square inch.

10 A pressure exerted on any part of a fluid enclosed in a
vessel u transmitted undiminished in all directions and acts
with equal force on all surfaces of equal area in directions
perpendicular to those surfaces. (Pascal's Principle).

11. In the ideal hydraulic machine. Work out= work in
12. The volume of a given mass of gas at a constant

temperature is inversely proportional to the pressure it sup-
ports. (Boyle's Law).

13. A body immersed in a fluid is buoyed up by a fore-
equal to the weight of the fluid displaced.

14. The specific gravity of a substance is its weight iivided
by the weight of an equal volume of water.

15. The center of gravity ' a collection of bodies is at the
owest possible level when the oenser bodies are below and the
less dense ones are above.

QUESTIONS
1. Explain the difference between the pressure on the bottom ot a

cistern and the total force on the same.
2. What is the cause of the pressure in a fluid (i. e., a liquid or a gas)

when at rest m an open vessel?

3. What is the relation between this pressure and the depth at any
pomt within a liquid having a free upper surface?

4. What is the cause of this simple relation (question 3), between
the pressure and the depth in a liquid?

S At what depth in water is the pressure equal to 1 pound per square
mch? 10 pounds per square inch?

6. At what depth (in meters) is the pressure in water equal to 100
prams? SOO grams?
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7. What is the density of water in pounds per cubic foot? In pounds
per cubic inch? In grams per cubic centimeter?

8. Why will boards placed over swampy ground enable a person to
walk safely over it, when otherwise his feet would sink in at every step?

9. Why it the water more likely to penetrate into the ears during a
deep dive than during a shallow one?

10. Must the lower portions of the wall of a standpipe be made
s> ringer than the upjier portions? Why?

11. Does coffee stand at the same level in the spout of a coffee pot as
it does in the pot itself? Why?

12. Is the pressure at the base of a dam 80 feet high greater when
the dam holds a lake 30 miles long than it is when the lake is only half
a mile long? Why?

13. How can you determine the difference in level between two
faucets in a building with an ordinary.pressure gauge?

14. Can you make a satisfactory measurement of difference in level,
as in question 13, when some one is drawing water from a tap in the base-
ment? Why?

15. Describe the action of an ordinary lift pump ?
16. How would you calculate the work done per stroke in lifting

water from a cistern with an ordinary lift pump?
17. Why did Galileo conclude that Nature's horror of a vacuum had

its limitations?

18. Why does the water rise in the suction pipe of a pump
19. Why are not barometers filled with water?
20. How does the barometer in a balloon car act when the balloon

is ascending uniformly?

21. What sort of weather does a falling barometer forecast? Why?
22. Why do corks float on water?
23. How are balloons and submarines made to rise or sink?
24. Why is it easier to float in water when the lungs are v filled

with air?

25. Why is it easier to swim in salt water than in fresh watvn?
26. A boat builder objected ^o placing the lead ballast of a boat on

the bottom of the keel because tl;e "water took the heft all out of the
lead." He wanted the lead up in the boat. Was he right?

27. A disk c' soft leather attached to a string makes a "sucker "
because when pressed against any flat object like a brick or a flat stone
It clings to the object hard enough to lift it when the string is lifted
.3 the object pulled or pushed up? Expkin the phenomenon.

:s. Explain any methods that you know for proving Archimedes'
pn ciple by experiment.

Hflf^i
^^^"^ ^°" '^'" *° ^"'"P "P *" ^""P^y ^•'^y'^'e t'fC' 't 's not

mthcult to push the piston. As the tire grows full, it is difficult to do
this. Explain.
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30. How
j.

the prcMurc in the water .ystem of your town obtained?31. Dc*. the water run faster Irom a faucet near the pumping .utLor Kandp.pe than fron one at the «n,e level but far aTyrVxpt
"

32. t ,11 a glass wuh water, hold a wet card over the top. invert thegla« and then withdraw the hand. Explain what hap^ns
"

it ii emptlU an^; e^ptn*"'
^''"' ""^^^ ''' "°^^ ''^ ^'^^ '^^ ^^^^

• '^•t' ..^i^ ""I
*''*' '^"'* ^ *"'P*'«' '"ofe quickly and with less sniaah.ng .f tJted gradually than if quickly invert^ and held up^Jdelwnf

'

PROBLEMS

- .LJ'^^'l
'' *''*" "'"'""' '" P°""*^' P^' "^"^"•'^ '°°t °n the bottom ofa Ncssel contammg water to a depth of 1 foot? S feet?

»K^' .I!^*^' V^^.
P"^""""^ '" kilograms per square centimeter on a damwhen the depth of water is 10 meters? 20 meters?

3. At what depth in mercury is the pressure eaual to 1 1« »«»,
•quare centimeter? To 272?

"^ «I"ai to 136 grama per

4. At what depth in alcohtl U the pressure equal to l 6 »«»,.
«,uare centimeter? To 8 gram, per square centimeter?

'^"' ^'

th. «r^' "/''! differer^. 'n level between two taps in a house when

it fhrrisitte r:; Spf -- ^- - ^ -"^' ---"
"

foot-pounds of work are done in pumping it fulUf wTterr
"'"'

I .
^°^. '' ™^''^ ^"^ difference in the anmunt of work done .n nr«k

manyf. t-pounds of work are done in pumping " ^' ^'^^ ''°"°'"- How
Jt full of water?

»- k s

9. In a siphon, when the barometer reads
30 inches and the top of the tube C is 6 inches
above the level B of the water in the jar, what
IS the water pressure at B?

10. In the siphon, when the end of the tube
>1 is 14 inches below C what is the water pres-
sure at A} What is the resultant presc-ure in
the direction CBA ? the Siphon

1
J

How much work is done per stroke bv a nllm,^ »»,„
an area of 40 square inches and a stro^of 2 feerif tW?
is 40 pounds to the square inch?

'^' P"'°" P"^"'^
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12. The •mail pUton of a hydraulic press has an area of 2 square
inches, and the large piston an ana of 250 8r|uare inches. What for eappl^ to the ^mall piston will cau*e the large one to exert a force of
12,500 poundsi'

13. If the lever of the hydraulic press (Fig. 46) is 2 feet long a tne
distance from the fulcrum end to the plunger is 6 inches, what force will
tl.e plunger A exert on the water in the small cylinder if the handle ispushed down with a force of 100 pounds?

14. In Probk n 13 what force will the piston B exert if it. area is 300
s<iuare inches and that of the small one A is 3 square inches?

15. If the piston ^ in problem 14 moves S inches at each stroke.how many strokes would be required o lift the pin* B 10 inches?
16. At a time when the barometer stand. . t > inches, an empty

bottle is inverted and pushed below the surf., ./ a body of water
unt.1 It IS half full, no air being allowed to escape from it. What is the
pressure m the bottle? How far below the surface is it?

Jli f^w •!" "' •" ^''^ f '^'""" °' * ^"^ ^="8'"* P""? has been re-
duced to J of Its onginal volume, what is the pressure in the dome atthe point where the water leaves it?

18 A rowboai weighs 2.0 pounds. How many cubic feet of waterdoes It displace when floating?

(r.T y y°" *"'.«•» *2S pounds and can just float with your nose out in
fresh water what la your volume?

Rravi^y?^
"'*'' ^°^^' ''^'^ '" ^""^ ^^^^ °"' °^ '*"'"'"- ^^^ » '«« "P^i^c

What isi^^ifillJt^ity?'"''
'' «""^ •" ^'^ ^"'^ '' «"-» " -'--

it 4hi^t"rr?'"
'
'

•" ^' '"^ ^-"^"^ ''-'• "°- --'' --'

rJi\T^''u^"
^^''^^' ^^^ ^'^""^ P""" ^"^'^ '"««''• how much loadcan a balloon bag suurori when it contains 300 cubic meters of gas thatweighs 75 ) jrams per cubic meter?

in ni .Ic r'^?*
°^

^J'^^r"^'
is 6000 tons and when loaded it displaces

10,000 tons of water. How heavy a load can it carry?

U

lii



CHAPTER V

WATER POWER

88. Moving Water Has Power. No one can go wading ina swiftly running brook, or even hold his hand in the stream
of water rushing from a tap, without realizing that moving
water has power. That it can do work, the havoc wroughtby floods and freshets bears convincing testimony. A
slowly flowing river or quiet lake or pond do not often im-
press us with their power of driving mills. It is only when
a river plunges over a ledge and makes a rapid or a waterfall
or when the water from the lake runs through a mill-race to ami 1 at a lower level, that the power of moving water can be
utilized to drive machinery and do mechanical work

Rapidly moving water may be made to saw wood, grind
corn or furnish electric light for streets and houses. Because
of this, a waterfall or a rapid in a river is a possession ofgreat
value to any community.
We shall now consider some
of the devices that are used
to utilize the power of run-
ning water and make it do
mechanical work.

89. Overshot Wheels.
Most children have amused
themselves with toy water
wheels. They are made
by fastening a number of
blades or paddles around
the rim of a wooden disk mounted on an axle. When the
wheel is held so that the blades dip in running water, the
wheel turns.

Fig. 55 Water Falls-Wheel Turns
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Fig. 66 Running Water Pushes It

Hnv. fl
°"

r, "^T ^^''''' ''""* °" '^^' PJ^"' ^e'-e used todr ve flour m.ns and sawmills. A dam was built in a river.holdmg back the water, and keeping it at a level higher thanthe wheel. The water was then led through a pipe or flume
F (Fig. 55) from near
the level of the top of
the dam D, and allowed
to fall on the paddle
wheel W. Because the
water falls over the
wheel from above, this

sort of wheel is called an
overshot wheel. The
weight of the water in

the buckets on one side
causes the wheel to turn

;

and as the axle is fixed

J ^ • ,
*° the wheel, it turnsand transmits the motion to the machinery in the mill. Watercan do work on such a wheel when it falls on the wheel fromabove so that its weight pulls down the buckets on one side ofthe wheel as the water de-

scends from the higher to the
lower level.

90. Undershot Wheels.
The undershot wheel (Fig.
56)

,
as its name implies, differs

from the overshot wheel in
that the water runs under it

instead of over it. In this
case the wheel is driven by the
horizontal pushes which the

mo?or ofTh 'p*,'; '•''" °' '^' "^^^'- J" ^he modem water

rFiI%?
^'j^.P-Jtontype the water rushes out from a nozzle iV

Ihtl ^ " '' ^^^'"'' ^'^^"^ °'- •'"^kets on the rim of thewheel, and givesup part of its own motion in turning the wheel

Fig. 67 Pelton Water Wheel
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In the case of the water wheel, the water flows in a direction
parallel to the flat sides of the wheel. The blades are set at
right angles to the flat side of the wheel, so that the water

^ strikes perpendiculariy against them

R ..^^^^'wT'
^"^ pushes them in the direction in^ which the water flows.

Fig. 68

91. Turbines. The toy pin-
wheel and the farm windmill are

.
familiar types of turbines. The

wind does not blow in a direction parallel to the flat side RW
(Fig. 58) of the wheel, but in the direction ab at right angles
to it. Each blade mn is set at an z> |||| |||[|

angle with the flat side RW of the3^=^^F=^5^
wheel. When the wind strikes the _^^^
blade mn in the direction eb, it is^^
deflected in the direction c«;, there-
by pushing the blade in the direc-
tion ef, and so turning the wheel.

Niagara Falls power plants are
driven by water turbines. The
water is led near the top of the
falls into a large steel pipe P
(Fig. 59). The turbine is placed
at the bottom of this pipe, where
the water under heavy pressure
flows with great force through the
turbine T, causing it to revolve
rapidly, turning the shaft 5 and
driving the dynamo D.

Fig. 60 shows a simple model
of a water turbine. A small
metal disk T, cut and bent like
a pinwheel or an electric fan, is

mounted on a wire AB and ar- ,,^ _
ranged so that it rotates freely fio.69 Niagara power tur7ne
inside of an ordinary lamp chimney P. When water is
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luiicy at Jj to ^\hIch small machinery may be
•ittachcd.

In real turbines the water is led in

« %"""']'iT
""^ '"'^'^ '"'^ts or passages

the blades of the turbine T in the direc-
tion most favorable for turning the
wheel. The direction in which the water
flows as It passes through the machine is
changed as indicated by the arrows in
the figure.

As with all other machines, the important
thmg about water r.xotors is their efficiency
\\e must therefore learn how to measure
both the work done on the machine, and
the useful work done by it (Art. 20).

92. Measurement of Work Done by
Water. In Art. 62, we
have seen that work
must be done on
water when it is raised
from a lower to a
higher level, and that
this work is measured
by the product of
the weight of the

Fio. 60 Toy Turbine

. ,
— »*<-ignL or tne

^^ater raised and the distance through
^vhlch It is raised. Conversely, when
water does work simply by its weight, as
in the overshot wheel (Fig. 55), the work
done by the water is measured by the --«z=as^zaza
product of the weight of the water that ,:.
fa Is, and the vertical distance through °" ^^"»^--

jecting a stream of water under pressure against the blS^es
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on the wheel of a motor, it is not so convenient to measure
the work in this way. We can best find out how to do thism the latter case by first considering the converse problem
of measuring the work done in forcing water against pressure.

Consider the force pump (Fig. 43), the area of whose
piston IS 100 square inches and the length of whose stroke is

20 inches. If the pump is to be used to force water into the
mains of a city water system against a pressure of 60 pounds
per square inch, the total force that must be applied to the
piston to move it is 100 (square inches) X 60 (pounds per square
inch) = 6000 pounds. When the pump makes one stroke,

this force acts through a distance of 20 inches=— feet. The

work done per stroke is therefore force X distance; or,

20
6000 (pounds) X — (feet) = 10,000 foot-pounds.

In practical work it is convenient to rearrange the factors
involved in this calculation. Thus we had: Work =
Pressure (lbs. per sq. in.) X Piston area (sq. in.) X stroke {—)

But piston areaX stroke= volume of the cylinder in cubic
inches. So the work done per stroke may be obtained by
multiplying the pressure by the volume of water moved
against this pressure each stroke. If the pressure is measured
in pounds per square inch, the volume must be expressed in

cubic inches divided by 12, so that the result may be expressed
in foot-pounds.

If the pressure is measured in grams per square centimeter,
and the volume in cubic centimeters, the result will be ex-
pressed in gram-centimeters.

The reasoning just given holds for other fluids than water,
hence: the work done by a fluid when a volume of it flows under
pressure through any machine is measured by the product,
pressure X volume, or

Fluid Work = Pressure X Volume.
If the work is to be calculated in foot-pounds, the pressure

must be in pounds per square inch, and the volume in cubic
inches divided by 12; or, the pressure must ^c in pounds per
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square foot, and the volume in cubic feet. If the work is
to be calculated in gram-centimeters, the pressure must bem grams per square centimeter, and the volume in cubic
centimeters.

93. AppUcations. In order to illustrate the use of this
prmciple, let us find out how much work must be done per

t^li^^ ^r^' °i
^ '^'y "^^'^^ P^^"' '^ '^^y h^^e to pump

1,000,000 gallons a day against a pressure of 60 pounds to the
square inch Since there are 231 cubic inches in a gallon
the total volume to be pumped per day is 231,000,000 cubic
mches. The pressure is 60 pounds per square inch. There-
forP thi» wnrt f« K« ^^ • 231,000,000Jore, the work to be done is ^ X60= 1,155,000,000

foot-pounds.

A second problem will show how the metric units are used

v7rZ J '' "^""^ °" ^ ^'^'^'' "^°t°^ by the ^ater while
200,000 cubic centimeters of water flow through it, the water
being under a pressure of 3000 grams per square centimeter?
Fluid work = 200,000 (cubic centimeters) X 3000 (grams
per square centimeter) = 600,000,000 gram-centimeters.

94. Power How large an engine will be needed to do the
work of pumping 1,000,000 gallons a day against a pressure
of 60 pounds to the square inch? If time were of no impor-
tance, it could be done by one man working with a hand
pump. If the volume of his pump cylinder were 77 cubic

inches, he would doj|x60=385 foot-pounds of work each
stroke. We have just found that the amo of work to bedone IS 1.155.000.000 foot-pounds. So if ,. .nan can make
10 strokes a minute, he does the work at the rate of 3850^«|^per minute. At this rate, it would take him

3850 - ^00,000 minutes, or more than 200 days.

The work must, however, be done in 24 hours, i. e., at the
rate of about 48,000,000 foot-pounds an hour; or 800,000
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ic^t-pounds a mmute. It would therefore take more than
200 men ^vork.ng at the hand pumps, to supply the waterdemanded each day. So we need something much more
powerful than one man to do this work at the required rate
VVe need an engine of at least 200 man-power.

Power is the rate of doing worn. It is determined by ditndins
the work done by the time taken.o do it.

Power=
T̂ime

Since power is measured by dividin- the work done (foot-
pounds) by the time required to do it (seconds), the unit ofpower ts either the foot-pound per second, or the gram-centimeter
per second.

95. Calculation of Water Power. One method of calcu-
latmg water power is illustrated in the following example
In the great turbines at Niagara, the diflference in level'

/?-'^?o'; u f
'"'^''''^ ""^ ^^^ ^^^^'* ^^°^^' ^"d the turbir.e T

(Fig. 59) below, IS 146 feet. The water pressure at the turbine

is therefore (Art. 53) li| == 62.5 pounds per square inch.

When 6,000,000 cubic inches of water have flowed down the
pipe, the work put into the turbine is (Art. 92) :

Fluid work = Pressure X Volume.
= 62.5 (lbs. per sq. in.) X ^^99^!s»Jnd
= 31,250,000 foot-pounds.

"

If 6,000 000 cubic inches of water flow down the pipe eachsecond (volume per second), 31,250,000 foot-pounds of work
are put into the urbine each second; i. e. the pow.r supplied
to the turbine is 31,250,000 foot-pounds per second. Hence
the power supplied by a fluid when a certain volume flows each
second at a given pressure through a machine is measured by the
product of the pressure and the volume per second or

Fluid Power = Pressure x Volume per second.
If the power is to be calculated in foot-pounds per second,

the pressure must be in pounds per square inch and the volume
per second in cubic inches per second divided by 12; or, the
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pressure must be in pounds per square foot, and the volume
per second in cubic feet per second.

If the power is to be calculated in gram-centimeters per
second, the pressure must be in grams per square centimeter,
and the volume per second in cubic centimeters per second.

96. Horsepower. In solving engineering problems, like
the one just considered (Art. 95), the foot-pound per second
(or the gram-centimeter per second) is too small a unit for
convenience; because the power of waterfalls and steam
engines is generally large. For this reason Watt, the inventor
of the modern steam engine (1736-1819), introduced a unit
called the horsepower, which is approximately the rate at
which an average horse would work. He selected this unit
because, before he invented the steam engine, horses in tread-
mills were much used as a source of power; and his engines
had to be built to replace a certain number of horses. After
suitable experiments with horses he defined a horsepower as a
power of 33,000 foot-pounds a minute. This is equal to 550
foot-pounds a second, or about 7,620,000 gram-centimeters a
second.

The horsepower is equal to SSO foot-pounds a second.

The man pumping (Art. 94) did 385 foot-pounds of work
in 6 seconds. His power was therefore -J-= 65 (nearly)
foot-pounds per second; or roughly, \ horsepower.

The horsepower of the turbine (Art. 95) is found to be
31,250,000 (foot-pounds per second)

550 (foot-pounds per seco. )
" ^^^^ horsepower.

Similarly, the horsepower of an engine that would be
able to do the pumping for the waterworks considered in
Art. 94 is

800,000 (foot-pounds per minute)

33,000~(foot-pounds per minute)
" ^^'^ horsepower.

A 25-horsepower engine would do the work. Many auto-
mobile engines have much higher horsepower than this.
It is important to note carefully the distinction between
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work and power Work is measured in foot-pounds, but power

iTkeXrCf
''^

-^f
-^'^'^^/^ ^^ond. This distinction is

n /i^i^ T" '^''^^"'^ ^"^ ^^'°^'*y- D>«t^n<^e is measuredin feet, but velocity is measured in /../ per second.

97. Work Done by a Water Motor. Brake Teat Beforewe can determine the efficiency of a water motor we mufttd

Tttrf^r 7"'u ^l'"" ^'' °"^ °f ''' '" - ^--n time. Todojhis fasten to the shaft S (Fig. 62) of the motor a small
wheel or pulley W, which has a rim
two or three inches wide. About
this pulley pass the leather belt
BT which is about as wide as the
pulley. Fasten the ends of the
belt to two spring balances which
are supported from the rod R.
Raise the rod until the friction of
the belt slows the motor down to
about its normal working speed.
Because the motor is running and
rubbing against it, one end of the
belt B will pull harder on its spring
balance than the other end T, and
the difference in the readings of
the two balances will measure the

r^o^ ^u- j-ff
P""of the motor on the belt. Sup-pose this difference or pull to be 5.3 pounds. The distancethrough which this pull is exerted in adngle revoluLn ofle

7thW if "''."T^r"'"
°^ '^^ P""^y ^' If the radius .

Th. ^ ^f7 '"-^ ^°°'''^'' ^'^'^"^^ i'* 2xxi = 1.05 feet,

ured Iv th^"' 'a

°"'. ''''°'"''°" °^ '^^ ^^ ^« then meas-

1 OS ^L ""^"^V'
^^''^ "" ^•''^"^^' ^-^ 5.3 (pounds) X

th.V ^lir^
^^^ f«>t-pounds. If the motor makes duringthe test 200 revolutions, the total work done is 5.56 X 120^= oo/z foot-pounds.

If the motor did this work in 120 seconds, the power of the

motor is ^^=55.6 foot-pounds per second But as 550

Fto. 62 Fhictton Bsakb
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foot-pounds a second is one horsepower, the motor was work-
ing at the rate of approximately I'o horsepower.

This device used in measuring the work done by the motor
is called a brake. The power as determined by the brake is
called the brake horsepower. Hence the r-le:

To find the brake horsepower of a mo,or multiply together
the number of pounds pull on the brake, the number offeet in the
circumference of the pulley, and the number of revolutions per
second; and divide by 550.

The Efficiency of a Water Motor. We can now deter-
mine the efficiency of the motor, since we have found out how
much useful work it can do. If, while the measurement just
described was being made, 3300 cubic inches of water passed
through the motor, and if the water pressure where the supply
pipe entered the motor was found to be 60 pounds to the
square inch, the work done on the motor was (Art. 92),

Fluid Work = Pressure X Volume

Fluid Work = 60 (lbs. per sq. in.) X
^^^ ^^"- '"•>

Fluid Work = 16,500 foot-pounds.
The efficiency of the motor was, therefore,

Work out 6672

Work in ^ l6;500 " ^^ efficiency.

The efficiency is here expressed in the usual way as work
out divided by work in.

Both these amounts of work were done in the same time
namely 120 seconds. The value of the fraction will not be
changed if we divide both numerator and denominator by 120

(seconds). R„t ^672 (foot-pounds)

120 (seconds) ~ P^^^*" ^^ *^e motor,

165,000 (foot-pounds)

120 (seconds) P°^^^ supplied by the water.

Hence we conclude:

The efficiency of a motor is found either by dividing the work
out by the work in, or by dividing the power out by the power in.

!*

I "m
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DEFINITIONS AND PRINCIPLES

hiai;rY^*^
^°'^' ^''°'" ^ ^^^^ *° ^ '°^^^ '«vel. or from ahigher to a lower pressure when it does work

2. Fluid Work- PressureX Volume that flows.
- D Work
3. Power-=^—

.

lime

4. Fluid Power = Pressure X Volume per second.

in L. ?
measured in foot-pounds. Power is measuredm foot-pounds per second.

6. One horsepower- 550 foot-pounds per second.
7. Brake horsepower - pounds pull on brake X number offeet m circumference of pulleyX revolutions per second- 550

8. Efficiency of a motor -^^^^'^i^^^r ^°^"^°"V
Work in Power in

QUESTIONS
1. What conditions are necessary to a water power site?

drives i""""
" '" ""''°' "''^' P'^^"^ "'""^ ^^^«^"-- t« the v^ater that

3. Is it necessary to have a dam for an undershot wheel? Why?

wi..'theVh°e:i w' wtyT^^
^ "^ ^^^^ ^'^^ '" « --« brook

water?
^''^ does the turbine turn when entirely submerged in running

6. Why does turning the propeller of a motor boat make the boat go'

8 How Tu T/'"
"'''' " '^^^ "''^" •' « stating rapid^?

8. How may the wind be m::de to do work?

th.l°;
^"^^ 't^«l"5'-e "lore power to go up a flight of stairs in 10 secondsthan to go up the same flight of stairs in 20 seconds? WhW
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14. Is one man able with a hand pump to pump 1,000,000 gallons of
water mto a Unk SO feet from the ground? How?

15. Can one man p imping 200 days do as much work as 200 menpunipmg one day? Why^
16. If the one man and the 200 men of question 15 do the sameamount of work, have they the same power? Why?
17. Why are eleven men digging a trench for one hour better than

one man dtggmg it for eleven hours?

U Jefore the invention of the s< am engine, what were used topump out mmes? *

r^hour"""^
""""^ foot-pounds of work can an average horse do

20. How did Watt define the horsepower?

21. When you hire a number of horses, do you pay for them by thehorse or by the hour? Why? ^
22. Could 25 horses make an automobile go as last as a 2S-hor9e.power engme can? Why?

"urac-

hJL !^,\\^°"'' "^ hitched to one end of a rope and an automobilehavmg a 2S-horsepower engme is fastened to the other end, when thehors^ pull m one d.rocti..n and the automobile in the opposite oirectionwhich will win the tug of war?
u>recuon,

24. How could y.,u apply a brake to a windmill to measure its power?
25. If the wmdrnill of question 24 runs a pump, how would youmeasure the power of the combination, windmill and pump?
26. If you measure the power of the windmill alone with a brake

unje^of the water pumped per second, would the results be the same?

of what?^''^
"*'° "^ *^^ ^'^'^ ^^^"^ '" question 26 would be the efficiency

28. Why is a pipe of large diameter better than one of small diameter
to bring the water to the nozzle N cf the water wheel shown in Fig. 57?

29. What is the advantage of measuring the efficiency of a motor byhe ratio of power out to power in. instead of by the ratio of work outto work in ?

doi'ng no'lor'k?"
''' '"""'"^ "' ' "'*" "'°'°' ''''' '^ ™""'"« ^-* ^"^

31. If a water motor is loaded so heavily that it cannot turn, although
the water is running through it. what is its power?

tion
31?^**^* '^ ^^^ efficiency of a motor under the conditions of ques-

if

Wm
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PROBLEMS

pump tta, wii kl^;, d^r "^""»' -"^^ howpow, o< a

i-I,. how n„ch work do^ ^^4', :,;:;S""
" « '"-°* - «.--

inch?
*^ «ay at a pressure of 72 pounds ptr square

.6. Wha. ,^ ,he .«icie,Ky o< tl» motor (problem. 14 art IS),
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17. A sundpipe 115 fcft high hoId« when full 30,000 cubic feet of
water. If a pump at the bottom pump« water into it through a pipe
that leads into tne ttandpipe at the top, how many toot-pound* of work
must the pump do in filling the empty pipe?

18. What mu«t be the horsepower of the pump that will fill the
•t.ndpipe of problem 17 in one hour?

19. If the pipe from the pump entered the standpipe of problem 17
at the Sottom instead of at the top, how many foot-pounds of work must
the pump do in filling the empty pipe?

20. What must be the power of the pump under the conditions of
problem 19?

21. A football that weighs 0.6 pound and has a volume of 432 cubic
inches is pushed under water. With how many pounds force does
it push up when submerged?

22. How many foot-pounds of work would be done in pushing the
football (problem 21) 10 feet deeper?
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CHAPTER VI

HEAT

regions where the yearly range in
temperature is large,-say from 30°
below zero to 110° above, Fahrenheit,
—only because they have learned to
control heat, and to keep the range
of temperature in their houses much
smaller than it is out of doors.

Heat not only keeps us warm
and makes vegetation flourish; but
when properly controlled, it also
rooks food, drives engines, smelts
ores, ana m a thousand different
ways helps to carry on the world's
work. When fire gets beyond con-
trol, however, it becomes a destruc-
tive agent. For these reasons, the
J>roblcms that must be solved in
order to control heat effectively are
among the most important of the
problems of science.

Fig. 63 The Heavy Fluid
Displaces the Lighter

>mney (P,g. 63) afford a better means of controlling the
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fire and carrying off the smoke; for to do this there must be
a steady "draft," and there can hardly be a steady draft
without a chimney. There is a common impression that the
chimney draws" the smoke up. Let us see if this impression
IS correct.

100. Air Expands When it is Heated. A flask (Fig. 64)
IS fitted with a stopper through which a slender glass tube
passes. A drop a of liquid colored so as to be easily seen is
placed m the tube, enclosing a definite quantity of air at atmos-
pheric pressure in the flask. If the flask full of air be warmed
with the hand or a burner, the drop of
liquid moves upward in the tube. Since
the air in the flask is still at atmospheric
pressure, we see that it takes up more space
when it has been wanned without changing
its pressure. Air expands when it is heated
at constant pressure. Since the whole body
of heated air in the flask fills a larger space
than it did when cold, one cubic inch of
space contains less of the hot air than it

held of the cold before. Consequently:
When the pressure remains the same, hot

air weighs less per cubic inch than coldair. Or,
The density of hot air is less than that of cold air at the same

pressure.

Fig. 64

101. Why Smoke Goes Up the Chimney. When a fire
•s started in the fireplace (Fig. 63), the air about the fire
becomes heated, expands, and becomes less dense than it
was before. The volume of warmed air about the fire then
weighs less than an equal volume of the cold air by which
It IS surrounded. The heated air is, therefore, in the same
condition as the gas in a balloon: its weight is less than that of
the cold air it displaces. So the hot air is pushed upward by
a torce that is equal to the difference between its weight and
that of an equal volume of the colder air (Art. 83).
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Since the chimney is directly over the fireplace, the heater!

f^led with hot air. The entire volume of heated air in Thchrmney is then pushed up. just as the smaller volume abouthe fire was: but since this volume is larger, the upward prossure IS greater, and the air moves more rapidly mlkin^l
•

^trong draft. A tall chimney can hold a la^ volume^hot air than a shorter one of the same diameter can; so.^thethings being equal the taller the chimney, the stronger the dratIn the ime o Aristotle (B. C. 350). hot air was said to rise

gravity. We now understand that "levity" is due todifferences in density. Although gravity is constanty
pulling down on everything, it pulls on a giv. i volume of adenser substance. like mercury, with greater force than itdoes on the same volume of a less ise substance, like wate

^ttoTYhr "r"'r°
"^*^^' '^^ "^^^-^ ^-ks to thebottom, thus pushing the water to a higher level. Oil isess dense than water; so when oil and water are poured intothe same vessel, we say the oU rises on the water ReXthe water is pulled down under the oil by its great;r weight'thereby pushing the oil up. It is only when the dense;mercury is below the less dense water, or the still '--ss dens^ oi

IS on top of the water, that the center of gravity of tZcoZ

tirz"^"' "
"''""''

"

""' '^ '^^'^ ^--'^^

So it is with the draft in the chimney. The hot air is notdrawn up; it is pushed up by the denser cold air, which force
ts way underneath because it is pulled downward more stron !

y than IS the hot air by the force of gravity. It is only when
the denser and heavier cold air is underneath, that the center
of gravrty of the combination is at the lowest possible iZ

look?; ifT""'':
"^^""^^ '^' °P'" ^'^ '' ^^^ pleasant to

TL^' hi
^" ^^«-"^icaI or efficient means of heating

wasted. It IS also mconvenient for cooking. The need
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for a more efficient means of controlling the heat led to themvention of stoves. For heating houses, however, these tooare mconvement and inefficient; because it is necessal tohave a separate stove in each room which is to be heSedModern houses are generally heated by one central stove «;furnace m the basement, from which the heat is distrZtedto the various parts of the
"'outea

house. This heat is carried l^I^^
either by hot air, by hot water,
or by steam.

103. The Hot Air Furnace.
Fig. 65 shows the arrangement
of a hot air furnace. A fire is

kept burning in the firepot F;
and the smoke passes up the
chimney through the smoke
pipe. The arrows show how
the air moves around the fire-

box through the furnace. It
enters cold at C. is heated by
contact with the firebox, and is

pushed up the pipes to the
various rooms by tat denser
cold air outside.

In this type of heater, then,
the air moves through the air-
jacket and through the flues - -

:

into the rooms for the same reason that the smoke ^nAhot gases from the fire move up the chimney ThTvCu"^
lis ir '" the furnace jacket and hot air flues we^Itss than an equal volume of the colder air by which fheheater IS surrounded. ^ "^" the

Fig. 65 Hot Air Heatm
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104. Ventilation. In the cover of a pasteboard box
(Fig. 66), cut two holes about K inch in diameter and several
inches apart. Place a short lighted candle near one of the holes
and cover both candle and hole with a lamp chimney. Place
a second lamp chimney over the other hole and thrust into
it from the top a piece of smoldering cotton waste, or better,
a Chinese "joss stick." The smoke will go down the second
chimney and up the first. The volume of air in the first

chimney is hotter and less dense than the surrounding air,

which, therefore, pushes its way underneath. Since the

only way to get under the

first chimney is to go down
through the second, the cold

air follows this path. The
smoke serves merely to show
'' w the air is moving.

The ventilation of school

buildings, theaters, and
churches is accomplished by
maintaining a circulation of

air after the manner illus-

trated by this simple experi-

ment. In many cases, how-
ever, the simple heating of

.
the air does not produce a

sufficiently rapid circulation, so fans, driven by electric
motors or engines, are used to make the air move faster.
The members of the class should investigate the system of
ventilation in the school building and find out the manner
in which the circulation of air is maintained. For proper
ventilation about 3000 cubic feet of fresh air per person
should pass through the room each hour.

Winds are produced in much the same manner as fur-
nace drafts are. The unequal heating of the air over various
portions of the earth's surface causes inequalities in the
density of the a-V, and thus sets up a circulation. The cur-
rents at the bottom of the air move from the areas o' ^igher

Fig. 66 Hbat Makes It Circulate
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_j*or

pressure toward those of lower pressure, and the excess of airflowsoff m the opposite direction, forming the upper current"

hnt"\ ^K*
^^*'' ^'^*^"«^- '^^^ ^n-angement of a kitchenhot water heater .s shown in Fig. 67. Cold water enters

t the tinT '^'.^"."''" ^^^°"^^ ^ P^P^ t^^^^ P-ses xntoat the top. From the bottom of the boiler a pipe is led in a coaround or over the fire and back to
the top of the boiler. This pipe leaves
the fire at a higher level than that
at which it approaches. The water
circulates as indicated by the arrows.

The circulation of the water may
be observed conveniently by making
a model of the heater out of glass tub-
ing and introducing a few drops of
ink m the heating pipe. Still more
simply, these currents may be seen in
a beaker of water when it is being
heated over a flame. A few scrapings
of blotting paper in the water enables
them to be seen more easily. If the
flame be applied to the water at the
top of the beaker, no such currents
are set up. ^"^- **' water heater

By filling the flask (Fig. 64) with water and heating it wefind that water also expands when it is heated. Therefore acubic mch of hot water weighs less than the same voTume ofcold water, . e.. hot v,.ter is less dense than cold z.a/'r When asmall volume of water in the beaker becomes warmed than the

~e7fo"'n '' ^'-^ '^^^"^^^ '-^ ^--- Th^ ^e-
wa e uo tT"1:

"""^ ""'""^^^^ """^ P"^'^- '"^^—er

vaterW .

circulation is started and maintained in

tne bottom ,ind the hot water on top.
A hot 'vater system for heating houses works like the
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kitchen heater. The heating coils are in the furnace in the
basement. Each radiator is connected with these coils in the
same manner as the kitchen boiler is connected with its
coil. The hot water flows into the radiator and heats it,

thus warming the room. It then passes out at the bottom
and back to the furnace to be reheated.

106. Convection. In the devices we have been studying,
heat is absorbed from a fire by either air or water, and carried
along by the air or water to the place where it is wanted.
The process by which heat is carried by currents set up in a
fluid because of differences in density, is called convection
of heat.

Convection is the process by which heat is carried from hotter
bodies to colder bodies by a movingfluid.

107. Conduction. The handle of a silver spoon becomes
hot very quickly if the bowl of the spoon is placed in a cup
of hot tea. One end of an iron poker becomes too hot to
touch when the other end has been in the fire for a few minutes.
So long as one end is hotter than the other, heat creeps along
the metal from the hot end toward the colder end.

In stoves and furnaces the heat passes through the iron
walls of the firepot from the fire inside to the colder air or
water outside. The process continues as long as the inside is

hotter than the outside. In all these cases the metals do
not move along with the heat; but the heat flows, or is con-
ducted, through them. This process of the transfer ..: heat
is called conduction.

Conduction is the process by which heat is transferred from
hot bodies to cold bodies through substances that are at rest.

108. Good and Bad Conductors. When milk is heated
in a metal pan over a hot fire, it is easily scorched; because the
fire is very hot and the metal pan offers little resistance to the
flow of heat from the fire to the milk. So it is customary to
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place an asbestos mat between the flame and the pan As-
bestos offers such a high resistance to the passage of heat that
the heat flows through it slowly, and the top of the mat
remams at a much lower temperature than that of the flame
below. Hence, the heat does not flow into the milk too
fast to be distributed through it by convection currents,
before any of it gets burned. Asbestos is also much used to
cover steam pipes and boilers.

Brick, wood, and glass offer resistance to the passage
of heat. They are therefore excellent materials for building
houses that will hold the heat during the winter, and keep
It out dunng the summer. Bricks are also used in buildine
furnaces and chimneys. They resist the flow of heat to such
an extent that a very hot fire may be kept In the furnace
without heatmg the outside too much. In other words, a
large difference in temperature may be maintained between
the inside and the outside, and yet relatively little heat passes
through the walls and escapes.

The fireless cooker consists of two boxes of wood or metal
one inside the other, separated by a space which is packea with
excelsior, glass wool, or some granular substance that prevents
the circulation of the air between the boxes. Such a layer of
still air prevents the escape of the heat from the hot food that
is placed mside the smaller box to be cooked. In like manner,
the walls of a refrigerator are double; and the space between
is usually filled with charcoal, which keeps the air there still
so that the heat does not flow through easily. The thermos
bottle consists of a metal case containing two glass bottles,
one within the other, and separated by a space from which the
air has been pumped out. This vacuum prevents the flow
of heat either into or out of the inside bottle. Anything that
offers large resistance to the flow of heat is called a bad con-
ductor of heat.

Conversely, stoves, steam radiators, and boilers are made
ot iron, because iron offers little resistance to t'xe passage of
heat. The mside and the outside of the iron shell have
nearly the same temperature, because tne heat passes easily
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through the i-o.i r.nd escapes into the room. Metals offer
httle resist?!! « to flow of heai; they are therefore called
good conductors of heat.

109. Temperature. Every one has some idea of what is
meant by "hot" and "cold." Yet if we take three basins of
water, one hot, one lukewarm and one cold, and place the
right hand in the hot water and the left in the cold, and then
transfer both hands to the lukewarm water, the latter will
seem cold to the right hand and hot to the left. So it appears
that we cannot always rely on our sensations of warmth for
accurate information about differences in temperature.

In Art. 100 we learned that air expands when
heated. This fact suggests that the expansion of
an enclosed mass of air may give more reliable
information about temperature. We owe this sug-
gestion to Galileo, who made one of the first

thermometers ever used. He blew a bulb on the
end of a glass tube of small bore, and, after warm-
ing the bulb, placed the open end of the tube in a
vessel of colored water (Fig. 68) . As the air in the
bulb cooled, the liquid rose in the tube; and when the
bulb was warmed again, the air expanded and the
liquid went down. The ordinary thermometers now
in use do not differ from this one in principle.
A small bulb is blown on the end of a tube of fine
bore, and filled with alcohol or mercury, which
have been found more convenient than air. The
open end of the tube is sealed, and the tube
mounted in a frame which carries the scale.

Fig. 68
Galileo's
Thermom-

eter

110. Temperature Scales. Galileo's thermometer fur-
mshes us with means of detecting changes in temperature, but
It does not tell us definitely how great a change in tempera-
ture IS mdicated by a given change in the height of the liquidm the tube. In order to make a temperature scale, we
arbitrarily select two different temperatures that are fixed
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and easily obtained, and then agroe to divide the temperature
interval between them into some definite number of tempera-
ture steps or degrees.

The scale used in American households was devised by
Fahrenheit (1686-1736). He chose the temperature of the
human body as one fixed point and called it 100". For the
other fixed point, he chose that of a freezing mixture of ice
and salts and called it zero, because it was the lowest tempera-
ture then known. He divided this interval into 100 steps or
degrees. On this scale the temperature at which water
freezes is 32°, and the temperature of boiling water under
normal barom-, er pressure (30 inches of mercury. Art. 80)
is 212°. It was soon found to be more convenient and
accurate to graduate these thermometers by placing them in
melting ice and in the steam of boiling water, and marking
the pomts where the mercury stands 32° and 212° respectively.
It was then found that the temperature of the human body
was 98.4° according to this scale.

Another temperature scale, which is generally used in
physical laboratories is called the Centigrade scale. On this
scale the temperature of melting ice is called 0°, and that of
boiling water 100°. Since both scales are in common use, we
distinguish them by using F. for Fahrenheit and C. for Centi-
grade. It is well to remember that 0°C. = 32°F. and 100°C,
= 212°F.

:
hence a difference in temperature of 100 Centigrade

degrees is equal to 212 - 32 = 180 Fahrenheit degrees; or
5 Centigrade degrees make 9 Fahrenheit degrees, and 1
Centigrade degree = 1.8 Fahrenheit degrees.

111. Expansion. The ordinary mercury thermometer
shows us that mercury expands when heated and contracts
when cooled, much as air does. Water, alcohol, metals and
nearly all substances are found to be affected in the same
way. In building a r-Uway it is necessary to leave small
spaces between the rails in order to allow for their expansion
in summer. Steel bridges, for the same reason, have their
ends supported on rollers, so that they can expand and con-

II
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tract. If hot water is poured into a cold thick glass tumbler
the glass will probably crack, because the inside expands
before the outside can get heated.

While most substances expand when heated and contract
when cooled, they are not all affected equally by the same
change m temperature. 100 feet of steel rails increase in
length about half an inch when heated from l(f C below
zero (- lO'C.) to 3QP above. If the rails were aluminum, they
would expand about twice this amount for the same rise in
temperature. Brass rails would expand about three quarters
of an inch under the same conditions.

112. Exceptional Expansion of Water. Water is one
of the few substances that do not always contract when
cooled. It contracts as it is cooled until it reaches the tem-
perature of 4°C. (about 39»F). When cooled further it
expands to the freezing point. When it freezes, it expands
still further, so that ice is less dense than water. On this
account ice floats, about one-seventh projecting above the
water. It is well for us that ice acts in this exceptional
manner; for if it should sink, lakes and rivers in latitudes
where there is much freezing would become solid cakes of ice.

113. The Heating and CooUng Process. If a small
beaker full of hot water be placed in a larger beaker of cold
water, the hot water gets coWer, and the cold water hotter
until both have the same temperature. If a small beaker
full of water*be placed in a larger one of the same temperature,
neither changes its temperature.

If a room is cold, it may be warmed only by bringing into
It something hot—a stove, a steam radiator, or hot air from
the furnace. Heat then passes from these hot bodies
to the air and the colder bodies in the room; and if no heat
were allowed to escape, the process would continue until
everything in the room had reached the same temperature.
The process of heating or cooling therefore implies the exist-
ence of at least two bodies at different temperatures. One is
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heated at the expense of the other. Heat given up by the
hot body 19 absorbed by the colder one. since it always flows
from bodies at higher temperatures to bodies at lower tem-
peratures.

The heating or the cooling process consists in the transfer of
heat between bodies at different temperatures

Heat given » ^ by the hot body is absorbed by the colder
body.

114. Boiling. Every housekeeper kr ws that a kettle
of water when placed on the stove will come to a boil sooner
when the kettle is covered than when it is not. In order to
learn the reason for this, we shall have to study the processes
of changing water into steam, and steam -'nto water

Place an uncovered beaker of water over a flame, insert
a thermometer, and watch what happens. As the water gets
hotter. It begins to "sing." and we note that bubbles are
forming at the bottom and starting upward through the
water. At first the bubbles do not reach the surface, but
disappear shortly after leaving the bottom of the beaker
As the water gets hoti er. the bubbles go higher before they
disappear. At last they reach the surface and break through
into the air. The water is then said to boil.

During this process the mercury has been gradually
nsmg; but when the boiling begins, it remains stationary, no
matter how hard the water boils, and notwithstanding the
tact that heat is constantly being supplied to it from the
burner If the thermometer be held in the steam just above
the boiling water it shows that the temperature of the steam
IS the same as that of the boiling water.

Boili.js is the process in which bubbles of cteam form at the
bottom of heated water, float up, and break through the surface

ihe temperature of boiling water remains stationary
Thejationary temperature at which boiling takes place is

called the boiling point.

^The temperature of the steam is t.^e same as that of the boiling

\i "ii
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115. Heat of Vaporisation. Whenever the burner is

removed, the boiling ceases, i.e., the bubbles of steam are no
longer formed in the water; but when the burner is replaa.l
under the beaker, the steam bubbles at once begin to form
again. Steam docs not form unless heat is being added
Therefore, heat must be supplied in order to change water into
steam at the same temperature.

The heat absorbed when water is changed into steam is called
the heat of vaporization.

We can get a very crude idea of how much heat is required
to change a gram of boiling water into steam, by putting a
measured quantity of water, say 1 pound ( = 1 pint) at 32" I'.,

into an open beaker over

a steady flame, and noting
the time taken to heat it

to boiling. Then, after the

water has boiled for an

equal length of time, wcikIi

it, and find out how much
has passed off as steam. If

we assume that the same
amount of heat goes into

the water each second, we
find that approximately

Condensing Stkam gives up Heat '^^ SOme amount of heat is

required to convert 3 ounces
of boiling water into steam, both at 212° F., as is required to
raise the temperature of 1 pound of water from 32° to 212° F.

116. Condensation. If a cold plate be held in the steam
above the beaker of boiling water, it soon becomes covered
with drops of water. The steam is cooled by the plate, and
condenses into water again. If water is boiled in a flask (Fig.

69) which has a glass tube t fitted through the stopper, the
steam may be caught and led away. If the tube t passes
through a larger tube T filled with cold water, the steam con-
denses, and hot water comes out at the other end. The

Fig. 69
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temperature of this hot water will be nearly 212' F • vet thr
water in the tube T rapidly becomes hot, provins that steam
ttt cottdenstng to water gives up a large amount of heat
To find out how much heat is given up by the steam in

/r- ,nl"*^'
'^'' *^*'"^"*^* the steam from the flask into a beaker

(Fig. 70) contammg a measured quantity of water at il" V
and note how much water is condensed from steam in heating
the cold water to boiling. Thus if we have 1 pound of water
at il- F., and if wc pass steam into it until no more steam
condenses, we find that we have about 1 pound and 3 ounces
of boilmg water. The additional 3 ounces represent the
amount of steam that has
been condensed. So we
see that the heat given up
in condensing 3 ounces of
steam into water is ap-
pioximately equal to that
required to heat 1 pound
of water from 32° to 2 12° F.
This is the same amount of
heat that was required to

change 3 ounces of water into
steam (Art. 115). Hence
the conclusion:

The heat absorbed by
the vapor while the liquid is

vaporizing is given up again by the vapor while it is condensing

water that do not vaporize readily are not carried away with
the steam. So water may be purified by vaporizing itand then condensing it. This process is called distillingThe apparatus shown in Fig. 69 is a simple form of still.Water so purified is called distilled water.

117. Unit Quantity of Heat. The experiments just de-
scribed lead to a result that cannot yet be easily stated becausewe have not yet selected a unit in terms of which to measure a

IS!^
Fig. 70 How mlch Stka.m is Caught ?

li!
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quantity of heat. Temperature is measured with a thermo-
meter; but every one knows that it takes more heat to brine
four quarts of water to the boiling point than it does to brine
one quart to the same temperature. So quantity of heat isnot the same as temperature, and hence it cannot be meas-
ured with a thermometer only.

The experiments of Arts. 115-6 suggest a convenienunit—namely, the quantity of heat that is required to her
a unit quantity of water through one degree of temperature
Since we have two temperature scales as well as two units „f
weight there are two heat units in common use. The first
IS used by engineers, and the second by scientists in the
laboratory.

The British Thermal Unit (B. T. U.) is the quantity of heat
that^ts reqmred to change the temperature of 1 pound of water

The gram-calorie is the quantity of heat that is required to
change the temperature of 1 gram of water 1° C.

118. Heat of Vaporization of Water. In the exoeri-ment with steam (Art. 115) we found that 1 pound of waterwas heated from 32^ to 212° F.-i. e.. through 180° F.-by theheat given up from about 3 ounces of condensing steam. Theheat received by the water was 1 poundX 180° F = 180 B T USince this number of heat units was derived from 3 ounces

18?1T= 960"b't' U."""^
of steam would have supplied

Accurate m2asurements show that it requires 967 B T Uof heat to convert one pound of water at 212° F. (the boiiine
point) into steam at the same temperature. The heat of

syTumTi^ir'''' T^^'
""' ^•^-^--^- In the metricsysum tl IS 536 gram-calories per gram

escale oftT^" "^ ^"^ ' '°^''" °" " ^^"^^ P'-^^-"*^ ^^e

m^L into f 'u"
^^^^' '^ ^°"'"S- When the waterpasses into steam it absorbs a large amount of heat; and ifthe steam IS allowed to escape into the room, this heat escapeswith It. The cover prevents the escape of the steam with its
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heat. This fact, however, does not give the full explanation
that we are seeking. We must first discover what happens
while the water is coming to a boil.

119. Evaporation. Water that is left standing in an
open dish in a warm room soon dries up. Wet clothes are
hung ,ut of doors or in a hot room when we wish to get the
wate out of them-i. e.. to "dry" them. It is thus a familiar
.act that water passes into water vapor—i. e.. evaporates—not
only when boiling, but also at all ordinary temperatures

Without water, plants and animals cannot live Large
areas of land would be uninhabitable if there were no rain
Rams are produced by water that has evaporated from the
oceans, lakes, rivers, and moist lands. When the sun shines
on the surface of a body of water it supplies heat, which
hastens the process. The water vapor rises from the surface
of the water and moves off in all directions. It is also carried
along by winds. When anything happens to cool it suffi-
ciently. it condenses into clouds, which are made up of tiny
drops of water or of tiny particles of ice. When these
drops or particles become heavy enough, they fall as rain or
snow. Rains supply rivers, which drive mills, so evaporation
not only helps to supply the water that supports life; it also
helps to do the work of the world.

120. Cooling by Evaporation. Whenever our hands
are moist and we allow them to dry in the air, they are cooled
by the evaporation. If the hand is wet with alcohol or ether
the sensation of cold is more marked than when water is
used, because the evaporation is more rapid. If a pitcher of
water is wrapped with a wet cloth and set in the breeze on a
hot day, It will be kept cool if the cloth is kept moist A
thermometer whose bulb is covered with a piece of wet
muslin will indicate a lower temperature than one not so
wrapped, so long as the muslin remains wet.
When in a hurry to dry wet clothes we hang them by the

fire or in the sunshine. We do this because we know that

II
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heat must be supplied when a liquid evaporates, and that the
process may be hastened by supplying the heat freely.

Conversely, by hastening the evaporation by means
other than heat, low temperatures may be obtained; for heat
IS always absorbed during evaporation. This fact finds
practical application in the minufacture of ice, and in cold
storage plants. Ammonia or carbon dioxide gas is condensed
into a hquid by meanr :. a powerful force pump driven by a
steam engine. The liquefied gas is then allowed to escape
through a valve into a system of pipes from which the air has
been pumped. These pipes pass back and forth in a large
tank filled with salt water. The heat required for vaporizing
the liquid carbon dioxide or ammonia is taken from this
brme, which is thus cooled until its temperature is several
degrees below 0° C. It does not freeze, because the freezing
point of brine is much below 0° C. The pure water to be
frozen is placed in large sheet-iron molds, which are submergedm the cold brine and are kept there until the water in them
has given up so much of its heat to the colder brine that it
freezes into solid cakes.

In the processes just described, the marked cooling effect
of vaporization shows that large amounts of heat are abso
when a liquid evaporates.

121. Saturated Vapor. No one thinks of hanging clothes
out to dry in a fog. The fog, like rain clouds, is made up of
tiny drops of water floating about in the air. The presence
of these drops of water shows that evaporation has stopped-
so the clothes will not dry. The atmosphere contains all the
water vapor it can hold, so it does not take up any more

If a bottle partly filled with water is left standing without
a cork, the water finally evaporates and leaves the bottle
dry. But if the bottle is kept tightly corked, the water will
stay in it for months, or even for years. The water evaporatesm the bottle until the space in the upper part of the bottle
contains all the water vapor it can hold; then, since the cork
prevents the escape of any vapor, evaporation ceases, la
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other words, there is a limit to the amount of water vapor
that a given space can hold. When a given space contains
as much water vapor as it can hold, the water vapor there is
said to be saturated.

122. Dew Point. On a warm, moist day, when the
temperature is say 80° F., any object but little colder than the
room like a pitcher of cold water at a temperature of aboutW h., soon becomes covered with drops of water It is
often said that the pitcher "sweats," but the water on it does
not come from inside the pitcher. It is condensed from the
atmosphere on the outside. But the water vapor becomes
saturated before it condenses; so when the water vapor in
the atmosphere is plentiful, it becomes saturated and con-
denses at a fairly high temperature (60° F. say).

In a steam-heated house in winter, clothes dry quickly
because the air is dry, and evaporation takes place quickly'
Also, throats become parched, and people grow restless.
Although the temperature of the room may be 80° F no
water condenses even on so cold an object as a pitcher of ice
water (32° F.). We know that it is very cold out doors
when the water vapor in such a room condenses into ice
crystals and paints "Jack Frost's pictures" on the window
panes. When the water vapor in the atmosphere is rare it
must be cooled to a rather low temperature before it becomes
saturated and begins to condense.

Cr nbining the conclusions of the last two paragraphs, we
see that there are different amounts of water vapor in the
atmosphere on different days, and that the more plentiful the
water vapor, the higher the temperature at which it becomes
saturated and begins to condense. Hence, the temperature at
Which the water vapor becomes saturated and begins to con-
dense furnishes a clew to che amount of water vapor m the
air. This temperature is called the dew point, because a
tamihar case of the condensation of water from saturated
vapor IS found in the deposition of dew.

The dew point is the temperature at which water vapor
oecom^s saturated and begins to condense.
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123. Conditions of Saturation. Take two barometer
tubes bb' (Fig. 71), and with a bent tube, squirt a little waur
into the lower end of one of them under the mercury, taking
care not to admit air. The water rises through the mercun
collects on top, and some of it vaporizes, until the top of tlic
tube is filled with water and saturated water vapor. The
column of mercury and water in this tube now stands at a
lower level than it does in the other, which shows that the
water vapor exerts a pressure which pushes the mercury column

down. This pressure may, therefore, be meas-
ured by the difference ct in the heights of the
two mercury columns (Fig. 71).

If the tube containing the water be raised
and lowered as far as possible without getting it

out of tbe mercury; or if it be tipped sideways,
the volume occupied by the water and the
saturated vapor may be varied. But so long
as the temperature remains constant, the dif-
ference in level of the tops of the two columns
does not change; showing that the pressure of
the saturated vapor in contact with its liquid
remains constant as the volume changes. As the
volume in the top of the tube is increased, more
water evaporates; as that volume is decreased,
some of the water vapor condenses, and so
keeps the pressure constant.

If the tube with the water in it be heated

71 X Tu.
^^^ column falls at once, as shown in b" (Fig

71). This shows that an increase in temperature causes
more water to evaporate, and so produces an increase in the
pressure of the saturated vapor. Many other experiments of
this sort hav-^ been made and all lead to similar results.
Hence the conclusions:

A Uquid continues to evaporate untU tfre vapor about it
IS saturated.

^

A vapor in contact with its Uquid in a closed vessel
quicKly becomes saturated.

Fig. 71
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Of L^y^et " '^°'^'* ""^''"^ *''*'** * P"""'' ^'^ *^^ ^"«
The pressure exerted by a given saturated vapor in con-

tact with Its liquid in a closed vessel increases L the tern-perature rises, but depends only on the temperature
We can now answer in full the question as to why the tea-

kettle comes to a b^il sooner when the cover is on. It isbecause the teakettle is then a closed vessel, containing
water and water vapor. Evaporation from the surface of thewater conttnues untU the water vapor in the top of the kettle issaturated; then U stops. U the cover is off, evaporation whInot stop until the entire room becomes filled with saturatedwater vapor. Evaporation always requires heat, and solong as ,t goes on. it coois the water. If the water is to beheated quick.y, we put a cover on the kettle, and this prevents
the evaporation. ^

vJnr' c^*''"?
*"'* Temperature of Saturated Watervapor. Since thr pressure exe-ed by a given saturated

ZZZ% i
ve.ssel changes .. the temperature changes,

but depends only on the temperature, the relation between
pressure and temperature can be determined by experiments
simdar to those just described. For water vapor, the results
are given for reference in the following table. The tempera-
tures are in centigrade degrees, and the pressures in centi-
meters of mercury.

Temperature Pressure

0.5
20 1.7
40 5.5
60 14.9
80 35.5
90 52.5

Temperature Pressure
100.

120.

140.

160.

180.

76.0

149.1

271.8

465.2

754.6
200 1169.0

125. Boiling Point. From the table, note what thepressure of the saturated water vapor is at 100° C What
relation is there between that pressure and the normal barom-

' "III*
1*1

imff^ik'
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eter pressure? You may have heara that it is not possible
to cook eggs by boiling them on high mountains, because the
water does not get hot enough. The following experiment
will help us to find the reason for this interesting fact.

Fit a laboratory boiler (Fig. 72) with a thermometer and
a pressure gauge, and boil water in it. Then cork the outlet
O loosely, so as to allow the steam to escape but slowly

under pressure. Watch the thermometer
and the gauge as the heating goes on.

The thermometer rises 1° C. for an increase

in pressure of about 3 centimeters of mer-
cury. So an increase in the pressure on the

surface of the water raises the boiling point.

Conversely, diminishing the pressure
lowers the boiling point. On high moun-
tains the pressure of the atmosphere is

low, so that water boils at a temperature
which is not high enough to cook eggs.

That water boils when its tempera-
ture is raised until the pressure
of the saturated vapor is equal to the
pressure of the surrounding atmosphere
may readily be appreciated from com-
mon sense reasoning. For it is plain that
ebullition (boiling) is different from evap-
oration in that the steam escapes in bub-
bles from the midst of the liquid insteac!

of from the surface only. Now if the
surrounding pressure were greater than the pressure of the
steam in these bubbles, the bubbles would be unable to
expand and float to the surface. On the other hand, if the
external pressure were less than that of the steam composing
the bubbles, the water would flash into steam instantaneously,
as it sometimes does with explosive violence when a defective
boiler gives way. Hence the following definition:

The boiling point is the temperature at.which the pressure of
the saturated vapor is equal to the surrounding pressure.

Fig. 72 The Boiung
Point Risks
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126. Relative Humidity. Returning to the question of
the humidity of the air, if the temperature of the room is20° C
and

1
the water vapor in it were saturated, how much pressure

would the water vapor exert? The table, Art. 124, gives thenumber—namely, 1.7 centim-ers of mercury. But suppose
the dew point was found to be 0° C. Then the water vapor
actually present in the air will not be saturated until cooled
to U

.
At this temperature it exerts a pressure of only 5

centimeters of mercury. Thus the water vapor, if saturated
would exert as great a pressure as 1.7; but it actually does
exert a pressure of only 0.5. The ratio of the pressure that the
water vapor actually exerts, to the pressure it would exert if
saturated at the given temperature, is called the relative humidity.

In the case just considered the relative humidity is— =0.29

or 29%. This means that the air contairs only -^ of the
100

water vapor that is needed for saturation at 20°
The humidity of the schoolroom or home should not be

a lowed to fall below 50%. Out doors it is generally higher
than this. In the best modern public buildings, heating
plants are equipped with devicesfor supplying the necessary
moisture to the air.

'

Relative humidity is the fraction obtained by dividing the
pressure of saturated water vapor at the dew point, by its pressure
at the temperature of the air.

127. Freezing. Ice cream is frozen by surrounding thecream with a mixture of ice and salt. The salt makes the
ice melt; and as the ice melts, the cream freezes. In order
better to understand this process, fill a beaker with cracked
ice, place a thermometer in it, and heat it slowly over a flame
••^s the ice melts, the thermometer indicates 0° C As the
iH-ating continues, more ice melts; but the temperature
remains stat onary at 0° C. It thus appears that heat is
absorbed m the process of changing ice into water, just as it is
absorbed when liquids evaporate.

fv

iH
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Conversely, heat must be taken from water to cause it to
change from water at 0'' C. to ice at the same temperature.
The heat given up by a liquid in freezing, or that absorbed by a
solid in melting, is called heat offusion.

128. Heat of Fusion of Ice. To find out how much heat
IS absorbed by ice in melting, put about 2 pounds of water
in a beaker and warm it to 104" F. Then drop in i pound of
dry cracked ice, and stir till all the ice is melted. During th*'
process the water cools to 60**. In the process 2 pounds af
water have been cooled 44" F.; so 2 X 44 = 88 B. T. U.
of heat have been given up by the water. This heat
has been absorbed by the i pound of ice in melting, and In
heating the i pound of melted ice from 32" up to 60". But
i X 28 = 14 B. T. U. were used in heating the melting ice to
60°. Hence, 88-14= 74 B. T. U. were required just to
melt I pound of ice. The heat required to melt 1 pound is

therefore 74 X 2 = 148 B. T. U.
A more accurate determination shows that
The heat of fusion of ice is 147 B. T. U. per pound. Or,
The heat of fusion of ice is 80 gram-calories per gram.
In freezing ice cream, therefore, every pound of ice which

is melted absorbs 147 E T. U. of heat from adjacent objects,
Jargely from the cream. When water is frozen, 147 B. T. u!
of heat must be extracted from every pound. This fact has
an important bearing on climate, in that large amounts of
heat are given out by the water and absorbed by the air when
lakes freeze over, making the cold weather less severe. All
substances absorb heat when melting and give up heat when
solidifying. The heat of fusion for different substances is

different. For lead it is 5 and for silver 21 gram-calories per
gram.

129. Specific Heat. Does it require the same amount
of heat to warm different substances through the same
ternperature interval? For answer, place a 1 -pound iron
weight in a beaker containing 1 pound of water, and heat
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to boiling. The iron and the water then have the same tem-
perature, namely 212** F. Now remove the weight and cover
the beaker to prevent evaporation, and observe which gets
cold faster. The iron does, largely because it contains less
heat than the water. Numerous experiments of this sort
show us that different substances require different amounts
of heat to raise their temperatures 1°.

The specific heat of a substance is the number of B. T. U.
required to raise one pound of the substance V F. Or,

The specific heat of a substance is the number ofgram-calories
of heat necessary to raise the temperature of one gram of the
substance VC.
The numerical value of the specific heat of any substance

may be determined by experiment in a number of different
ways. One of the simplest of these is illustrated by the follow-
ing example: 100 gm of aluminum clippings at 98° '?. are
stirred into 200 gm of water at 2° C; and the mixture comes
to the temperature of 11.5°. If A represents the specific heat
of aluminum, the heat given up by it in cooling to 11.5 is

Specific heat X grams X change in temperature
Ax 100 X (98°— 11.5°)

The heat absorbed by the water in warming to 11.5 is

Specific heat X grams X change in temperature
1 X 200 X (11.5°— 2°)

The heat absorbed by the water must be equal to that given
out by the aluminum; so that we may form the equation,
A X 100 X (98— 11.5) = 1 X 200 X (11.5— 2) or A= 0.219.
This means that it requires 0.219 gram-calories of heat to
warm 1 gram of aluminum 1° C.
The following are the values of the specific heat of some

of the more common substances. Water 1.00; ice, 0.50;
glass, 0.19; iron, 0.11; copper, 0.09; silver, 0.06; gold, 0.03.
These numbers mean that it takes 1 gram-calorie of heat to
heat 1 gram of water 1° C; half a gram-calorie to heat 1 gram
of ice 1° C. ; 0.03 gram-calorie to heat 1 gram of gold 1° C, etc.

It will be noted that water and ic2 have much larger
specific heats than the other substances. This fact is impor-

ii
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oTlrJ^t 7 '''"'^*'' conditions in the neighborhood
ot large lakes a.ul oceans. Because water absorbs a lar..amount of heat when being warmed, and gives up an equallv
large amount when being cooled, lakes and oceans c...slowly m wmter and warm up slowly in summer, thus servin,
to equalize seasonal temperatures. That household comfort
the hot-water bottle, is perhaps a more familiar example ofthe value of the high specific heat of water.

DEFINITIONS AND PRINCIPLES

1. Nearly all substances expand when heated and contractWhen cooled.

. U^:
5^7"^^"*'°"

;;
the process by which heat is carried froma hot body to a colder body by a moving fluid

3. Conduction is the process by which heat is transferred
from hot bodies to cold bodies through substances that areat rest*

4. The temperatures of melting ice and the steam from
water boding at normal barometer pressure are the two
fixed points selected for temperature scales

5. 0° C. = 32° F. 100°C. = 212° F.
6. Water contracts while being cooled to 39*' F (-4° C )but when cooled further it expands un " '

freezes
7 The heating or the cooling process consists in ihe trans-

fer of heat between bodies at different temperatures
8. Heat moves from the hot body to the colder bodx
9. The British Thermal Unit (B. T. U.) is the amount of

heat required to raise the temperature of 1 pound of water
1 r

.

10. The gram-calorie is the amount of heat required to
raise the temperature of 1 gram of water 1° C.

11. The heat of vaporization of steam is 967 B. T. U. per
pound, or 536 gram-calories per gram.

12. Liquids evaporate at all temperatures.
13. A liquid continues to evaporate until the space over it

becomes saturated.
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14. A vapor in contact with its liquid in a closed vessel
soon becomes saturated.

15. The pressure exerted by a given saturated vapor
increases as the temperature rises but depends only on the
temperature.

16. The boiling point is the temperature at which the
pressure of the saturated vapor is equal to the surrounding
pressure.

17. The dew point is the temperature at which water
vapor becomes saturated and begins to condense.

18. The heat of fusion of ice is 147 B. T. U. per pound or
80 gram-calories per gram.

19. The specific heat of a substance is the number of B.
T. U. necessary to raise the temperature of 1 pound of the
substance 1" F. ; or it is the number of gram-calories of heat
necessary to raise the temperature of 1 gram of the sub-
stance 1° C.

QUESTION'S

Why are the chimneys of factories usually very tall?

Is the smoke from a fire pulled or pushed up a chimney? Why?
If your fireplace smokes, what migh iu do to stop it? Explain

1.

2.

3.

fully.

4. How are tissue paper balloons made to ascend? Is there any
limit to the altitude they will reach?

5. In boiling a soup bone on a gas stove why should the dish be
covered and the gas turned low, after the water begins to boil?

6. Why can vegetables be cooked more efficiently in a fireless cooker
than on a red hot stove?

7. What makes a wood fire snap and crackle?
8. When a glass is filled with cold water from the top and allowed to

stand and warm up to the temperature of the room, why do bubbles of
air collect on the inside of the glass?

9. Which heats a room better, an open fire in a fireplace or a fire
in a stove? Why?

1 Could a hot air furnace placed in the attic be used to heat a house ?
How?

11. Why is the ice always placed near the top of a refrigerator?

12. In the kitchen boiler (Fig. 67), why does not the cold water
inlet pipe end at the top of the boiler?
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20' ZlZ l^"'.'^"'«l"' wl-en heating „i,k „ver a ga, «„vo?

22' F^" """ ?' '"" "•*" °' """*'"" " ""'"W for „„vo,

.

in fhich'^tyTJ^" WhT"* °" ""' *"" '""""' •" "- '"-'

J6.
Wh; 1„ telegraph ,i™ ,h„ „„. .„„„^ ,„ „.„,^^ ^^ .^ ^^^^ ^^^

29. What prevents a pond from freezing solid?

3l' wJr/'^''"" T" u""'
"''*^" '^' "•'»^'^'- •" them freezes?

n^iin, r:-.:trrLtr?
^'^ '-^''-^ ^-^ ^--'-^ °^-- -p- ^h.

wat'er o^erl fir^?'"'''^^
°' ^^""^ ^°™^^ ^^ ^^^^ ^°"o- of a kettle of

li wl!'' TT ^''^^^"" "^ '*'"'" ^^""*'°" ^2) rise in the water'

ng rnc surtace before the water comes to the boiling point?

th. «; 7^*" " °"^''* ^'^ 'h^ '^'""K P"'"t and then removed fron,the stove does it continue to boil? Why?
removed ironi
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36. Why are burn from steam more painful and injurious than l.urnj^

from hot water at the same temperature?
37. Woul<l a teakettle be more efficient if it had a rover to the siMJut

as well as to the kettle itself? Why?
38. The water at the top of a waterfall is able to do work. How*

did it get this ability?

39. What is the difference between a fog and a rioud?
40. What determines whether water vajwr in the air shall return to

the earth as rain or snow or sleet?

41. When a moist wind from the ocean sweeps against a mountain
chain it is forced up as if ascending a hi^h inclined plane. In these high
altitudes it is cooled. What happens to the moisture in it?

42. Why is the rainfall of Californb abundant, while that of Ari-
zona and New Mexico i.s scanty?

4.?. Mexicans ccm)I their drinking water by setting it in a current of
air, in the shade, in jars of porous earthenware. Why is this method
effective?

44. Why does water evaporate more rapidly from a shallow pan than
from a bottle? From a lake than from a puddle? When the wind is

blowing than when the air is still? When the temperature is high than
when it is low? When the air is dry than when it is moist?

45. Does dew "fall"? Why?
46. Why does more dew form when the air is moving gently than

when it is perfectly still? On a clear night tlian on a cloudy one?
47. Why does more dew form when the air is moist than when it is

dry? On a cckjI night than on a warm one?

48. What circumstances determine whether there shall be dew or
frost?

49. Why does dew form only at night?

50. Why does moist air when heated become "dry," although no
moisture has been precipitated from it?

51. What does a relatively high dew point tell us of ihc amount of
moisture in the air?

52. Why is it not possible to boil eggs on the top of Mont Blanc?
53. In his celebrated climb up the Righi, why did Mark Twain stop

every little while to "boil his thermometer?"
54. When a bottle has been sterilized by boiling it, and is then drained

an( set aside with a tuft of cotton in its neck, the inside becomes coated
with moisture. Why?

55. Why does ice cream freeze in a freezer?
56. Why do not icebergs melt before they reach the temperate zones?
57. Why is it cooler near the sea in summer, and warmer near the

sea in winter than it is farther inland?
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tJL- ^^ l'*'^^
'^''^*''^' ^'""^ °^" •" *>"*««• often "hold backthe spring" for towns near it? Why?

59. Why is a bottle of hot water better than a hot stove lid forkeepmg your feet warm when y„u go sleigh riding?

theTeapo"^?' m7?'^
'^'''' ' ^"-^ '^^ '^"^ ^^ ^ ^''^ ^^ t»^at remains i„

61 When you have poured all the hot tea from a teapot w!,ichc.x>lsthe faster, the tea in the last cup poured. or the empty teapC^ Wh;?

PROBLEMS

it siiidifie7(r';28i?'''
""- ^'^ '""'^ "^ ''

'

^"""' ^^ ""'''-' '-^ ^^-

2o4 ifnf7-
V""""^"

J u^*
'^^'^^' ^° ^'^'"^ ^"^ '^ «t a temperature of

20 C.S put into a cup of hot tea at a temperature of 91 °C. How mangram-ca ones of heat does the spoon absorb in becoming heated to 90
'c'3. If the cup of problem 2 contains 252 grams of tea, how much will

(ArtT2?)
*" '""""^ ''""" °' '^^"'"^ '^^^^^^ *••««'-""

4. A cubic foot of air at ordinary temperature weighs approximately
.07 pound. What ,s the weight of the air in a chimney whoi^uHf10square feet in cross section and whose height is 100 feet?

5. When the air in the chimney of problem 4 has been heated untileach cubic foot has expanded to 1 -.^ cubic feet, and the exce^ ofair hflowed out at the top. what is the weight of the h<.t air in tTe limnj ?

(problerrandt)V°"'
'"" '''' '""''^ ''^ '^' ^^^ "P *^« chimney

doeL sx^d^tiTotttrdr
^ ''-'' "° - ' ^- ^- ^^^-

thermomet?^
""' '''"^"*"" °' ^"^^ '''"^^ ^^^'^^ ^•> ^ « Centigrade

thermo^LSf"" °' ' ^""^ '^ ''" ""' ^^^^ ^°- *'^« ^^'^-'^^'^

10. Steel rods expand about ,b inch per foot for every rise of 1°C. m temperature. How much longer is an 80-foot^2l drde „

::":rio"o'c?
"^ ''"'""*"" '^ ^° ^- ^'^^^ - --- whentsCe:

wh^L^-aT^rJL:-hl^ ^ -;;^t -^ ^y - ..a.

13. Steam from boiling water is passed into a beaker containing 1072grams of cold water (Fig. 70). How many grams of water are thTrri„?hI
beaker when its temperature has risen 10» C?

***^'«'^ ^^'''^ »° the
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14. What is the dew point directly under the lid of a kettle of boil-
ing water?

IS When the temperature of the air is 20- C. and the dew point
IS 0° C, what IS the relative humidity (Art. 126)?

16. At what temperature does water boil under a pressure of 85
centimeters of mercury?

17 How many pounds of ice are needed to cool S gallons (40 pounds)
of water at 65° F. to 32° F.?

pv-uuua/

f It/ ''fo»o^°^*'?ll'^^*^''^*
*°° ^ '« P^""^ >"to ^n equal quantity

of hot t^ at 98° C. What is the temperature of the resulting b^verage^
19 A hot water bottle containing 2 quarts of water at 200° F

together wuh an 'ron stove cover that weighs 4 pounds and is heated to
a tempemure of 400° F. are placed side by side. When both have cooled
to 100 F.. which has given up the more heat? Howmany B.T.U. more?
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CHAPTER VII

HEAT AND WORK
130. Heat from Work. When a cent is rubbed hardon anything rough like the carpet, it becomes warm. Toolsbecome hot when cutting wood and metal. Two pieces

of ice may be melted by rubbing them together. ^
-^-^Xs flvfrom an emery wheel when a steel tool is being g /

In all these cases not only is heat developed, out ^ork is

resistance. Smce m these cases no heat is supplied frombodies at a higher temperature, and since the temperatur^
rises only when work is done, we conclude that the work is the

tZ'^h !
^"''' ^'"^ °^^^^ ^^"^"^^^ phenomena indicatethat the temperature of a body may be raised by doingwork on It. Hence the conclusion;

^
Work may be converted into heat.

131. Work from Heat. A steam engine can do workonly when there is a hot fire under the boiler. A gas^H eengine will drive an autbmobile or a boat, but only when it is

cylinders. All engines are devices for doing work with heat.The way in which the heated steam in the cylinder of asteam engine does work in pushing the piston may be under-
stood by recalling the experiments in Arts. 100 and 125. When
the air m the flask is heated, it expands and pushes the drop
of liquid upward m the tube for some distance against theET Jl"

atmosphere. If the water in the closed
laboratory boiler (Art. 125). is heated sufficiently, the steam
J^U push the mercury out of the gauge, thereby doing wo^k

^TV l^ ^-^^ ^'^'^ '^^ ^"'•"•"« ^^'- I" these experi-
ments, heated air or steam expands and pushes the liquid,

140 ^
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just as it pushes the piston in a steam engine. In all these
cases we get work from heat. Hence the conclusion:

Heat may be converted into work.

132. Belative Efficiencies of Teakettles. Since heat and
work are convertible, the most important thing to beknown of any device for utilizing heat is, "What proportion
of the heat put in is actually utilized; or, in other words,
what is Its efficiency?"

In the household the relative efficiencies of teakettles a id
o gas burners is important, just as in a factory the efficiencies
of the furnaces and of the boilers are important. The methods
of determining these efficiencies are similar. Let us therefore
find out which of two teakettles is the more efficient To
do this we must measure the amount of heat that goes into
the water in each kettle from the same burner in a given time
under exactly the same circumstances.

Into each kettle put 2 quarts of water at the same tempera-
ture. Place a thermometer, F. or C, in the first one, set it
over a burner, and allow it to heat for five minutes. Note
the rise in temperature during this time. Do exactly thesame with the second kettle. Then in each case the number
ot B. r. U of heat absorbed by the water is equal to 4 pounds
(2 quarts) X rise in temperature. Since each was ex-
posed to the same flame for the same time, we may assume
hat they received equal amounts of heat; and, therefore
the kettle that transmitted the larger number of B T u'
into the water that it contains, is the more efficient.

"
'

133. Relative Efficiencies of Burners. When we wish tocompare the efficiencies of burners we must know not only howmuch heat gets into the water, but also how much gas isconsumed by each burner. So we have to test each burner
during the experiment. For example, by burning 1 cubic
foot of gas in a Bunsen burner. 4 pounds of water were
heated from 50^ F. to 122° F.. i. e.. through a range of 72^
Ihe heat absorbed was 4 (pounds) X 72 (") = 288 B. T. U

i

m
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With this burner and kettle, then, we get 288 B. T U nrr
cubic foot of gas.

' ' ^

On repeating the experiment with the same kettle and a
burner like those used on gas stoves, we find that a larger
amount of heat is given to the water by burning 1 cubic foot
of gas. The numbers of B. T. U. thus obtained, however
give us only the relative efficiencies of the Bunsen burner and
the gas stove burner. They are relative, because we have
measured the useful heat obtained in B. T. U., and the heat
supplied m cubic feet of gas. To give actual efficiencies, both
must be expressed in the same units; so we must find howmany B. T. U. can be obtained by burning 1 cubic foot of gas.

134. Heat of Combustion. The heat that is given out bv
fuels when burning is called their heat of covmustion. The

amount of the heat of combustion of
the laboratory gas may be found by
surrounding the burner (Fig. 73) with
a water jacket /. The hot gases from
the flame pass out through tubes tt

which are also surrounded with water.
Water flows in at the bottom of the
jacket, and out at the top, and the
thermometers TT give the tempera-
ture of the water as it enters and as
it leaves. By noting the difference in

temperature on the thermometers and
measuring the water that flows through
while 1 cubic foot of gas is burned, the
heat of combustion may be deter-
mined.

Thus in an experiment the lower
thermometer registered 50° F. and the
upper one 104" F. While 1 cubic foot of

gas was burning, 11 pounds of water

. .
flowed through the jacket, thereby

bemg warmed through 54°. Hence the number of B. T. U.

Fig. 73 Catching Heat
FROM Gas

.1.
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given out by burning the cubic foot of gas was
11 ^pounds) X 54 O = 594 B. T. U

which IS the heat of combustion of 1 cubic foot'of this gas
In like manner coal may be burned in a suitably con-

structed water jacket and its heat of combustion determined
I he average heat of combustion of coal is 15,500 B T u'

or75r^ .?" ",''"'' '° ^^'^ gram-calories per g;am;
or J,500,000 gram-calories per pound.

136. Thermal Efficiency. The efficiency of the kettle
can now be expressed as the ratio of useful heat got out to
total heat put m. Since the water absorbed 288 B T Uwhen 1 cubic foot of gas was burned, and since the cubic

lr.h° W.V"''^. f ^^^ ^- '^' ^' '" ^"'•"»"g' the efficiency
of the kettle and burner taken together is

Useful Heat out _ 288 (B. T. U.)

Total Heat in ^ 594 (B. T. U.)
"" '^^^"

Thermal efficiency of a heating process is the fraction that
. what proportion of the total heat supplied is expended for
u I purposes, or

Thermal Efficiency =?5?i-?5!
Heat in

136. Early Steam Engines. In olden times all work
was done by men and animals, or by wind and water power.
Industry and commerce were conducted on a relatively small
scale, and no need for greater power was felt. About 1600
however, the need for a stronger and more reliable source of
power developed

;
so attention was turned to steam, and efforts

were made to harness it and make it do work.
One of the early steam pumps, built by a mechanic named

Newcomen m 1705, is shown in Fig. 74. A cylinder C, open
at the top. was fitted with a piston P, which was hung on achmn from one end of the "walking beam," and counter
balanced by the weight W and the pump rod H. When
steam was admitted to the cylinder at J, it pushed the piston
up- i he steam was then shut off and cold water was sprayed
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Fig. 74 Newcomkn's Atmosphbkic Encinb

into the cylinder at S.

This cold spray condensed
the steam; a partial vacuum
was produced in the cylin-

der; and the pressure of

the atmosphere pushed the

piston down again. The
water was then allowed to

flow out of the cylinder at

O, and the process was
repeated, each stroke of the

piston P giving one stroke

to the pump rod H.
This engine was found

to be very wasteful of

steam. No one seems to

;. ^ff,
. . ^ have thought of measuring

Its efficiency, in order to find out how wasteful it was, andhow It might be improved until James Watt attacked the
problem.

137. How Newcomen's Engine Wasted Heat. Wattbegan his experiments in 1 763 on a small model of a Newconien
engine in the physical laboratory at the University of Glasgow
where he occupied the position of instrument maker Hewas surprised at the amount of steam that was needed to
fill the cylinder and push the piston up. He began to make
measurements, and discovered that the amount of steam thathad to be admitted to the cylinder to push the piston up
once was sufficient to have filled it about four times with
steam at the pressure maintained in the boiler

Watt concluded that this great waste of steam was due to
Its condensation when it entered the cold cylinder Ihe
cyhnder was always cold when the steam entered it, because
cold water had just been sprayed into it; so the heat of the
steam which should all be used in doing work was in large
part wasted in reheating the cylinder.
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To utilize the heat m the steam, it must not be cooledbefore it has done its work. But after the hot steam hasTon^
Its work in pushing the piston up. it must be got rid of bycondensing it so that the air pressure can push the p"

tondown again In order to condense the steam, it must becSIf It IS cooled and condensed in the cylinder, the cylinder mustbe reheated at every stroke, hence the waste.
To avoid the necessity of cooling and reheating the cvlindi^rat every stroke. Watt reasoned that it was necessa^ to "o^^nect the cylinder with a second one. which was keptl d andinto which the steam should flow and be condenseS Wdingly. he attached to the cylinder of the Newcomen enginea second cylinder D (Fig. 75) . which

^

was kept cold by a spray of cold
water. He called this cooling cham-
ber the condenser.

138. How Watt's Condenser
Increases Efficiency. Having reach-
ed this conclusion. Watt built the
engine after the following plan.
Steam from the boiler entered the
cylinder C (Fig. 75), through the
valve /. and pushed up the piston
P- Then / was closed, and the
steam, while still hot. was allowed
to flow through the valve O into
the V >ld condenser D, where it was
condensed by a spray of cold water
The steam was pushed from C into

water vapor in D was less than the atmospheric pressurethat was pushing down on the piston P (Art. 123)!

the'cfndel'r^: t^eT"'"'**"^
^"«^"^- ^^^ ^^^'^^ of

effici ncv W^t ^"^"°'"^" ^"^'"^ g'-^atly increased its'ettic^ncy. Watt saw, however, that the open-top cylinder

II!

Fig. 75 The Condenser D
Saves Heat



146 PHYSICS
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was objectionable, because the cylinder walls were cooled
by contact with the air while the piston P was down. He

therefore made another engine
with a closed cylinder C (Fig. 76),

in which steam was admitted first

at / to push the piston up, and
then at / to push it down.
There were also two valves O and

Q in the pipes to the condenser.

These valves had to be worked
so that / and Q were open and
/ and shut when the piston

went up, and vice versa when the

piston came down. The valves

were worked by a system of

levers connected to the piston rod.

In order to keep the cylinder

as hot as possible, Watt built a
second cylinder around the first,

and kept the space between (J,

Fig. 77) filled with hot steam
from the boiler. This device is called a steam jacket. In
this form, Watt's engine does not differ essentially from a
modem condensing steam engine.

140. Work by Expanding Steam. When driving an en-
gine, the steam enters the cylinder at nearly boiler pressure.
If the valve were left open dur-
ing the entire stroke of the piston,

as described in Art. 136, the steam
would have the same high tem-
perature and pressure when it

left the cylinder that it had when
it entered. It would therefore

expand suddenly into the con-
denser at this high pressure, and all the heat that it gave up
to the condenser would be wasted. In order to use as much

Fig. 76 Watt's Doubls-Actinc
Engins

Fig. 77 The Piston Starts
Back

.4=^
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a3^ possible of this heat. Watt invented the "automatic

This device consists of an inverted metal box, called the
slule valve that may be slid back and forth inside the steam
chest 5 (Fig. 77) by means of the valve rod V. When thebox is m the position shown in the figure, the steam from thesteam chest passes through the port p and pushes the piston
o the left^ Meanwhile the exhaust steam is escaping through
the port />' and the hollow of the slide valve out through
the openmg. The position of the slide valve when the
piston starts forward is shown in
Fig. 78. The slide valve moves
so as to close the passage from s
to /)' when the piston has made
about X of a stroke.

When the steam from th'> steam
chest is thus "cut oflf," the steam — ^^
that has entered the cylinder has ^"^-^^ ^he piston staktsForwakd

a greater pressure than that required to move the piston

ZVT ^""^i
P"'^"' *^' P^^'°" ^^•^"Sh the remain-

ing H of Its stroke. While the steam is expanding anddoing this work, not only is its pressure reduced, but also
it becomes cooler. The neat lost by the steam in cooling
IS the heat that has been converted into useful work THp
automatic cut-off thus gives the steam a chance to expandand cool in the cylinder, thereby allowing it to convert into^^ork a large amount of heat which would o.herAvisc beearned into the condenser or into the air, and be wasted

HeaYIZ Zr^^eTrt:
'"^ '"^ ''''''''' " ''''' ^^ ^^"^^ "^ ^'^

questlons^rT"^'"
°^ '^ ^"«^""- '^^^ *^^° ''"Portantquestions about an engme are: 1. What is its horsepower?

in ordir ?r'
''

''u .^^f
'^^" "°^^' '^^' "P these questionsin order. The method of calculating the horsepower of ^.n

Ta^M tI""''
°' ^^^^"'^^^"^ ^^^ horsepower'of a pl^p

^Art. 94). The average working pressure in pounds per
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square inch multiplied by the volume of the cylinder in cubic
inches divided by 12 gives the number of foot-pounds per
stroke. This number multiplied by the number of strokes per
minute gives the number of foot-pounds per minute; and this
last divided by 33,000 (Art. 96) gives the horsepower. The
following data were obtained in a test on a locomotive running
at 60 miles per hour. The calculation illustrates the method
of binding the power of the engine.

Average working pressure 53.7 Ibs.per square inch.
I-ength of stroke 24 in.

Area of piston 283.5 sq. in.

Single strokes of piston 520 per min.

Horsepower = 53.7 X
283.5 X 24

12

Horsepower = 53.7 X 567 X 520

X 520^-33,000, or

= 480 (nearly).
33,000

Since this was a locomotive, and there were two cylinders
working under exactly the same conditions, the horsepower
of the locomotive was 480 X 2 = 960.

For accurate measurements, the average working pressure
is obtained by means of an ingenious pressure gauge invented
by Watt for the purpose, and called a "steam indicator."
So the horsepower found in this way is known as the "indi-
cated horsepower." ' account of friction in the moving
parts of the engine t actual horsepower as obtained by a
brake test is somewi. it less than the indicated horsepower.
For a rough calculation of horsepower the average working
pressure may be found approximately by taking half the
difference between the boiler pressure and the condenser
pressure as found from reading the steam gauges.

142. Pounds of Coal per Horsepower-Hoiir. In order to

determine how efficient the locomotive is, we must calcu-
late the work done by it in a certain time,—say one hour,—
and then find the weight of the coal burned by it in the same
time. If the work is calculated in foot-pounds, the number
obtained is inconveniently large. Hence it is customary to
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measure such large amounts of work in a new unit called the
horsepower-hour. The horsepower-hour is the amount of loork
done tn one hour at the rate of one horsepower. One horse-
power-hour - 33,000 (foot-pounds in one minute) X 60
(mmutes) - 1,980,000 foot-pounds.

Since the horsepower of the locomotive was 960 (Art 141)
it did 960 horsepower-hours of work in one hour In the

'sSO
^^^^ '' consumed 2880 pounds of coal in one hour; so

-^j^- 3, the number of pounds of coal burned per horse-

power-hour.

With stationary engines in the best modern power plants
the consumption of coal is about 1 pound per horsepower-
hour; and therefore, since they do the same amount of work
with the expenditure of \i the amount of coal, these power
plants are about 3 times as efficient as a locomotive.

143. Relative and Actual Efficiencies. A comparison of
the pounds of coal per horsepower-hour tells us how efficient
one power plant is when compared with another, but gives
us no definite idea as to what the actual efficiency of either of
them IS. In order to know the real efficiency (Art. 20) we
must compare, not work out with coal burned, but work out
with work in.

The first step in measuring the actual efficiency of an engine
has been taken. In Art. 134 we learned that a definite
number of heat units is liberated when one pound of coal is

???r^'i,
^^ ^^^""^ ^^^^^^' *^^ ^^^^ °^ combustion of coal is

15,500 B. T. U. per pound. We may therefore reduce the
pounds of coal to the equivalent number of B. T. U., and ex-
press the efficiency by comparing work out with heat in.

144. Joule's Experiment. The next step in determining
the actual efficiency is to find whether a definite number o*
foot-pounds is equivalent to 1 B. T. U. This problem
because of its great practical importance, has engaged the
attention of the best scientific minds since the time of Watt-
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but it was not satisfactorily solved until the middle of the
nineteenth century. A definite solution was obtained in 1842

by James Prescott Joule (1818-

89) of Manchester, England.
Joule measured, in British

Thermal Units, the heat that
was produced when a definite

number of foot-pounds of work
were done in stirring up water
with a paddle wheel.

The paddle wheel (Fig. 79),

was turned by weights PP that

descended and unwound cords
from the shaft on which the
wheel was moun ted. The water
was kept from following the

revolving paddles a by means
of fixed paddles b attached to

the inside of the vessel.

The number of foot-pounds
of work done was equal to the
number of pounds in the tw o
weights, multiplied by the dis-

Fic. 79 Joule's Apparatus

tance they descended, and the number of B. T. U. produced
was equal to the number of pounds of water in the vessel
multiplied by the number of Fahrenheit degrees through
which the temperature of this water was raised. In this
experiment great care was taken to make all the measure-
ments accurately, and to prevent any of the heat from being
lost. As a result of this and many experiments of the same
sort Joule reached the following conclusion, which is knoun
as Joule's Principle

: When heat is obtained from work or work
from heat, the number of units of work is always proportional to
the number of units of h€at.

145. Mechanical Equivalent of Heat. The number of

work units that correspond to a heat unit is called the mechani-

M^_
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cal equivalent of heat. Its numerical value, as found by Joule
and verified by many others, is

1 Britlrii thermal unit= 778 foot-pounds
1 grain.calorie= 42,700 gram-centimeten.

V'e can now calculate the number of foot-pounds or the
nunber of horsepower-hours that are represented by the
h:at of a pound of average coal. Thus—
15.500 eJ„,'i/-[:) X 778 Q^riV"^^) » 12,000,000 (nearly)

°?«;^ f
""" ^ P°""^ °^ ^°^'- S^"^^ 1 horsepower-hour =

1,980,000 foot-pounds, or approximately 2 million, the 12
million foot-pounds corresponding to 1 pound of coal is equal to
12 million ^

2 million '
°'" ^ horsepower-hours. Therefore,

The mechanical equivalent of average coal is 6 horsefiowtr-
hours per pound.

lie. Efficiency of an Engine. Since we now know how
much work a pound of coal represents, we can find the actual
efficiency of any engine when we know the number of pounds
of coal that it requires per horsepower-hour. The stationary
engine with its furnace and boiler consumed 1 pound of coal
per horsepower-hour; and since 1 pound of coal represents 6
horsepower-hours, the work put in is represented by 6 H P H
tor every pound of coal, therefore,

Work out 1

,
the Efficiency.Work in

Since the locomotive was only h .s efficient as the stationary
plant (Art. 142), its efficiency is H of 16.2^% = 5^% (nearly).

147. Energy. If you measure the length of a table
and find it to be 60 inches, and then measure it in centimeters,
and find it to be 152.4 centimeters, you conclude that 1 inch =
152.4 _
60 ~ centimeters. Whenever we measure the same

length in terms of these different units, we get the same
relation 2.54 to 1, between the units.
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/ A ^^" ^?^^ •' converted into heat, as in Joule's experiments
(Art. 144), in such a way that we can measure all the work
done m foot-pounds, and all the heat obtained in B. T. U we
always find the number of foot-pounds is 778 times as great
as the number of B. T. U. Because we always find this same
number, we conclude that we are really measuring the same
thing m terms of two different units. This thing that re-
mains the same whether it is measured in foot-pounds or in
D. T. U. IS called energy.

Work and heat are different forms of energy.
In Art. 19 we learned that when the block had been pulled

up theinclmeQ plane, work had been done on it; and that when
It Slid down, it could do work. Similarly, in Arts. 88-91 we
saw that water could do work in driving mills, if it fell on a
wheel from a higher level, or rushed under pressure through a
turbine. In Art. 140 we found that hot steam in an engine
cylmder could expand and do work. All these things-the
lifted block, the running water, the expanding steam-hav^
capacity for doing work, because they have either had work
done on them, or have been heated. Since heat and work are
different forms of energy, we may say these things have capa-
city for doing work because they have been stored with energy

Energy means capacity for doing work.
Energy may be measured either in work units or in heat units.
In every transformation of work into heat or of heat into

work, the amount of energy remains constant.

148. Law of Machines Amplified. In Chapter II we
learned that, because of useless work done against friction, we
never get out of a machine all the work that we put into it
Only in the ideal case may we say that the work out is equal
to the work in. We can now understand that the work done
against fnction and similar resistances within a machine is
converted into heat, and that this heat is the exact equivalent
of the work that seems to disappear. In other words, the
sum of the work got out and the work-equivalent of the heat
got out is exactly equal to the work put in. So the energy
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that seemed to disappear in doing useless work was not
put out of existence, but was changed into the form of
heat. Since, when work is done with the help of a machine
some of the energy is converted into heat that cannot again
be used for domg work, we can see why it is not possible to
get out of a machme as much work as is put into it.

Work out + Heat= Work in.

149 Sources of Heat. Coal, gas, oil, and wood are
generally considered our most plentiful sources of heat
Electricity generated by water power is now being much used
to produce high temperatures in electric furnaces and smelters
Food IS the source of heat and muscular work in men and
animals.

Throughout the last two chapters we have been constantly
reminded of the facts that unless we have a hot body and a
cold body, we cannot make heat work for us. and that heat isalways flowing from hot bodies to colder ones. Heat pheno-
:..ena occur only when there are at least two bodies at different
temperatures.

"-

If we should ever burn up all the coal and wood and other
fuel in the world, so that we could no longer build fires and
produce diflferences in temperature, everything would sooncome to the same temperature and further work become
impossible, unless there were some other source of heat.We Will find that the final source of heat is the sun

c.n^^^'^^- T^^ K^-"" '^. P'^"'" °^ P^^* ^S^^' ^"d has been
1^""^ sunshine" since plants grow and furnish wood

and food only because the sun shines. Without sunshine.
V. mds would cease to blow and water would cease to evaporate
There would be no clouds to send down rain, and no streams

descend m waterfalls and drive motors. We can thus
trace all our work back to the sun.

The sun is the source of the world's energy.
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DEFINITIONS AND PRINCIPLES

1. The heat of combustion of gas is approximate!v 600
l3. I .

IT. per cubic foot.

2. The heat of combustion of average coalis 15,500 B.T U
per pound.

3. Thermal efficiency = H^h^^t_otU
_

Total heat in
4. When steam expands and does work, it cools and gives

up the heat that does the work.

5. The horsepower-hour is the work done in an hour at
the rate of 1 horsepower. It is 2,000,000 foot-pounds, nearly.

6. 1 pound of coal = 12,000,000 foot-pounds.
7. The best modern stationary engines burn one pound of

coal per horsepower-hour. Their efficiency is therefore I
8. 1 B. T. U. = 778 foot-pounds.

9. 1 gram-calorie = 42,700 gram-centimeters.
10. Energy means capacity for doing work.
11. Energy may be measured either in work units or in

heat units.

^
12. In every transformation of work into heat or of heat

mto work, the amount of energy remains constant.
13. Work out 4- Heat = Work in.

14. The sun is the ultimate source of the world's energy.

QUESTIONS

1. Why does a nail become hot when rapidly hammered?
2. Why must an ax be kept wet with cold water while it is bcine

ground?

u i" r",/?
^ish to boil 4 potatoes would you use a 2-quart thick iron

kettle full of water? Why?
4. How may the heat of combustion of gas be determined?
5. How would you determine the thermal efficiency of a small en.

gme boiler heated by a gas burner?
6. How did Newcomen's engine waste heat?
7. Why did Watt's condenser save heat?
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8. ^^t made Watt think that a double-acting steam encine wouldbe more efficient than the Newcomen cntjine?

9. Why does a steam jacket increase the efficiency of a steam cn-

Who was James Watt and what were his most important inven-

gine?

10.

tions?

efficient?^''
'^"^ *'' "'°"''" '^"^"'^ "^'^^ ^'^'^ ^^^-- -«'- more

12 What is the source of the heat developed in a bicycle oumowhile It IS being used to pump up a tire?
^ ^ ^

J3.
Why does the air escaping from the valve of a bicycle tire feel

hoJiJanrn'otttorrpte'r '' ^" ^"^'"^ "^^^^^^ '^ ^-^''--

'. /o^ouT mrrnomiS ^" ^°"^ '''''- ''^ ^' '^^^^ ^'^'

16. Why do we say that 1 B. T. U. i. equivalent to 778 foot-pounds?
Do the terms "energy" and "work" have the same meaning?

17.

Why?

18.

19.

What is the heat of combustion of coal?

in hoi^p^wS-i;;';?
'""^''"'"' "'"'^^•^"^ -' ^ ^^-^ -^ -^' -p--^

20. What is the efficiency of a locomotive that burrs 3 nound^of coal per horsepower-hour?
pounds

th.^LlP*^''
1^ '^^ transformations of energy in Joule's experiment onthe mechanical equivalent of heat.

pt-"ment on

22 Count Rumford, who was superintending the boring of cannonfor the Bavarian government in 1798. noticed the great amoun of heatdevelop, and was the first to attribute it to the m^echaial Irk doneHe made a rough experiment to determine the heat developed in borinea bronze block, but did not measure the work. Can you ou^be a rough

23. Why is the efficiency of a machine always less than 1 >

th.^"*"
^'"'^

l^u
"^^'^ ""' '' ^^^ ''^^" '^^ ^•"'•k in. « it proper to savthat some work has been lost?

Hooper lo say

25. In view of our knowledge of the mechanical equivalent of heatwhat IS the complete statement for the law of machines?

Tr.!t\v
"'^"''"'

T"^
'' '"'""^ ^y ^ ^^'^' ^'h'^'^l and saws up a logTrace this energy, through all its changes, back to the sun

^'

to the 1!^' " ^'"•^"'^ '^ ' ''''"' ^"«'"- Trace the energy back
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PROBLEMS

! I

.
*• ." ^^^ ^"'"^<=^ '" yo""" house burns 200 pounds of coal a day and

Its efficiency is 50%, how many B. T. U. are liberated in the house?
2. If gas yields 600 B. T. U. per cubic foot, and costs 75 cents perthousand feet how much will it cost to heat 6 pints (i. e.. 6 pounds of

water from 42 F. to the boiling point with a burner and kettle havi,,.
a combmed efficiency of 50%?

3. What is the horsepower of an engine whose piston area is 80 square
inches and stroke 16 inches if it works under an average pressure of 66pounds per square inch and makes 400 strokes per minute?

,n\ ^^'^^ '^ ^^^ efficiency of an engine and boiler that works with
192 horsepower whUe consuming 384 pounds of coal per hour?

5. How many B. T. U. can be obtained by burning 768 pounds of
average coal?

»~ "=> ui

6. The water at Niagara falls 49 meters. If none of the heat gener-
ated by the fall were dissipated and the temperature of the water were
10 C. at the top. what would the temperature of each ponnd at thebottom be?

7. Sir Humphry Davy melted two pieces of ice by rubbing them to-
gether at C. How much work did he do to melt 10 grams of ice?

8. When you heat a quart of water from 52° F. to 212° F in
order to make afternoon tea. how many foot-pcunds of energy are put
into the water? *

9. How many loads of coal, each weighing 4 tons, could be lifted
through a vertical distance of 15 feet by the energy put into the water
in problem 8?

10. When you use 5 cubic feet of water for a hot bath, and the water
has been heated from 42° F. to 102° F., how many B. T. U. of energy
have been added to the water?

p X 'it
'^

^^^. r".^^^
temperature of the ocean is 50° F.. how many

B. r. U. would be given up by each cubic yard of water if the temperature
of the ocean should fall 5° F.?



CHAPTER VIII

ELECTRIC CURRENTS

160. Electric Currents. In a general way all are familiar
with electric currents, since they are now so generally used to
operate door bells, electric lights, the telephone, the telegraph
and trolley cars. The vast network of wires which is spread
all over the country and through city streets has taught
every one that the electric current flows along metal wires.We know that these wires have to be suspended from glass
knobs on poles, or coated with waxed thread, in order to pre-
vent the escape of the electricity from the wire. We know
that electricity comes from a battery or from a dynamo in a
power-house. We also know that electric currents are dan-
gerous, and that, when not properly controlled, they some-
times set fire to houses and even kill men and animals

Yet notwithstanding this general familiarity with electric
currents there are relatively few whose knowledge is suffi-
aently definite to enable them to repair a door bell when it
gets out of order.

151. The Door Bell
door bell is shown in

Fig. 80. From one
terminal of the battery
n, a wire runs to the
bell at b. This wire is

cnntinued without
break through the
driving mechanism of
the bell, comes out
at c, and ends at d,

where it is fastened to

The arrangement of an electric

1S7 Fig. 80 Thk Do(» Bm,
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the lower spring of the push button. Another wire begins at e,

where it is fastened to the upper spring of the push button,'
and proceeds back to the other terminal p of the battery.'
When we push the button, the bell B rings; and we say that
an electric current is flowing in the circuit.

The door bell thus consists of several parts; namely, a
battery, a metallic circuit, and an electric bell. Let us s'ee

how each of these parts is made and how it works.

152. Simple Voltaic Cell. The simplest form of electric
battery is the one invented about the year 1800 by Alessan-
dro Volta, who was professor of physics at the University
of Pavia, Italy. It consists of two metal plates, one of
copper Cu and the other of zinc Zn, placed near together but

r-ot iu contact, in a jar containing dilute
sulphuric acid (Fig. 81). This battery is

called the Simple Voltaic cell.

As soon as the plates are immersed In

the acid, bubbles begin to rise from the zinc.
These bubbles are bubbles of hydrogen gas;
and they indicate that a chemical action ii

taking place. The zinc is being dissolved,
and the hydrogen is being set free from the
acid. No such bubbles rise from the copper
plate; which shows that if there is any chem-

ical action there, it is not so strong as that taking place
at the zinc plate. In other words,

The chemical action at one plate is stronger than that at the
other.

If each plate is connected by means of a wire with one of
the binding posts of an electric bell, the bell rings; showing
that an electric current is flowing through it. But if the copper
plate is replaced by a zinc plate, so that the cell consists of
two zinc plates in the acid, the bell, when connected with
the plates as before, does not ring. Although the chemical
action of the acid on the zinc goes on, this action is the same
on both plates, and no electric current is produced.

FiC. 81 SlMPLB
Voltaic Cell
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If a cell is made of two copper plates in acid, and if the
plates be connected with the bell as before, the bell does not
ring. In this case again the chemical action is the same on
both plates, and no current flows. Current may be obtained
from a cell made with a zinc and a carbon plate, or from one
made with a zinc and a platinum plate, or from one made
with a zinc and a mercury plate. In each of these cases the
acid acts more strongly on the zinc than on the other plate
The plates used in making an electric cell are called electrodes
In order to produce a current, the electrodes must be made oi
two materials on which the acid acts differently.

It is customary to call one of the electrodes of a cell pos-
xttve and the other negative. By general agreement, the zinc
w alvMiys called the negative electrode. The other electrode
(copper, carbon, etc.) is the positive. We generally consider
that the currentflows in the metallic circuit outside the ceUfrom
the copper {positive) to the zinc (negative).

A voltaic cell consists of a pair of electrodes of different
matenals immersed in a fluid which acts chemicaUy on one
of the electrodes more strongly than on the other.

153. Polarization. If the simple voltaic cell is left con-
nected to the bell for a few seconds, the bell ceases to rinjj
even though the circuit through it is not broken. Exaniina'
tion of the cell then shows that the copper plate is covered
with bubbles. These are found to be bubbles of hydro-en
and they stick to the copper plate and become more numer-'
ous the longer the current flows. As they increase in num-
ber they form a coat on the copper, so that the acid cannot
touch it. Hence the current through the bell gradually grows
weaker; until at length it is too weak to ring the bell at all.
The cell is then said to be polarized.

The bubbles collect on the copper plate only while the
current is flowing. They arc made of the hydrogen set free
at the zinc. When no current is flowing they rise through
the acid; but when the current is flowing, the hydrogen travels
toward the copper plate and forms bubbles on it. Polarization
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can be prevented either by continually brushing the bubbles
away by some mechanical means; or by surrounding the
copper plate with chemicals which, because they combine
easily with hydrogen, catch it on its way to the copper. One
of the most useful of the cells in which polarization is prevented
by chemical means is the gravity cell.

164. The Oravitj Cell. In the gravity cell (Fig. 82)
a copper electrode is placed at the bottom in a solution of

copper sulphate. The zinc is placed
at the top in dilute sulphuric acid.

Thedark blue copper sulphate solu-

tion is denser than the acid, so it

remains at the bottom of the cell

by its own weight; hence the

name, gravity cell. When the hy-

drogen which is traveling toward
the copper plate comes into this

copper sulphate solution, it

exchanges places with the copper
Fig. ta th. Gravity cku. there, and remains in the solution,

while the displaced copper is deposited on the opper plate.
So the hydrogen bubbles are prevented from reaching the
copper electrode, and the cell does not polarize.
A gravity cell keeps in better condition if its poles are kept

connected with a long wire when the cell is not in use. If

plenty of copper sulphate crystals is kept in the cell it A\ill

last a long time with little attention, and will give a very
steady current. For this reason gravity cells were generally
used iu telegraphic work until the dynamo-electric machines
were perfected.

166. The Leclanche -. 11. In this type of cell (Fig. 83)
one electrode is carbon anu the other zinc. The active fluid

used is a strong solution of "sal ammoniac" (ammonium
chloride). The carbon electrode is often packed in a porous
cup with a black powder called manganese dioxide, which
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partially prevents polarization. The cell
polarizes rather quickly, however, in spite of
the manganese dioxide, and so cannot be used
when steady currents are needed for long
time. Cel

; of this type are generally used for
operating door bells and telephones.

The Dry OeU is a form of Lcclanche cellThe outer shell is a cylinder made of zinc
which serves as one electrode. The other r.c.
electrode is a carbon stick which is placed in the center Thespace between s packed with a paste made largely of waterammonium chloride and plaster of Paris. Dry celkareeady for use, cheap, easily portable, and theyTanlurnLhrather strong currents for a short time. They are thereforethe most popular form of voltaic cell.

therefore

156. Electromotive Force. In their action electric cur-^nts are somewhat analagous to water currents flowTngt

a'dSer.
'" '°""" " P'P^ °"'y "^- '' - f--d to do so' by

oumn P.r-'^r^"''"'
'"'^ ^' "^^y ^ developed by thepump P (Fig 44) An electric current flows in a wire whenthe ends of the wire are connected with the electrodes of

"

voltaic cell We may therefore conceive that the chemtatac ion in the cell develops a difference in electric pre'urebetween the electrodes of the battery, and imagine that thedectne current is maintained by this force. Such a d fference

ctionTa%'.rr "'^^'r
'^^^'°p^^ ^^y ^^- ^HeS

Ze Ttl ,
^'j.'^y ^-%°ther means, is called electromotive

force It IS usually denoted by the letters E.M.F. Wemavtherefore describe the action of a cell thus-
^

forle(V"M%f'u-^r^'^
"^''"^ ^^'^'^' ^^ electromotive

tric^bdl ^t 5,rP^«*\C^/'«i*- Returning now to the elec-

w th a hif^' ^l
^^

r''
'^^' ^*'"" ^ ^^^ ^^^

''' <^onnectedwith a ba tery through a push-button as shown in the figurethe metallic path from the copper or carbon electrode back to
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i ir
the zinc is not complete unless the button is pressed down so
that the metal spring s is in contact with the metal strip d.

The bell will not ring unless this metallic path outside the
battery is unbroken, from the copper or carbon electrode

back to the zinc.

So also the electricity must have an unbroken path through
the acid inside the cell from the zinc to the carbon or copper.
To prove this, leave the carbon or copper plate in the jar of

acid; and, without disconnecting the wires, remove the inc

to another jar of acid. In this case, although the externa!

path for the current is complete, no current flows, because
there is no continuous liquid conductor between the two
plates; and so the current cannot flow from the zinc to the
carbon or copper inside the cell. We see therefore that the
current cannot flow and ring the bell unless it has a continuous
conducting circuit from zinc to copper through the fluid

inside the cell, and from copper to zinc through the metallic

circuit outside the cell.

There is no onrrent without a complete condncting cir-

cuit.

158. Conductors and Insulators. An air-gap is no. the

only thing that will stop the current. If a layer of mica, pitch,

glass, rubber, paraffin, or oil be introduced anywhere in the

circuit, the current refuses to flow through it. For this reason

substances of this sort are called non-conductors or insulators.

In the transmission of electric currents from place to place,

insulators are just as important as conductors. Since the

earth, the bodies of animals, and all moist objects con-

duct electricity fairly well, it is necessary to separate or insu-

late a wire conductor from them by means of non-conductors,

in order that the electricity may go on along the wire instead

of escaping to the earth. For this reason, electric wires are

supported on knobs of glass or porcelain; or covered with

paraffined cloth, rubber, or silk.

Both conductors and insulators are necessary for carrying

an electric current.
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IW. How the Ourrent Bing. the BeU. We have thu« farused he nngmg of the bell as an indication of the p.^„c^^^^the electric current in the rimi.f t „4.
Ffeaence ot

ben and soc how i. Lt. Z„J^ "' "™ «*""••« "*
the path of the current through the ring-
ing device we note that it enters at a
(Fig. 84) and passes around two coils
of wire ss that are placed on iron rods
From these it passes to the iron bar or
armature b, to which the clapper is
attached. It then flows through a
spring that presses against a screw
at c; and from c back to the battery
On closing the circuit at the push-

button, we see that the armature is at
once drawn toward the coils, causing
the clapper to strike the bell. This »«.
motion removes the spring from the screw nf . k ••
circuit there, and the armatur^i push7back ^"^^'u^

'^
spring on which it is mounted But .^.^ ^T ^^ '^^

strikes the screw at .. the ctuit s cToXel LTT
.t.^ continues to .ng^rt^--

theiTuif^fo^jr^HnTtS^^^ r f - •^-p

the ends of the coils ^hile the'cu'i^lt flttg ^e'find thaithe knife ,s attracted toward them Na^ls l7tt •

attracted, and the iron armature is drlwn «/ .

^"^ ^'^

I he current makes the coUs attract iron.

160. Magnets Point North and South «;.n/.o
«^act iron, .he fac. that the coils at^^et iron^"^X^tt^y become magnets when the current is flowkfStht^'
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r

In order to trst this suggestion we shall have to find out
whether the coil.s have the other properties of magnets as well
as that of attracting iron.

If a slender magnet is hung on a fine thread tied aboiii
its center, or supported at its middle on a needle jwint so that
it can rotate freely in a horizontal plane, it turns and com* s

to rest when pointing in a north and south direction. When
so supported, a magnet is called a magnetic needle. The fai t

that the magnetic needle points north and south is of tlw
greatest possible service to sailors, because it enables them
to determine directions on the high seas. The pocket compa:~s
and the mariner's compass consist of a magnetic needle
suitably mounted in a brass case. The compass became
known to European sailors about the year 1100 A. D. Bi-

cause it made navigatioa

safer, commerce was able

to develop as it has, and

the voyages of Columbus
were possible.

If a coil of wire is really

magnetic when carrying a

current, it should point

north and south when free

to do so. A coil of wire

suspended so that it can

rotate in a horizontal plane

(Fig. 85) is found to turn about and point north and south
when a current is flowing through it.

A magnetic needle points north and south.

The current makes the coil point north and south.

161. Magnetic Poles. If a piece of iron be held near

either end of a compass needle, the needle is attracted toward
the iron. But when two magnetic needles are brought near

together, the ends that point north repel each other; the ends

that point south repel each other; and the north-pointing

end of either magnet attracts the south-pointing end of the

Fig. 85 Thk Coil Points Nortb
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other. This prorx-rty of the magnet is railed polarUy The
end thatpatn/^ tov^ard the north is called a n.^th pole, and the
other end is called the smith pole.

Like Poles repel and unlike poles attract each other
If the coil carrying the current (Fig. 85. be tested for

SlU' " 7^ '"T ^^l
'''' ""^"^^ •" *»^'« '^^' also.Ihe north-pointing end of the coil is repelled by the north

pole of a magnet; it« south-pointing pole is n-pelled by the
south pole of the magnet; and when either pole of the coil isbrought wear the end of the magnet that has the oppositekmd of polanty, the two unlike poles attract each other

If instead of a magnet, a second coil carrying a current bebrought near the first, the two act exactly like two m gnets

When c.irrying a current, a coil has magnetic poles.

162 Magnetic PielA If a magnet be placed under apiece of cardboard, and if iron filings be scattered over the
card. then, when the card is gently tapped, the filings arrange
themselves in a regu- ^
lar pattern (Fig. 86).

If a small pocket com-
pass l>e placed on the
card at any point, the
magnetic needle
points in the same
general direction as
the curve marked out .^^...
by the filings at that |^^
place. A compass
needle at a given --"...oofi-orcs

at tnat place. The curves therefore show the dirprti„„ ,„wh,cMhe magnetic force acts at the variou. ;^Lt'rLTth^

needle around the maguet also show that the magnetic force

Fig. 86 Macnktic Field of Fokcb
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extends to a considerable distance from the magnet in all
directions Th.s fact is described by saying that the magnet
IS surrounded by si field offorce.

The space which surrounds a magnet, and through which its
magnettcforce acts, is called a magneticfield offorce.

If a card be placed over
a coil of wire carrying a
current, the iron filings will

Tr'^A A» the coils of wire are passed
through holes in the card,

as in Fig. 87, better curves
may be obtained. The small
compass needle when in the

neighborhood of the coil acts

just as it does when near a
Fig. 87 The Con. has a Field of Fo«c» magnet. Hence
When carrying a current, a coil is surrounded by a magnetic

field of force.

Since the current makes the coil act in every way like a
magnet, we conclude that

—

A current-bearing coil is a magnet.

163. The Electro-BIagnet. Although the current-bearing
coil acts just like a magnet, it is not a very strong one. It
will barely support iron nails. But if an iron rod be placed
in it, the magnetism is much increased. It will now attract
iron more strongly than does the bar magnet or the magnetic
needle. Such a bar of iron in a coil is called a core. The
addition of the iron core strengthens the magnetic field. A
coil with an iron core is called an electro-magnet.

When the current ceases to flow through the coils of an
electro-magnet, its magnetism disappears; hence, the electro
magnet is much more useful than the steel magnet, because
it can be magnetized and demagnetized at will. This fact
enables us to explain the action of the electric bell. The coils
with iron cores in them are electro-magnets. When the circuit
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IS closed, these electro-magnets draw the armature toward
them and make the clapper strike the bell. The motion of
the armature breaks the circuit, the magnetism vanishes, and
the armature is pushed back by a spring. This motion
closes the circuit again; and the operation is repeated, untU
the circuit is broken by letting go the push-button.

164. Oersted's Experiment. The fact that the current
has a magnetic field was discovered by Oersted, a Danish
physicist, in 1819. While experimenting before his class, he
happened to hold a wire carrying a current directly over aiid
parallel to a compass needle. The needle immediately
turned out of its north-south direction; its north pole moving
say to the west. When the wire was held below the needle
and parallel to it, the needle turned from its north-south
direction, but the north pole now moved to the east. In
either case, if the direction of the current was reversed, the
direction of the deflection of the needle was also reversed
After a careful study of this action, the following rules have
been framed to describe it.

A compass needle tends to set Uself at right angles to a wire
carrying a current.

When we look along the wire in the direction in which the
current ts flowing, the north pole of the needle is deflected in
the directum of the movement of the hands of the clock.

166. Henry's Discovery. Oersted's discovery attracted
a great deal of attention, because scientists at once recognized
that it furnished a means of signaling at a distance. The
early attempts to construct an instrument that would do this
tailed because when several hundred feet of wire were intro-
duced in the circuit, the current would not operate an electro-
magnet of the kind then used.
The honor of finding out how to make the electro-magnet

work at a distance belongs to Joseph Henry, an American.
I he early coils consisted of a single layer of bare wire wound
like a screw thread around an iron core covered with paper



J ! i; I

l^i

US PHYSICS

Henry discovered that .f he insulated his wires by coveringthem with s,lk, and then wound many turns of such insulated
wire on the core, as thread is wound on a spool, his magnet
would work at great distances from the battery. Thus Henry
discovered that, with a given current,

The greater the number of turns of insulated wire in the coil
of an electro-magnet, the stronger its magnetic field

Electro-magnets like those which Henry made give
still stronger effects at a distance when the number of cellsm the circuit is increased. But increasing the number of
cells increases the strength of the current; i. e. with a given
electro-magnet, *

The stronger the current, the stronger the magnetic field.

^^I^I
electro-magnet consists of a coil of Insulated wirewound on an iron core.

i"»u«itea wire

.

The strength of the electro-magnet may be increnMd hvwinding more turns of wire on^oils^d S»TI^S^a stronger current through them.
• « »»« oy sending

. ^M ^'^^J^i!*'*?^'
The modem telegraph was madepo^e by the discovery made by Henry. In its simplest

form it consists of a battery
B (Fig. 88), a key K, and a
sounder 6\ The essential

* parts of the sounder (Fig.

89), are the electro-magnet
M, the bar of iron A (called

the armature), and the brass
lever L. When the key is

Fic. 88 S.MP.K T.«c.xP„ P"'^f^ ^°.^"'. ^"''•^"t flows

,_^ ,

in the circuit; and tht>
electro-magnet draws the armature down, making L strik,.the stop P. When the circuit is broken, L is forced up b^a spring S and strikes the stop Q with a click. So closing and

TnZ 9 ^'T' "'/ ^^'^- ^'^ P^°^-^^ ^'-ks a? thesounder 5, which may be many miles away, provided wires
connect it with the batterv.
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Fig. 89 Telegraph Sounds*

One voltaic cell will operate the telegraph sounder when
It IS near by. But, as
the early experimen-
ters found, when several
miles of wire intervene
between battery and
sounder, the eflfect is much
weaker, because the elec-

tromotive force of the
battery cannot drive
enoogh current through
the long wire to make the
sounder dick vigorously.

This falling off of the current when thp "llr.^" •
i .i.

iiuw inc current varies as more wire is addedSuch an mstrument is the galvanometer.

167. Oalvanometers and Ammeters. The simolest formgalvanometer consists of a single wire placeTatve and

flo" I L" "'"T"
"^^'^'^ ^^'•'- '^>' When a currentflow, m the wire, the magnetic field of the current tends toturn the needle into an east-west position; while the magnet cfield of the earth opposes this motion, because it Tend" tokeep he needle pointed north and south. The two field" thus

o i^fi iJ }T^'' '^^ ^"''^"t. the stronger is the actionof
.

s fie d
:
and the more the needle is deflected out of the northsouth direction. The size of the deflection therefore indicaes'roughly the strength of the current. The instrument is much

rrn^-^--rr--"--^^^^
.„„'*".°"'^^ '""'" °' K^'^nometer is shown in Fig 90 It

noe magnet ATJ. The current enters the instrument at

oy which the coil ,s suspended, and passes out below by a
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4 -iP^'P^^n N —1.1^—

5 . N

ee • f

VT_ A

. \ 1 .^i

x^e ^x
Fig. 90 O'Arsonval

Galvanometbr

coiled wire. When the current

_ ^ '^ flowing through the coil the

J
latter becomes a magnet ami tends
to turn around with its flat sides

* (faces) toward the pdes (rf the
magnet. As it turns, it twists the
ribbon R, and this twist in the
ribbon opposes the turning pro-

duced by the current; so the coil

turns until the twist produced
by the current is just balanced by
the twist in the ribbon. The
stronger the current, the more
the ribbon will be twisted before

the two twists are balanced and
the coil comes to rest. This

kind of instrument is called a D'Arsonval galvanometer.
The commercial instruments used in comparing current

strengths are really '""^

D'Arsonval galvanom-
eters. The arrange-
ment of the coil C
between the poles of

the magnet NS is

shown in Fig. 91.
When the current
flows, the coil turns;

and winds up a spiral

spring 5 like the hair-

spring in a watch. The
turning effect of the

current is balanced by
the tension of this
coiled spring. When
the current ceases to
flow, the spring un-
twists and brings the - ^ -

NO. 91 Intkrior of an Ambotcr
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coil back to its original position. The coil carries a pointer

r.JJ "' '"°''°" '^" ^ ^^^'^^l- This instrument
IS called an ammeter.

u'ncnu

168. Resistance of (Hrcidt.. We can now study thechanges produced m the strength of the current in the telegraph c.rcu.t by the addition of a long wire between the batte.^and the sounder If a suitable galvanometer or ammeter Z
•^ rl,'".^l

'"'"'' ^'^"" '^"^ ''-'''' •« «hort. the pointed.deflected through a certain angle, corresponding 7oth"
strength of the current. But when the extra wire has beenintroduced the deflection of the galvanometer is much soiaUer?showmg that the current is then much weaker.

This fact is described by saying that the yvire offers resist-ance to the passage of the current. So long as the electTo-mouve force of the battery remains the same, ft can drive onTya smaller current through this greater resistance. The case

short ^^J^'-g^'-
q"^"t,ty of water per second through ashort pipe than through a longer pipe of the same sizebecause the resistance of the long pipe is much greater'

"::rr ^''"^^ '^^"^ ^^"^'' ''' ^-^- ^'^ -•- ^* '^--

length but o smaller diameter, the deflection of the galva-nometer IS still further reduced. The fine wire offers a gfealer

current flows through it. This is again similar to the flow

res \ '" ^T. ^ P'P' "^ ^"^^" ^'^"^^t-^ offers a greateT

ZTu "" 'r °' "^'^^ **^^" ^ '^^«- P'P- °f the sameeng h. because the area of the cross-section of the pipe is-.Her. and the friction of the water in the small pipe s

material, the thtnner the wire, the greater the resistance.

J!'L "^°^?"* f
^"'^ro^otive force, the greater the resist-Mce, the saaller the current.
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169. Good and Foor Conductors. If, in the experiment
just described, the added wire was of copper, and if the copper
wire be replaced by an iron wire of the same length and
diameter, the deflection of the galvanometer is still further
reduced. The electromotive force of a given battery can
force less current through the iron than through the copper
This means that, other things being equal, the iron wire ha. a
higher resistance than the copper.

If we shorten the iron wire in the circuit until the galva-
nometer shows the same deflection as it did when the copper
wire was in circuit, we can find out what length of iron wire
has the same resistance as a given length of copper wire. If
the wires have the same diameter, the iron wire will be found
to be about one-sixth as long as the copper wire of etpial
resistance. Hence, under like conditions, iron has a resistance
about six times as great as that of copper.

If a German silver wire of the same diameter is used instead
of the copper wire, the length of German silver wire that gives
the same deflection to the galvanometer will be abt>ut one-
twentieth of the length of the copper wire. Under like con-
ditions, therefore, German silver has a resistance 20 times
as great as that of copper.

Copper is therefore said to be a good conductor of elec-
tricity and German silver a bad conductor; so copper is com-
monly used for electric circuits, since it is generally desirable
to have their resistance low. German silver wire is used to
introduce resistance into circuits in order to reduce currents
that are too strong for convenient use. From the foregoin-
we see that

"

Different substances have different relative resistances.

170. Adding Electromotive Forces. If the telegrai^h
sounder will not work at a distance when two or three cells are
used, we may be able to make it work by adding other cells.
If the copper of one cell be connected to the zinc of the nt xt
(Fig. 92), the electromotive force of each is added to that
of the others, thereby increasing the electrical pressure
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in the circuit. If this increased electromotive force is sMll.nsuffiaent to work the sounder, other cells may Paddedt

Fig. 92 Cells in Skriss

Jo^'f^r
'"'''' T^ '^' electromotive force becomes sufficientto force enough current through the circuit to make thesounder work properly.

"^

When the zinc of one cell is connected to the copper of the

anLT^ " °"'. "' ''°"" '" ^^«' ^2, they are sTid tota ranged tn sertes. When cells are arranged in sLTZ
If a suitable galvanometer or ammeter be olaced in th«

:dded • isThe^r ^'^Tr '----'-~»«added. As the cells arc added, the deflection in the galvanometer mcreases by about the same amount, if the droit"otherwise remains the same.
"'^

/A. T'^, ''T"''^
resistance, the greater the electromotive forcethe greater the current strength.

^

171. Comparison of Electromotive Forces. The nrinnpe just stated (Art. 170) enables us to compae the elect

"

motive forces o diflferent cells in the following way Place

ance that is large enough to make the deflection small ;,nH

about n/.^"^'
'"'""'"'"^ '^' '^'^'' '^' deflection will b^about IK times as great. The dry.cell sends about 1>; times
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as strong a current through the same circuit; so it has about
IX times as high an electromotive force as the gravity ci II.

Electromotive forces may
be compared by comparing

the currents that they send

through a circuit of fixed

resistance.

The commercial instru-

ments for measuring elec-

tromotive force operate in

the way just described.

They are called voltmeters.

The voltmeter (Fig. 93) is

like the ammeter (Art. 167)

but has a wire of high

resistance in the circuit
Fig. 93 Station Voltmbtbk

with the movable coil. Since the entire resistance of the volt-
meter is large, the current that flows through it is weak.
Since the resistance in the instru-

ment is fixed, the size of the deflec-

tion produced when its terminals

are connected directly to the jx)les

of a battery (Fig. 94), with nothing
else in the circuit, depends only on
the electromotive force of the bat-

tery.

172. Unit Electromotive Force.
The instrument just described will

be more useful if supplied with a
scale that will enable us to com-
pare electromotive forceb in terms
of a convenient unit. The unit of

electromotive force commonly used
is the volt. The simple voltaic

cell and the gravity cell furnish
Pic. . 94 It Mkasukb* i:. M.F
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electromotive forces that are nearly equal to 1 volt (more
accurately, 1.08 volts). The Leclanche cell, when in3condition, gives an electromotive force of about 1.4 volte-and the dry cell one of about 1.5 volts.

*

The unit of electromotive force is the volt.

173. The Scale of the Voltmeter. The scale of avoltmetermay now be constructed as follows: Attach the terminals ofhe voltmeter to the poles of a good gravity cell, armarkthe position of the pointer 1.08 volts. Then add a s^ondgravity cell in series. The deflection will now be tw^e asgreat, and the position of the pointer should be markl^^2 16volts. More cells may be added, marking thHuclsivepcsmons of the pointer to correspond to the voltages whichare determined in each case by multiplying 1 08 hvT u
of cells in circuit. Having th'us locat^a^oV^ nTsT':[correspond to known voltages, the scale may hJ^Zl^^lwith the help of an ordinary inch or centimeter rule

171 How the Current Produces Rotation. If we Da.« th.current from a single gravity cell through the cdl ofrD^^s^nval galvanometer (Fig. 90), one face of the coil becomT"^orth pole and the other a south pole; so the coiuL'r^hr.ha nght angle, and stops with its north face next the s^ufhpole of the magnet. If we reverse the current in the coH 7^magnetic poles will be rever.-d also- -o thlTl u , ,'
''^

coil will be facing a like pole of he' magne Thet "' '''

forces will now cause the'coil to face about so thaf

"

•ts poles will be adjacent to an unlike pole of n
'

VVhen the ceil rotates through a half turn, it does not st dat the instant when it reaches the position in wh^h h'^olare opposite the unlike poles of the magnet. On ace' ^f
tr/ntth' r.'^T' ''''' ^^•^•°" until^heTa^ tlforce and the twisting force of the suspending ribbon stoo itand bring it back. After a few vibrations it settles "nto ^h^position just mentioned. If we can manage "oele^° hecurrentjustasitpasses this position, and if wecanZa^ai^g:
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the coil so that it does not twist the suspending ribbon, then
instead of vibrating and settling in the definite position
mentioned, it will go on around through half a revolution
more. On account c f its inertia, it can not stop itself; and,
if wc again reverse the current just at the right instant, it

will continue to rotate through another half turn. Thus it

appears that if we can reverse the current just at th* end of
each half turn, and if we can Hi the apparatus of the twistnij
of the suspension, we may produce continuous rotation.

175. Principle of the Electric Motor. These conditions
can be fulfilled by the following arrangement. Instead of

being huny; on a metal ribbon, the coil is mounted on a hori-

zontal shaft XX (Fig. 95). In order to bring the current

^ ^ ^ into the coil, metal rings
'^

f^S-\ \
^^ ^''" P*^<^*^d on the

|—jlj-g^

"^
j

shaft near one end, and

?mn
|

/ ; TI one end of the wire from

the coil is soldered to

each ring. In order to

let the current in at one

of these collecting rings

and out at the other,

battery wires are attached to two light metal springs, B+
and B—, called brushes, one of which rubs lightly against each
of the collecting rings. In making the apparatus, it is impor-
tant to remember that the steel shaft XX is a > onductor;
if the collecting rings were in metallic contact with it, the

greater part of the current would take the short cut along the

steel shaft from one ring to the other, and thence back to

the batt'-ry. Therefore, the collecting rings must be mounted
on a sleeve of hard rubber, which insulates them from the

armature shaft, and from each other.

By first touching the brush 5+ to ring iJ+ , and the brush
B— to ring R— ; and then at the right instant reversing the

brushes so that the brush B+ touches 22— and the brush 5-
touches R+, wo caa make the coil rotate continuously.

R-»

Fig. 9S The Coil is Fiie« to Rotatk
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We may avoid the inconvenience of having to change thebrushes back and forth every half turn by drscarding one tfthe rings, sphtting the

«umg one ot

other ring parallel to the
shaft XX, and attaching
the two ends of the coil-

ed wire to the two sepa-
rated halves of the ring.

The brushes must now
touch opposite points of
the split ring. This "'«• w th. moto« P«,«,r«

Its Hat tdces) are nearest- thi» -x-f-o^*-: t , .
*^^^ v- e.,

half ring ci wilfsh rfrorth ^k''"?P°'"' °^ '^^ '"^^"^t. thes ^- T- Win snirt trom the brush -S+ to the hmeK b_and at the same time the half rincr r « n i.-? c
^~''

B~ to the brush rI -ru ^^ "^'^ "^'^^ ^''°'" ^^^ brush

-contra- -----^^^^^^
contmues to rotate as long as
the necessary current is sup-
plied. This apparatus is now a

^___^
toy electric motor. This split

Fic. 97 A MoD«EN coBCMUTATo. ""'"^ ^^^'ce is called a cowm«-

caned .he .™«„, .He 4^; is'^caVj^^^^^'J'

wtafLn^ T"' M ^'*'»' "«"»•• Th« toy is ver.

tu™' w^h [™„™'" "" *" "^-^ "™"«- "v «"-« the :;
*!

»cu Dy suDstitutmg an electro-maenet for th^ =f»«i
".agnet. and «„di„g the cu^„t .hrough^t C« STJ
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before it goes to the armature. The number of poles in the

held may also be increased to four or more. Finally, mf)re

coils can be wound on the armature, so that while the cur-

rent is being reversed in one it may be flowing in another.

Fig. 98 shows the well known toy

motor which has three coils on its

armature. There must be at least

as many segments on the com-

mutator as there are coils on the

armature.

An electric motor thus consists

essentially of a stationary electro-

magnet called the field magnet, a

rotating electro-magnet called the

armature and a sliding contact

device, which leads the current into the armature, and is

called a commutator.

When a suitable electric current is passed through the

motor, the motor transforms the energy of the current into

mechanical work.

Fig. 98 Toy Motor

a.

I

177. Internal Resistance. When we try to run the toy

motor (Fig. 98), with two or three gravity cells, we find that

it will not go. A single dry cell will operate it successfully,

two dry cells will make it hum. The addition of several more

gravity cells, which increases the electromotive force in the

circuit, still does not make the motor go.

If the voltage of the two gravity cells in series be measured

with a voltmeter, it will be found to be 2.16 volts. The dry

cell has a smaller electromotive force (1.5 volts) than the two

gravity cells. Yet one dry cell runs the motor, and the two

gravity cells do not. The gravity cells do not furnish enough

current, but the dry cells do. Thus, although the two

gravity cells have the greater voltage and the resistance

outside the battery through the motor is the same in one case

as it is in the other, the current from the two gravity cells is

much weaker than that from one dry celL
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To account for this, recall Art. 157, in which it was shown
that when a current flows in a circuit it must also flow
through the battery—i. e., no current flows unless there is a
complete conducting circuit. Hence the reason for the dif-
ference m the action of the gravity and the dry cells must
be sought m that portion of the circuit which lies inside the
cells themselves. The cell itself offers , .sistance to the flow
of current. This "internal resistance" in a gravity cell is
usually rather large, while that of the dry cell is very much
smaller. So, even with a small external resistance in circuit
gravity cells cannot give strong currents, because their
internal resistances are large, and the current has to flow
through these large resistances.

Since a complete conducting circuit is necessary for the
flow of current, and since the electromotive force must over-
come both the external and internal resistance of a circuit
fke current strength depends on the total resistance in circuit,

A ^?c*<
^^^^ ®^ Stronger Currents. We have learned in

Art. 156 that the various forms of voltaic cells derive their
e^ctncity from chemical action. In this action, the zinc in
the cell IS gradually consumed. Therefore, if cells are used as
a source of current, zinc must be supplied, just as steam
must be supplied to keep a steam engine going, or gas or
gasoline to keep a gas engine running.

The amount of zinc consumed in furnishing weak currents
such as are used for door bells, is small; so the cost of zinc is
not excessive. But the cost of zinc is so much greater than
that of coal, gas, or oil, that it would be a great deal more ex-
pensive to do large amounts of work with a motor that is run
by consuming zinc in a battery, than to do it with an engine
that IS run by burning coal or gas under a boiler. Thus the
motor would be of little practical value unless we could gener-
ate electric currents in large quantity and at reasonable
expense. We shall therefore uext inquire how this is done

1
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DEFINITIONS AND PRINCIPLES

1. In a voltaic cell, chemical action develops an electromo-

tive force which drives the electric current through the

circuit.

2. The zinc is always the negative electrode of a cell.

3. The current flows in the external circuit from copper

(or carbon) to zinc.

4. Electric currents flow only in completely closed con-

ducting circuits.

5. A magnet suspended so that it can turn freely, points

north and south. (Magnetic needle).

6. The north-pointing end of a magnet is called the north

pole, and the south-pointing end is called the south pole.

7. Like magnetic poles repel each other and unlike poles

attract.

8. A magnet is surrounded by a magnetic field of force.

9. A coil carrying an electric current is surrounded by a

magnetic field of force and acts exactly like a magnet.

10. A compass needle tends to set itself at right angles to

a wire carrying an electric current.

11. When we look along a wire in the direction in which an

electric current is flowing, the north pole of the needle is de-

flected in the direction in which the hands of a clock move.-

12. A coil of wire wound on an iron core isan electro-magnet.

13. The greater the number of turns in the coil and the

greater the current strength, the stronger is the electro-

magnet.

14. The resistance of a wire is proportional to its length,

inversely proportional to the area of its Toss-section, and

depends on the material of which it is ma

15. With constant electromotive force, the smaller the

resistance, the greater the current strength.

16. With constant resistance, the greater the electro-

motive force the greater the current strength.
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ine17. The unit of electromotive force is the voi
electromotive force of a gravity cell is 1.08 volts,

18. When cells are connected in series, both their electro-
mot've forces and their internal resistances are added together.

19. The current strength depends on the total resistance
(internal + external) in circuit.

20. By means of the electro-magnet and the electric
motor, the electric current may be made to do mechanical
work.

QUESTIONS AND PROBLEMS

1. When you press the pushbutton of a door bell, the bell rings.
Why?

2. If you wanted to make an electric battery, what materials would
you secure?

3. How would you construct a cell that would furnish small currents
continuously?

4. Why do telegraph lines fail to work after a severe storm when the
wires are down?

5. Why are telegraph and telephone wires strung on glass supports?
6. Is it possible to use the wires of barbed-wire fences for telegraDh

or telephone lines? Why?
7. Would a battery made of two jars of acid with a plate of copper

in one and a plate of zinc in the other furnish a current to ring a bell?
Why?

8. If you place a slip of paper between the springs in the pushbutton
cf a bell, will the bell ring when the button is pushed? Why?

9. Why was the term electromotive force invented?
10. What similarity is there between the flow of water in pipes

and the flow of electricity along wires? Art. 156.

11. Why can birds perch on electric light wires without harm, when
the same wires, if broken down, might kill a horse?

12. In trolley car lines the electricity is carried back to the power
house through the rails. Why is it not dangerous to step on the track?

13. Why is the third rail on an electric railroad dangerous?
14. How can you find out whether or not the blade of your knife

has become magnetized?
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15. If the blade of your knife has become magnetized, how can you

tell which end is a north pole?

16. Do the lines of force about a steel magnet extend beyond the

space where the iron filings indicate them? Prove the correctness of

your answer.

17. Can a horseshoe magnet be used for a compass? Why?

18. Could you make a telegraph instrument, using a common stctl

horseshoe magnet instead of an electro-magnet?

19. If you have a pocket compass, can you tell whether a current is

flowing in an electric light wire? How?

20. If you have built a telegraph line between your home and your

chum's home and the sounder will barely work, what could you do to

make it work better?

21. Why is a telegraph sounder less likely to work on a long line

than on a short one?

22. Are dry cells or gravity cells better iu e long nm for operating

your telegraph line (question 20)? Why?

23. What is the effect of increasing the number of cells on a telegraph

line?

24. How may the effect of adding cells to a telegraph line be shown?

25. How would you test a dry cell to find out whether or not it is

"used up?"

26. How would you make a simple galvanometer that would enable

you to determine which of a number of cells were in the best condition?

27. Why are electric wires so frequently made of copper?

28. Why are iron wires used for telegraph lines, while copper wires

are used for long distance telephone lines and for trolley lines?

29. Of what material, usually, is the wire used in the coils of

electric heaters? Why?

30. Why are the coils in electric heaters often wound on asbestos

covered rods?

31. How could you make an ammeter if you had a pocket compass

and some wire?

32. How could you make a voltmeter if you had a horseshoe magnet

and some wire?

33. Why must the voltmeter have a high resistance?

34. How would you make a scale for your voltmeter (question 32) ?

35. What changes have to be made in a D'Arsonval galvanometer in

order to be able to make the coil rotate continuously?

36. For what purpose is a commutator used?
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37. What could be done to the toy motor (Fig. 98) to make it more
powerful?

38. Why will two dry cells run a toy motor very rapidly, while three
Rravity cells having the same voltage as the two dry cells will not
move it?

39. Would six gravity cells run the motor better than three? Why?
40. The principle of the electric motor was known many years before

motors came into general use. What was the cause of the delay i^ its
introduction?
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CHAPTER IX

i

INDUCED CURRENTS

179. Faraday's Discovery. The principles that enable

us to generate strong currents at a reasonable cost were dis-

covered by Michael Faraday (1791-1867) in 1831, but they

were not applied to practical machines until about the year

1870. Faraday himself was content to leave to others the

practical applications of the great discovery he made. We
shall be able better to appreciate the importance of this

discovery if we first study Faraday's experiments.

The apparatus (Fig. 99) , differs in no essential way from

that used by Faraday. A coil 5 of many turns of fine wire

is connected to a sensitive galvanometer

G. A steel magnet M is pushed into the

coil. While the magnet L moving, the

coil of the

galvanometer

moves, show-

ing the pres-

Jkence of a cur-

it in the

c u i t . As

n as the

tO its original

Fig. 99 The Moving Magnet Generates a Cukre:

magnet stops, the galvanometer coil retu.

position, showing that the current also has stopped.

As the magnet is being pulled out of the coil S, the galva-

nometer again indicates the presence of a current in the

circuit; but the current flows in a direction opposite to that

in which it flowed when the magnet was being pushed into

the coil. Whenever either pole of the magnet is pushed into

the coil, or pulled out of it, the galvanometer shows a current

in the circuit; but only so long as the magnet is in motion.
184
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Thus Farada> discovered that

An electric currentflows in a coil when the pole of a magnet in

mov'rig through it.

The current ceases when the motion stops.

180. Faraday's Interpretation. In Art. 162 we learned
that if a steel magnet is covered with a piece of cardboard and
iron filings are scattered over the card and the card gently
tapped, the filings arrange themselves in curves, as shown in
Fig. 86. When a single magnet is used, these curves appear
to begin at one pole of the magnet and to end at the other.
We also learned that when a small pocket cmipass is set at
various points on the card, its needle points in the direction of
these curves at that point; showing that the space about the
magnet is filled with magnetic forces, whose directions are
indicated by the curves. Faraday called these curves traced
by the filings, lines of magnetic force because they show the
direction in which the magnetic force is acting at any point in
the field.

If we place two magnets under the card with their unlike
poles toward each other, and let the iron filings trace the direc-
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Fig. 100 The Lines Pull Unlike Poles Together

tion of the lines of force, we get the result shown in Fig. 100
Since some of the lines of force seem to begin on one magnet
and to end on the other, the curves suggested to Faraday
that the magnetic lines of force act as though they were elastic
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bands stretched between the two pc* s and trying to contract

and pull the magnets together.

When tw o like poles are placed near together, we obtain the

curves shown in Fig. 101. In this case none of the lines of

Fig. 101 Tub Links Push Likb Poles Apakt

either magnet enter the other. Like magnetic poles always

repel each other; and the curves suggest the idea that the

repulsion is due to ihe action of the lines of force, which seem

to be pushing side ivays on each other, thus driving the mag-

nets apart.

Since Faraday was not able to conceive how magnets

could attract or repel each other when there was absolutely

no connection between them, he supplied a connection by

imagining that every magnet ^s smounded with invisible lines

of force which produce the mui^fietic attractions and repulsions

by pulling on the magnets or pushing against one anot^''^.

181. Cutting Lines of Force. Having thus formed a

clear mental picture of the lines of force about a magnet,

Faraday saw that when one end of a magnet is pushed into a

coil, the wires in the coil cut across these lines of force. If,

instead of a coil, a single wire, whose ends are connected to

the terminals of a sensitive galvanometer, is moved in the

field, a current flows when the wire moves so as to cut across

the magnetic lines of force; but when the wire is moved

so as to follow along those lines, no current flows in the circuit.
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The electric currents that flow in a wire when it cuts lines of

magnetic force are called induced currents.

Since the flow of an electric current is always due to an
electromotive force, Faraday conceived that the cutting of
lines of magnetic force by a wire induces in the wire an electro-

motive force, which drives a current through it.

182. Increasing Induced Electromotive Force. If the
like poles of two magnets be pushed into the coil at the same
time, the galvanometer (Fig. 99) gives a larger deflection than
when only one is thrust into it. The larger deflection indicates

that a stronger current is flowing. Since the resistance in

the circuit (that of galvanometer and coil) has not been
changed, the stronger current implies that a greater electro-

motive force must have been induced. When two similar
magnets are thrust into the coil, the wires in the coil cut
twice as many lines of force as before, and the induced electro-

motive force is much greai:er.

If we thrust a single magnet into the coil twice as rapidly
as the two were pushed into it, the deflection in the
galvanometer is exactly the same. So we can increase
the induced electromotive force either by cutting mor ^ lines

in a given time, or by cutting the same number of lines in

less lime.

If the coil consists of a single large loop, four or five inches in

diameter, the galvanometer does not give so great a defle lion
when the magnet is pushed into the loop as when a - .laller

loop that fits the magnet closely is used. The small loop
is closer to the magnet, where the lines of force are closer
together; it therefore cuts w.re lines per second.

If the same wire is wound into two small loops parallel
to each other and near together, the galvanometer gives a
greater deflection; and when the wire is wound into a coil with
a large number of turns parallel to one another and fitting
closely about the magnet, the electromotive force induced
b. thrusting the magnet into this coil is much stronger.
Each turn of wire cuts the same number of lines per second,

M
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and so the same electromotive force is induced in each;
and the electromotive forces of all are added together!
Hence the greater the number of turns in the coil, the greater

the induced electromotive force.

All of these devices—stronj;,or magnetic field, faster motion,
moving conductors close to the magnetic pole, more turns i-.i

the coil,—are but devices for cutting more lines of torce per

second; and they all increase the strength of the induced
electromotive force. Hence the conclusion:

The intensity of an induced electromotiveforce is proportional
to the number of lines offorce cut per second.

183. Direction of an Induced Current. In Art. 179 we
found that when one pole of a magnet was pushed into

a coil, the galvanometer was deflected in a certain direction,

say to the right. When an electric current of whatever
origin, flows in a coil, the faces or flat sides of the coil act like

magnet poles (Art. 167). In order to find out which face of

the coil becomes a no- th pole when the north pole of the steel

magnet is thrust into the coil, a battery may be so con-

nected in the circuit, with the coil and galvanometer, that

the galvanometer deflects to the right. A pocket compass
will then indicate which end of the coil is a north pole.

Suppose it is found that when the battery current is passing

through both coil and galvanometer, it causes the galva-

nometer to deflect to the right. If the upper face or end of

the coil at the same time is found to be a north pole, then

wht. the battcr>' is removed and an induced current in the

coil also deflects the galvanometer to the right, the induced
current has the same direction as that from the battery, and so

makes the upper face of the coil a north pole. Interpreting

the deflections of the galvanometer in this manner, we find

that when a north pole of a magnet approaches one end of the

coil, that end itself becomes a north pole, because of the in-

duced current that flows in the coil. When the north pole of

the magnet is drawn away from one end of the coil, that end

of the coil becomes a south pole. Since like poles repel each
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Other and unlike polos attract, the end of the roil rr. . the
apF'roaching north pole and attracts thr receding (.:u'.

Similarly, when a south |)ole of a magnet approaches one
end of a coil, that end becomes a south pole, and so re|X')s;

and when the south pole of the magnet is draw away fnjtn

one end of the coil, that end becomes a north pole, r- ' m
attracts. In all cases,

The direction of an induced current is such that its

magnetic fiei opposes the motion of the magnet that pro-
duces it. (Lenz's law.)

184. Currents Induced by Ourrentf in Art. 162 wc
learned that a coil through which a ci' -i. was flowing acts
in every way like a magnet. We m , therefore, expect
that if we ir.ove such a current-bearing coil either into or out
of another coil, we shall get effects precisely similar to those
obtained by moving the

magnet. The apparatus

for the experiment is

shown iu Fig. 102.

When we pass the cur-

rent through the coil P,

and then bring it quickly

near the coil S, the gal-

vanometer gives
deflection in a certair

direction, say to the

right. Withdra-ng the coil quickly gives a deflection to the
left, ^vh-n wc investigate the direction of the induced
current as in Art. 183, we find that the direction is always
such that the magnetic field of the induced current opposes
the motion, just as it did with the magnet.
A slow motion of the roil gives a smaller deflection than a

quick one, showing again that the faster the lines of force are
cut, the greater the induced electromotive force.
A stronger current or more turns of wire in the coil P,

increases the strength of its magnetic field, i. e., the numb' of

Fig. 102 Vhk Moving Coil Generates
A Current

mi
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lines of force about it (Art. 182). The deflections are also

increased, when P, with its stronger field, is brought up to 5
with the same speed as before.

The deflections are also increased when the iron core C
(Fig. 103) is placed inside the coils, other circumstances re-

maining the same as before. An iron core strengthens the

magnetic field, and so increases the number of lines of force

about the coil (Art. 163).

All these observations show that in the matter of inducing

electromotive force, current-bearing coils and electro-magnets

act just like steel magnets.

186. Making and Breaking the Circuit. When the coil

P is left lying in S, with the iron core C in the center (Fig. 103),

and the circuit through

P is suddenly broken,

we get the largest effect

of all. Breaking the

circuit by disconnecting

the wire withdraws the

magnetic lines of force

from the coil S more

quickly than they can

be withdrawn by mov-

ing P. Conversely,
making the primary circuit by connecting the wire again pushes

the magnetic lines of force through 5 more quickly than it can

be done by moving P; therefore, more lines are cut per

second and the induced electromotive force is greater.

The coil P through which the current from the battery is

sent is called the primary coil; the coil S in which the electro-

motive force is induced is called the secondary coil. When no

current is flowing in the primary, practically no lines of force

are passing through the secondary. When the circuit

through the primary is closed, a very large number of lines ot

force is passing through the secondary. Thus the number of

lines of force passing through the secondary has been changed.

Ftc. 103 Making or Brbaking the Cikcuit
Induces Current
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Whenever a wire loop cuts a line of force, that line must
have passed from the outside of the loop to the inside, or vice
versa. So by cutting the line, the number of those that pass
through the loop has been changed. So "cutting lines of
force" has the same effect as "changing the number of lines

of force that pass through a loop" ; and either expression may
be used to describe the operation.

186. Principles of Induced Electromotive Force. The
results of our study of induced electromotive force may be
stated in the following three principles which are sometimes
called the laws of induced currents.

1. An electromotive force is induced in a conductor
whenever it cuts magnetic lines of force.

2. The greater the number of lines of force cut per
second, the greater the induced electromotive force.

3. The direction of the induced current is always such
that its magnetic field opposes the motion that produces it.

187. The Dynamo,
struction of a dynamo.

We can now understand the con-
In Fig. 104 N and 5 represent the

Fig. 104 The Dynamo Diagram

two poles of the field magnet, their lines of force being indi-
cated by the long vertical arrows. FD represents a single

'i <3
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coil of wire, RP a pair of collecting rings, one soldered to each
end of the wire from the coil FD, and B+ and B— a pair

of brushes attached to the terminals of the external circuit

around which the current is to be sent. The shaft and
bearings are omitted for the sake of clearness (cf. Figs. 104

and 95).

The coil FD being in the position shown, the greatest

possible number of lines of force pass through it. When
the coil is turned through a quarter of a revolution in the

direction of the curved arrows (seen at the right of the

diagram), its plane will be vertical, and the wires cut across

all these lines of force. This turning of the coil has the same
effect as withdrawing a north pole from the upper face of

the coil. Therefore an induced current will circulate around
the coil in such a direction as to make the face D a south pole,

and the other face F a north pole. This induced current will

flow onward from B+ around the external part of the circuit,

which for simplicity is not shown in the diagram, returning to

the coil through brush B— and collecting ring R.

When the coil FD (armature) has turned through the

second quarter revolution, its plane will again be horizontal

and its wires will again have cut all the lines of force that now
pass through it. But, since it has turned completely over,

the lines of force from N now enter the other face F; so this

motion has the same effect as that of pushing a north pole

into the face F of the coil. Since pushing a north pole into

the face F has the same effect in the coil as has withdrawing

a north pole from D, the induced current will continue to

flow around the coil in the same direction as before.

During the third and the fourth quarter revolution the

lines of force from the north pole of the magnet are withdrawn

from the face F and pushed in to the face D. Both of these

motions produce an induced current that flows around the

coil in the same direction, but this direction is the reverse of

what it was during the first half turn. So the current in the

external circuit flows in one direction during one-half of the
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revolution and m the opposite direction during the other
hair Such a current is called an alternating current

The electromotive force of the dynamo is produced by rapidly
cutting lines of magnetic force with a rotating coil.

188. Direct Current Dynamo. Dynamos that furnish
direct currents, hlce those from batteries, differ from the
alternators mamly by having "commutators" like direct

current motors (Fig. 96). At the end of each half turn, thecommutator changes the direction of the alternating currentm the armature, so that the current in the external circuit
flows all the time in the same direction.

189.- Greater Power in the Dynamo. The power and
efficiency of a dynamo are increased by the means previously
described in the case of the motor (Art. 176). The field mag-
nets are electro-magnets, and instead of two poles there may be
four or more. They are designed so as to give a magnetic
field with as many lines of force as is possible.

The armature consists of many coils wound on a soft iron
core. The coils must be wound in slots in the core, and
strongly bound in their places; for if they were not held firmly
n the slots the magnetic forces that tend to stop their motionuou d combine with the reaction due to inertia and the rapid
Otation (Art. 11) to pull them out of their places. The
msulation of the coils should also be as perfect as possible.

Large dynamos often are as powerful as 7500 horsepower
steam engines; and. since they may be run by steam engmes
or by water wheels, they generate electricity at relatively
small expense. So Faraday's discovery of induced currents
Art. 179) has led to the solution of the problem of supplyingcheap and powerful currents (Art. 178); thereby bringing themotor and the electric light into practical use. and laying the
foundations of the enormous, modern, electrical industries.

is thr^;^
®?"''

"^f
*°*'^ ^"^ *^* ^y"»°»°- WJ^^" ^ "magnet

IS thrust into a coil, causing an induced current to flow in it,

vi.
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the direction of the current is always such as to oppose the

motion (Art. 183). If the ends of the coil are not connected,

no induced current can flow. There is then no magnetic

opposition to the motion, and so less force is required to mo\ e

the magnet back and forth through the coil. If a model

dynamo, such as is used for demonstration purposes, be run

by hand when it is furnishing no current and also when it is

furnishing current, the fact that more force is required in the

latter case is very noticeable.

More force, however, means more work done in driving the

machine. Because the induced currents flow in such a

direction as to oppose the motion, work must be done to over-

come this opposition, and this work is the source of the current.

The essential parts of a dynamo are: (1) a rotary coil

called an armatuiC', (2) a stationary magnet called the field

magnet, and (3) a sliding contact device for carrying the current

from the armature to the external circuit.

The dynamo generates an induced current when its armature

coils cut the magnetic lines offorce of its field magnets.

The energy of an induced electric current is derived from

the mechanical work done in overcoming the resistance -f

the current's own magnetic field.

191. The Induction Coil. The induction coil (Fig. 105)

is an instrument frequently mentioned in the papers and maga-

zines, because it is used

6
?i in producing X-rays,

and furnishing the

sparks used in wireless

telegraphy. It was in-

vented by an American,

CharlesG. Page, in 1838.

Its essential parts are:

(1) an inner coilP called

the primary, consisting

of a few turns of coarse

wire; (2) a core C made of straight soft iron wires, and placed

FtG. 105 Induction Coa Diagram
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inside the primary; (3) an outer coil S, called the secondary,
made of a great many turns of fine wire, whose ends lead
to a pair of insulated knobs or points TT, and (4) a device
HA for rapidly making and breaking a strong electric current
which is sent through the primary.

When the contact points A arc pressed together, the
current from the battery enters at + , flows through the
primary P, and back to the battery-. The spring that holds
the two contact points together carries a piece of soft iron H
on its upper end where it is directly in line with the iron
core. When the circuit from the battery is closed, C be-
comes an electro-magnet and draws H toward it, thereby
opening the circuit at A. Then C loses its magnetism and
H flies back again, closing the circuit at A. Thus // keeps
itself vibrating, and automatically opens and closes the
primary circuit, exactly as the armature of the electric call
bell does (Art. 159). Whenever the circuit through the
primary coil is closed or opened, a spark passes between
the knobs TT.

Large induction coils are placed en a box /filled with sheets
of tinfoil separated by sheets of paraffined paper. Every
alternate sheet of tinfoil is connected to one of the contact
points A, the other sheets being connected to the other con-
tact point, as shown in the diagram. This device is called a
condenser, and it serves to reduce the sparking at the points
A when the circuit is broken there. This sparking is objec-
tionable because it burns out the contact points, and because
It prolongs the time of breaking the circuit, thereby reducing
the intensity of the induced electromotive force; and conse-
quently, the length and br-'ghtness of the sparks at TT.

Induction coils have been made to f -c sparks six or eight
feet long. A coil that gives a 40-inch

"

k produces an elec-
tromotive force equal to that of from 60,^.00 to 100,000 voltaic
cells and contains over 250 miles of wire in the secondary coil.
Large induction coils must be made with great care, espe-
cially with regard to the insulation, which would otherwise be
punctured by the great electrical pressures.
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The principles explained in Art. 185 enable us to see how

the induction coil works. Closing the circuit through the

primary has the same effect as introducing a strong electro-

magnet inside the secondary very quickly; and opening the

circuit through the primary has the same effect as quickly with-

drawing the electro-magnet. The secondary has a very

large number of turns; therefore the induced electromotive

force is very great.

192. The Telephone. Although Faraday realized that

his discovery of induced currents (Art. 179) was an important

one, he never dreamed that it would >ome day make it possible

to talk between New York or Boston and Chicago. Yet such

is the case; and the telephone has now come into such general

use that every one is familiar with it and appreciates its enor-

mous value in daily life. It is hard to understand how people

ever got on without it.

The essential parts of the telephone are the "transmitter"

and the "receiver." Directly behind the mouthpiece M
(Fig. 106) of the transmitter, is a diaphragm or disk D of thin

Fig. 106 Diagram of Telephone CiRcur^

sheet iron. A smaller disk E of hard carbon is firmly attached

to the center of the diaphragm D. A second similar disic F

of carbon is fastened to the plate B, which is rigidly connected

with the frame of the transmitter. The two carbon disks

E and F are insulated from each other, and the space between

them is filled with granules of hard carbon.
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Current from the battery Ba flows v igh the plate B,
the disk F, the carbon granules, the disk E, and the primary'
of a small mduction coil /, as shown in the figure.

When you talk into the transmitter, the sound sets the
diaphragm D mto vibration, so that it alternately increases and
decreases the pressure on the grains of carbon between E
and F. These alternations of pressure in some way alter the
resistance of the carbon granules, decreasing it when the pres-
sure increases, and increasing it when the pressure decreases.
These variations in the resistance of the carbon granules pro-
duce variations in the strength of the electric current flowing
through them, and through the primary of the induction coil
The variations of current strength produce corresponding
variations in the number of lines of force that pass through the
secondary of the induction coil. Therefore induced alternat-
ing electnc currents, varying both in strength and in time of
vibration with the vibrations of the speaker's voice, ar» sent
chasing one another along the line wire to the distant receivina
instrument.

The receiver consists of a steel n.agnet H, whose poles
are surrounded with the coils CC. Close to the poLs is a
diaphragm D' of thin sheet iron, held in a hard rubber case
60 that It cannot touch the magnet. The coils CC are con-
nected with the secondary of the induction coil /, and with
the line L to the other end of the line.

When the pulsating electnc currents from the induction coil
flow through the coils CC, they produce variations in the
strength oi the magnetic field of the magnet H These
variations in the strength of the eld cause the disk IT to be
aternately attracted and repelle- in time with the vibrations
of the speaker's voice, making the diaphragm D' vibrate and
reproduce the vibrations of the transmitter diaphragm D
An ear near D' then hears sounds similar to those sent in at
the other end of the line.
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DEFINITIONS AND PRINCIPLES

1. A magnetic field is filled with lines of magnetic force.

2. The stronger the field, the greater the number of lines

of force.

3. An electromotive force is induced in a conductor whi ii-

ever it cuts magnetic lines of force.

4. The greater the number of lines of force cut per second,

the greater the induced electromotive force.

5. The direction of the induced current is always such that

its magnetic field opposes the motion that produced it.

(Lenz's Law).

6. The energy of an induced current is derived from the

work done in overcoming the opposition of its own magnetic

field.

QUESTIONS AND PROBLEMS

1. Who was Faraday and what were some i>f his most important dis-

coveries?

2. An electric current may make iron magnetic. Can an elLctric

current be obtained with the help of a maRnet? If so, how?

3. In what direction does a compass needle point when it is near a

magnet?

4. How do we find the direction of the magnetic lines of force at a

certain point near a magnet?

5. Have two magnets when placed close together more lines of force

about them than one alone has? Prove the correctness of your answer.

6. When a magnet pole is passed quickly through a coil whose ter-

minals are not connected together, do we get an induced current in the

coU? Why?

7. If one moving conductor cuts 10,000 lines of magnetic force per

second while another cuts 20,000 lines per second, how does the number

of volts of induced electromotive force in the second case compare with

that in the first?

8. If the resistance of the second coil in question 7 is twice as

great as that of the first, how will the induced currents in the two cases

compare?
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9. Why does increasinii: the number of turns of wire in a coil make
It possible to induce a greater electromotive force in the coil with a given
magnet?

10. Why does increasing the strength of a magnet make if possible to
induce a greater electromotive force in a given coil? Prove the correct-

ness of your answer.

11. When the north pole of a coil approaches one end of another
coil, in which direction does the current in- .ced in the second coil flow?
Why?

12. An induced current can do work. What work had to be done In

order to give the current this ability?

13. Does it require more work or less work to push a magnet into a
coil when its terminals are connected together than when they are di»>

connected? Why?

14. How long does an induced current flow?

15. Why may a greater electromotive force be induced with an elec-

tro-magnet than with a steel magnet?

16. Why may a greater electromotive force be induced by making
and breaking the circvlt of the electro-magnet than by moving it? Prove
the correctness of your answer.

17. Which parts of a dynamo should be made of iron and which of
copper?

18. Why are there more coils than one on the armature of a dynamo?

19. If your dynamo should give an electromotive force of 12S volts
and it gives only 90 volts, what is the simplest thing you can do to it to
bring up the voltage?

20. Does it require less power to run a dynamo when it is supplying
current than when it is not? Why?

21. Two toy motors are belted together. If one is driven by a cur-
rent, and the other has its terminals connected to those of a galvano-
meter, what will happen? Why?

22. If two motorr have their terminals connected by wires, and one
of them is driven by a belt connected with a hand rotator or a small
steam engine, what will happen?

23. How is the spark coil on a gasoline engine made and how does it

operate?

24. Why is it objectionable to run alternating current l^ht mains on
the same pole with telephone wires?

25. Why is it possible to get a very high electromotive force with an
induction coil?
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26. If an alternating current were sent through the primary of an
induction coil and the circuit was not broken, .. .uW we get .parks fr.,m
the terminals? Why?

27. Would a dynamo supply current if its armature were held ctri-
tionary and the field magnets revolved? Prove the correctness of your
answer. '
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193. Electroplating. If two electric light carbons are
connected by means of wires to the terminals of a battery and
the. placed in a solution of cof; er sulphate, the one fastened
to the negative terminal soon becomes "plated" with copper.
If a silver nitrate solution is used instead of one of copper
sulphate, silver will be deposited instead of copper. The
current decomposes a solution containing a salt of any metal
such as sodium chloride (common salt), ca. ->er sulphate, or
silver nitrate, and deposits the metal on the negative electrode.
This process of depositing metals by the current is called
electroplating.

Electroplating is extensively used in making gold and
silver plated jewelry, nicl ,1 - plated parts of bicycles and
n.iachinery, copper "elec-

trotype" plates from
which books are printed,

etc. Fig, 107 shows an
electroplating bath. It

is usually a large vat, con-
taining a solution of some ___^^
compound of the metal P"=- •"' Electroplating Bath

that is to be deposited. Three copper rods, or "bus bars,"
are laid on the top; and two of these, B + , B + , are connected
with the + terminal of a dynamo, the other, B-, with the-
terminal.

From the -f-bus bars are suspended large plates AA of the
metal to be deposited, and from the -bar are hung the
articles KK to be plated. When a current of the proper
strength is passed, the metal is evenly deposited from the

201
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solution on the articles sus)XMidcd from the negative bar,

giving them the desired coating.

194. Eleotrolyiii. The process by which a salt in solut ion

is decomposed by passing an electric current through it is culled

electrolysis. The solution that is decomposed while conduct-

ing the current is called an electrolyte. The vessel in which the

action takes place is called an electrolytic cell. The plate or

electrode that is connected to the positive terminal of the

battery is called the anode. The negative electrode, on

which the metal is deposited, is called the cathode. The cur-

rent in an electrolytic cell always flows from the anode to the

cathode, or the positive current and the metal go tcgether.

If two copper plates are weighed and placed in a copper sul-

phate solution, and if a current is then passed through them

for some time—say half an hour—we find, on weighing the

plates again, that the negative plate has gained in weight and

the positive plate has lost. So the current makes the copptr

mode dissolve into the solution, and deposits copper from

the solution on the cathode. The amount of metal in the

solution remains fairly cciistant.

Faraday made several electrolytic cells with copper plates

in a solution of copper sulphate, and arranged them in scries

with a battery and a galvanometer, so that the current had to

go through one after another. After the current had flowed

through them all for a given time, he found that the same

amount of copper was deposited in each of the cells. When he

allowed the current to flow twice as long through the same

circuit, twice as much copper was deposited in each cell.

When he increased the electromotive force in circuit, by

adding more batteries until the galvanometer showed that

the current strength was doubled, twice as much copper was

deposited in each cell each second.

After many experiments of this kind, Faraday concluded

thi>t i.ae same quantity of electricity was always required to

deposit 1 gram of copper from the solution ; no matter whether

that quantity of electricity flowed rapidly in a strong current,
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or slowly in a weak c./rcnt. So he conceived that tke number
of grams of metal deposited in an electrolytic cell is a good meas-
ure of the quantity of electricity that has passed.

196. Ourrent Strength. The Ampere. The strength of

a current of water is measured by the quantity of watt-r that
flows past a given |>oint in one second. Similarly, the strength

of a current of electricity is measured by the quantity of elec-

t city that flows past a given point in a second. Since a
quantity of electricity may be measured by the number of

grams of copper that it deposits, the strength of an electric

current may be measured by the number of grams of copper
that it deposits in a second. This method of measuring
current strength is the one that is used in defining the unit

of current strength, which is called the ampere.

A steady current has a strength of 1 ampere when it deposits

silver from a solution of silver salt at the rate of 0.001 118 grams
per second.

The same current will deposit copper from a solution of a
copper salt at the rate of 0.000329 grams per second. At this

rate it would take 50.7 minutes to deposit a gram; so we may
think of an ampere as the strength of a current that would
deposit a gram of copper in about ^ of an hour.

Since Faraday, in the experiments described in Art. 194,

found that, when a n- rnber of electrolytic cells were arrangod
in scries, the same amount of copper was always deposited
in each, we conclude that

At a given instant, the current strength is the same at all

points in a series circuit.

196. The Ammeter. The measurement of current
strength by electrolysis requires considerable skill, and is a
slow and troublesome process. To avoid this, galvanometers
of the type shown in Fig, 93 are made, with scales so graduated
that the current strength may be read directly in amperes.
In order to make the scale, the instrument may be placed in

a circuit with an electrolytic cell containing copper sulphate.
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The position of the pointer is marked on a blank card whirh
is to serve as a scale. After a steady current has flowed

twenty minutes or so, the amount of copper deposited is

determined by weighing. The weight of copper deposited,

divided by the number of seconds during which the current

was passing, gives the amount of copper deposited in 1 second

;

and this, divided by 0.000329, gives the number of amperes.

This number is placed opposite the mark at which the pointer

stood during the experiment.

This operation has to be repeated several times with cur-

rents of different strengths. When the numbers of amperes
that correspond to several different points have been thus

determined, the rest of the scale can be marked proportionally

with the help of an ordinary inch or centimeter rule. After

the scale has been marked on the card, the instrument may be

placed in any circuit through which a current is flowing, and

the number of amperes of current will be told by the number
on the scale where the pointer comes to rest.

Such a galvanometer, graduated to read amperes, is called

an ammeter. It is a very useful instrument, for it indicates

all the time just how strong a current is flowing through it.

It differs from the voltmeter in that its resistance is very low,

while that of the voltmeter is very high (Art. 171), and in that

its scale is graduated so that it reads amperes instead of volts.

The ammeter is placed in series in the circuit, so the whole

current passes through it. Since a knowledge of the "vol-

tage" and "amperage" is necessary for the proper manage-

ment of the current, both voltmeters and ammeters are to be

seen on all switchboards in power houses and electric light

stations.

197. Unit of Resistance. The practical unit of resistance

is the ohm. It is a resistance equal to that of about 152 feet

of number 18 copper wire, or 25 feet of number 18 iron wire,

or 7.6 feet of number 18 German silver wire. The ohm is

defined as follows*
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The ohm is the resistance at (f C.of a column of pure mercury
106.3 centimeters long and one square millimeter in 'ross section.

198. Ohm's Law. We have already learned (Art. 170)
that, when other things are the same, the current strength
increases as the electromotive force is increased by adding
more cells. In Art. 168 we learned that, other things being
the same, the current strength decreases when the resistance
in circuit is increased. Since we have now selected units in

which to measure current strength, electromotive force, and
resistance, we can readily make measurements to determine
how these factors are related in an electric circuit.

Such measurements were first made by a German physicist,
George Simon Ohm (1789-1854), and the relation which he
found is called Ohm's Law. It is

^ ^ . Electromotive force in volts
Current m amperes =

=, .

Resistance in ohms
. Volts
Amperes =xi:

—

'^ Ohms

199. Lamps in Series. Amperes. Suppose \\e first con-
struct a miniature electric light plant, by connecting five or
six dry cells in series, and passing the current through two
or three "3-volt" lamps L, also arranged in series (Fig. 108).
The lamps will light up. In order to measure the strength of
current, place a suitable galvanometer or an ammeter A in
the circuit, between the battery and the first lamp, and note
the deflection. Suppose the deflection means 0.2 ampere.
Then change the position of the ammeter, so that it is between
tho first and second lamp. Its reading is the same as before.

Wherever the ammeter is placed in the circuit, provided the
circuit is not otherwise changed, the same current strength
of 0.2 ampere is found. So when we wish to measure cu'-rent
strength the ammeter may be placed anywhere in the circuit.

Hence, as Faraday concluded from his experiments in elec-
trolysis (Art. 194),
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At a given instant the number of amperes of current is the

same through every complete cross section of a given circuit.

Fig. 108 The Cells and the Lamps are in Series

200. Lamps in Series. Potential Difference. If we touch

the terminals of the voltmeter (Art. 171), or of a suitable

galvanometer, to the terminals of the battery (Fig. 108),

we get a deflection wliich measures the voltage of the battery.

If the voltmeter terminals be touched to the ircuit at the

points a and d, its deflection measures the voltage between

those two points. Suppose this deflection means 9 volts. If

the 3 lamps are all alike, then, when the terminals of the volt-

meter are applied at the points a and b (at the terminals of

the first lamp), its deflection is one-third as large as before,

showing that the difference in electric pressure between

these points is 3 volts. The differences in pressure between

b and c, and between c and d ar'- also 3 volts each; i. c., it

requires a difference in pressure of 9 volts to drive a current

of 0.2 ampere through 3 lamps, and 3 volts is required for

each lamp. The difference in electric pressure between two

points on a circuit is called Potential Difference (P. D.).
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The difference in electric pressure between two points

on an electric circuit corresponds to the difference in water
pressure between two points on a pipe in a water system, as
shown by the difference in the level of the water in two vertical

pipes connected at those points (Art. 60)

.

201. Definition of the Volt. In Art. 172, the volt was
mentioned as the unit of electric pressure, but was not there

defined

A volt is the electromotive force that will drive a current of 1

ampere through a resistance of 1 ohm.

202. Measurement of Resistance. The current through
the lamps ii. the experiment in Art. 109 was found to be 0.2

ampere, and the total fall of potential in the circuit was 9
volts (Art. 200); therefore (Art. 198),

volts 9 (volts)

Thus the total resistance of the lamps is 45 ohms.

The resistance of each lamp is found by applying Ohm's
law to each lamp separately. Thus

3 (volts)
0.2 (ampere) =

^ z^^^^^) • Hence, .ii;= 15 ohms for each lamp.

Since there are 3 larr.ps in series, the total resistance in cir-

cuit is 3 X 15 = 45 ohms. We thus find that the resistances of

1, 2, and 3 lamps are 15, 30, and 45 ohms respectively; and that
the P. D. is 3 volts for 1 lamp, 6 volts for 2 lamps, and 9 volts
for 3 lamps. Experiments and calculations of this kind with
all sorts of lamps and with other resistances as well, has led to
the following conclusions:

1

.

The resistance between any two points of a circuit may be

found by dividing the number of volts P. D. between those points

by the number of amperes of current in the circuit.

2. When lamps are arranged in series their resistances are
added together.
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3. The P. D. between two points on a circuit is proportional

to the resistance between the same points.

203. Lamps in Parallel. The arc lamps commonly used

to light streets are generally arranged in series as just de-

scribed. Incandescent lamps

used in houses are arranged

"in parallel" (Fig. 109).

Two heavy wires, called mains,

run from the dynamo D to

the lamps L\ and one termi-

"^ nal of each lamp is attached

to each of the mains, as

shown in the figure.
Fic. 109 Lamps in Parallel »pi . ,The arrangement may be

imitated with the cells and the miniature lamps L (Fig. 1 10).

If two cells will not light all ihe lamps, other pairs of cells

should be add-

ed in "parallel"

—i. e., with the

free zinc of each

pair of cells con-

nected to one

main and the

free carbon of

each pair to the

other main.
For simplicity

(^©!Qi

Fig. 110 Thb Cells and the Lamps aks in Parallh.

only 3 single cells are shown in parallel in the figure. With

3 pairs of cells in parallel, the voltmeter indicates 3 volts

pressure between the mains, wherever it is applied.

When one lamp only is in circuit, the ammeter A shows a

current of 0.2 ampere. When a second lamp is added, the

current strength in the mains increases to 0.4 ampere. The
addition of the third lamp increases the current to 0.6 amiiere.

Since the voltage remains constant and the number of amperes
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increases as lamps are added, it must be that the addition of
lamps in parallel reduces the resistance in circuit.

If the ammeter be placed between one terminal of a lamp
and one of the mains, it indicates that 0.2 ampere is flowing
through each lamp. So the lamps are somewhat similar to
tubes through which water can flow from one water main to
another. When a water main and a sewer are connected
by a number of small

pipes with valves in

them (Fig. Ill), each
pipe, when its valve is

open, allows a certain

number of gallons of

water to flow through _
it each second. The ^'°- *" More Open Valves, Morb Water flows

greater the number of open valves, the greater the number of
gallons of water that flow each second from the water main
to the sewer; and the less the resistance to the flow So it
IS with the lamps in parallel. Each lamp can rarrv a cur-
rent of 0.2 ampere; so when one lamp is in k only 2
ampere of current flows. When 2 lamps are in c rcuit 4
ampere flows.- and so on. Since the voltage remains con-
stant, It IS evident from Ohm's law that the resistance of two
lamps m parallel is only half the resistance of one- the
resistance of three lamps in parallel is only one-third the
resistance of one. Hence the conclusion:

When a number of equal resistances are placed in parallel
the jotnt resistance of all is equal to the resistance of one of them
divtded by their number.

204 Cells in Parallel. In Art. 177 we learned that the
internal resistance of a cell prevented us from getting a laree
current from it. The internal resistance of cells acts like any
other resistance; so the total internal resistance of a batterymay be reduced by placing the cells in parallel-i.e., connect-
ing all the negative terminals with one wire and all the posi-
tives with the other.

^
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^' For example, three dry cells in parallel will give the same

voltage as one, but the joint internal resistance of the three is

only one-third that of one. For this reason it was suggested

(Art. 203) that if one pair of cells would not light the three

lamps in parallel, other pairs of cells be added in parallel.

206. Electrical Power. In Art. 156 electric pressure was

shown to be analogous to water pressure; and in Art. 195 the

analogy between the quantity of electricity that flows per

second— i. e., the strength of the electric current— and the

quantity of water that flows per second was pointed out. In

Art. 95 we learned that water power is measured by the

prod xt of the water pressure and the quantity of water that

flows each second. Hence just as

Water power = water pressure X quantity of water per

second, so
f i

•

Electric power = electric pressure X quantity of electric-

ity per second.

The unit of electric pressure is the volt; and the unit of

quantity of electricity per second—i. e., of current strength—is

the ampere: therefore,

Electric Power = Volts X Amperes.

We have 1 unit of electric powerwhen a current of 1 ampere

flows under a pressure of 1 volt. This unit of electric power is

called the watt. Hence,

Watts= Volts X Amperes.

206. Efficiency Test of an Electric Motor. As with sim-

ple machines, water motors, and steam engines, the most

important thing about electric machines is the pfficiency.

The efficiency of an electric motor may be determined by a

method analogous to that used in the case of the water motor

(Art. 97).

Suppose that we have bought a 110-volt motor that is

built to develop two horsepower, and we wish to test its

power and efficiency in order to see whether it does what is

daimed for it. The voltmeter V, whose terminals are
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attached to those of the motor (Fig. 112), measures the P. D.
U the motor. It should read 110 volts. The ammeter A,

Lme

Fig. 112. MbASURixc the Efficiency op the Motor

placed in the power circuit in series with the machine, measures
the number of amperes flowing through the motor. Suppose
It reads 16 amperes. Then the power supplied to the motor
(power in) is

110 (volts) X 16 (amperes) = 1760 watts.
A brake (Art. 97) is applied to the axle of the motor and

the readings made, exactly as they were for the water motor
(Art. 97). Let us suppose these readings to be as follows:

Circumference of brake wheel, 2 feet; revolutions per
minute, 360; pull on brake, 82.5 pounds. Then the power
obtained from the motor is

82.5 (pounds) X 2 (feet) X 360 (rev. per min.) = 59.400
foot-pounds per minute.

Dividing this by 33,000 foot-pounds per minute (Art. 96)
to reduce it to horsepower, we get 1 .8 horsepower.

So 1760 watts of electric power was supplied to the motor
to make it do work at the rate of 1.8 horsepower. This
result enables us to compare the efficiency of .his motor with
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that of others; but it does not state what the real efficiency of

this motor is; 1: -cause the power in is expressed in watts, and

the pKJwer ou*- 's expressed in horsepower.

In Art. xib we learned that there was a definite relation

between the foot-pound and the B. T. U. The electric current

heats the filaments of incandescent lamps. We can therefore

find out whether a definite number of watts is equivalent to

a horsepower if we can determine whether a given number of

watts always produces the same number of B. T. U. per second.

This question will be answered crudely in the next article.

207. Number of Watts for 1 B. T. U. per Second. An

ordinary 16-candle-power 110-volt electric lamp is placed in a

jar containing a measured amount of water and a thermo-

meter (Fig. 113). The heat from the lamp warms the water.

-:plf the jar contains 2 pounds (1

quart) of water and if a

Fahrenheit thermometer is

used, the temperature of the

water rises about IM* F- per

minute—i. e., the water is

heated at the rate of 3 B. T.

U. a minute.

A voltmeter V and an

ammeter A measure the

i. electric power supplied to the

lamp. If the voltmeter reads

110 volts, and the ammeter

reads ^ ampere, the power supplied is (Art. 205) 110

(volts) X K (ampere) = 55 watts. Hence, roughly, 55 watts

= 3 B. T. U. per minute; or 1100 watts= 1 B. T. U. per

second.

The first determination of this relation was made more

accurately by the same Joule who made the first determination

of the relation between the B. T. U. and the foot-pound. The

apparatus (Fig. 114) does not differ in principle from that

used by Joule. A coil of platinum wire is placed in a jar

Fig. 113 110OWatts=1 B. T. U
PER Second
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containing a measured quantity of water and a thermometer.
A voltmeter V, and an ammeter A, arranged as shown in
Fig. 113, measure the number of watts of
electric power used in heating the coil. The
number of B. T. U. given up by the coil to
the water in a certain time is obtained by
multiplying the number of pounds of water
in the jar by the number of degrees F. rise

in temperature.

Joule's experiments have been repeated
many times by many other scientists, using
different current strengths and different
kinds of coi' . The results of all of these
experiments show that there is a constant
ratio between the heat unit and the unit of »

,

electric power; and they give the accurate ^mamBaaBA
value of this ratio as '"cAor,m&"'''

1066 watts=1 B. T. U. per second.

4.2 watts= 1 gram-calorie per second.

208. Number of Watts in a Horsepower. Since 1 B. T.
U. = 778 foot-pounds, we have 1055 watts = 1 B. T. U per
second = 778 foot-pounds per second. Hence, 1 foot-pound

, 1055
^

pel second ^ = 1.356 watts. But (Art. 96) 1 horse-

power = 550 foot-pounds per second. Therefore 550 foot-
pounds per second = 550 X 1.356 = 746 watts, i. e.,

1 horsepower= 746 watts.

The brake horsepower of the motor is 1.8 (Art. 206).
Therefore the power out for this motor is 1.8 X 746 = 1342.8
watts. The power in is 1760 watts. Hence (Art. 97)

1342 8
the efficiency = -^^^ =» 76%. The best electric motors

have efficiencies of from 90 to 95 %.
The watt is a rather small unit to use in calculations where
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large amounts of electrical power are used. So a larger

unit, called the kilowatt is generally used.

1 kilowatt= 1000 watts.

In practical work it is often necessary to make rough ( al-

culations quickly. F"or such calculations it is convenient tn

remember that roughly

1 kilowatt == 1 B, T. U. per second = Ij horsepoucr.

209. Electrical Energy. The Kilowatt-Hour. It is im-

portant to note that the watt and the kilowatt are units of

power, not units of energy. They measure the rate at whirh

electrical work xs, done. The unit of energy is obtained as in

Art. 142, where we found that the unit of work used in calcu-

lation for large steam engines was the work done in one hour

at the rate of one horsepower. In like manner, the unit of

electrical work is the kilowatt-hour.

The kilowatt-hour is the electrical work done in 1 hour at the

rate of 1 kilowatt.

Smaller units are sometimes needed, and then the watt-hour

or the watt-second are used. In terms of these units, the

approximate relations between work, heat, and electrical

energy (Art. 208) (1 hour = ^''600 seconds) are:

1 kilowatt-hour = 3400 B. T. U. = Ij horsepower - hours.

When electrical energy is converted into heat, as in Joule's

experiment (Art. 144), in such a way that we can measure all

the electrical work done in watt-hours, and all the heat ob-

tained in B. T. U., we always find that the number of B, T. U.

is 3.4 times as great as the number of watt-hours. Henc e, as

in Art. 147, we conclude that we are measuring the same thing

—energy—in terms of different units. Hence the conclusion:

Electrical work is a form of energy.

210, Cost of Different Forms of Energy. Most trans-

actions in the industrial world are carried on in terms of energ}'.

The cost of energy is thus a matter of great importance, and a

study of the relative prices of the different forms leads to



ELECTRIC POWER 215

many interesting problems. So the following table is added,
giving roughly the present valuation of raw energy.

Coal at $4.00 a ton furnishes 30 horsepower-hours for 1

cent.

Gas at 85 cents per 1000 cubic feet furnishes 3 horse-
power-hours for 1 cent.

Electricity at 4 cents per kilowatt-hour furnishes J horse-
power-hours for 1 cent.

Human laoor at 25 cents an hour furnishes ^l^ horse-
power-hour for 1 cent.

In the cases of the first three, it is not possible to convert
all the energy into useful work. If we ike into account the
efficiencies of steam and gas engines and electric motors (Arts.
146 and 208), and the cost of building and maintaining
them, we get the following figures:

Large steam engine J cent per horsepower-hour.
Large gas engine 2 cents

Electric motor 2 cents

Horse and wagon 15 cents

Laborer with pulley $2
Laborer with hands $3
Since the energy required to do a given piece of mechanical

work—measured in foot-pounds—costs about 500 times as
much when derived from men as it does when derived from
coal, the great economic importance of coal becomes apparent.

211. Conservation of Energy. In Art. 145 we learned
that when work is transformed into heat, the number of foot-
pounds of work done is always 778 times as great as the
number of E. T. U. of heat secured. We therefore concluded
that we must be measuring the same thing in terms of diflferent

units; and called this same thing energy.

We have now learned (Art. 207) that there is a similar
constant ratio between units of heat and of electricity, showing
again the presence of this constant something called energy.
These facts lead to the following general conclusion, which is

called the Principle of the Consf-rvation of Energy.
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-|t^

In every phyiieftl prooeu in which energy it traniformed
from one form into another, the amount of energy remains
conitant.

DEFINITIONS AND PRINCIPLES

1. A current has a strength of 1 ampere when it deposits

from a solution of a silver salt 0.001118 grams of silver pt-r

second.

2. The ohm is the resistance at 0" C. of a column of pure

mercury 106.3 centimeters long and one square millimeter in

cross-section.

Volts
3. Amperes = prr— (Ohm's Law.)*^ Ohms
4. At a given instant the number of amperes of current

flowing is the same through every complete cross section «)1 a

given circuit.

5. The potential difference (P. D.) between two points on a

circuit is proportional to the resistance between those points.

6. The volt is the electrical pressure required to drive a

current of 1 ampere through a resistance of 1 ohm.

7. When lamps are arranged in series their resistances are

added together.

8. When several equal resistances are placed in parallel,

their total or joint . Lsistance is ecjual to the resistance of one

of them, divided by their number.

9. The watt is the unit of electrical power.

10. Watts = Volts X Amperes.

11. 1 horsepower = 746 watts.

12. The units of electrical energy are the watt-hour and the

kilowatt-hour.

13. 1 kilowatt-hour = 3400 B. T. U. •= H horsepower-

hours.

14. Electrical work, like heat and mechanical work, is a

form of energy.

15. In every physical process in which energy is trans-

formed from one form into another the amount of energy

remains constant (Conservation of Energy).
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5. If you have a galvanometer for testing the strength of the currentflow ng through an electroplating bath, how could you make a s^aleXtwould indicate the numl^er of aniperes of the current?
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6 In an electric light circuit, when the lamps are in parallel, whydoe^ the current strength increase as more lamps are lishted
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9. Is it better in your town to drive dynamos with water motors orwith steam engines? Why?
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10. Are electric motors ever used to propel ocean liners? Why?
11. Is there any relation between electric work and the variousforms of energy? Prove the correctness of your answer.
1- Which has the greater power, a current of 100 amperes at 110volts or a current of 10 amperes at 1 100 volts? Why?
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P' II

5. A dry cell tested with a voltmeter is found to have an E. M. F.

of 1.5 volts. When its terminals are joined directly with those df an

ammeter, which has practically no resistance, the ammeter reads 7.3

amperes. What is the internal resistance of the cell?

6. What current strength is maintained through a small motor hav-

ing a resistance of 13 ohms by a series of 10 cells, each having an E. M, F.

of l.S volts and an internal resistance of 0.2 ohm?
7. If 20 16-candle-power electric lamps, each having a resistanct

of 220 ohms, are joined in series, what is the resistance between the i

minals of the series?

8. If the 20 lamps in problem 7 are placed in parallel between lu"

two mains from a dynamo, what is their joint resistance?

9. If the P. D. between the mains in problem 8 is 110 volts, how many

amperes of current flow through the circuit?

10. How many watts of electrical power are required for a coinnKn

16-candle-power carbon glow lamp taking a 0.5 ampere current at a

pressure of 1 10 volts?

11. When electric energy costs 10 cents a kilowatt-hour, how much

does the lamp of problem 10 cost per hour?

12. An electric arc lamp takes 10 amperes of current at a P. D. nf

110 volts. How many B. T. U. of energy are radiated from it per second?

13. An electric heater supplies heat at the rate of 680 B. T. I", an

hour. How many watts of power does it require?

14. What must be the brake horsepower of a steam engine that is

required to run a 6714 watt dynamo, if the efficiency of the dynamo is

90%?
15. What is the efficiency of a motor that is found to take 7460 watts

of electrical power and to develop 9 horsepower in a brake test?

16. How many B. T. U. are liberated in an electric bakinj; oven

taking 0.1 kilowatt for an hour?

17. How many kilowatts of available energy are there in a watrrfall

20 feet high over which water flows at the rate of 600 cubic feet a second?

18. If all the water of problem 17 flowed through a turbine having

efficiency of 60%, what would be the power of the turbine in kilowatts?

19. If a dynamo driven by the turbine of problem 18 has an efficiency

of 90%, what would be its power?

20. Find the nuir'ier of watts consumed by a series of IS arc lamps

each requiring 4S volts pressure and a current strength of 9 amperes.

21. What horsepower must be supplied to a dynamo having an

efficiency of 90% if it is to light a series of 20 arc lamps each requiring

10 amperes current at 50 volts P. D.?

22. How many watts of power are required to operate 128 glow

lamps in parallel, each taking K ampere current at 110 volts P. D.?
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23. Allowing an efficiency of 75% f„r the dynamo and belt, what is
the horsepower of the ensjine that lighted the lamps in problem 2'>

24. What current will be supplied to a lamp circuit by a dynamo
havmg an output of 18,800 watts and an E. M. F. of 125 volts?

25. How many lamps may be operated in parallel with a current from
a dynamo of 150.5 amperes if each lamp requires Ji ampere?

26. What is the resistance of a line on which there is a "drop" or
P. D. of ny2 volts when it carries a current of 150.5 amperes?

:./ How many watts are lost in the line mentioned in the preceding
*]u< .ion? How much heat is produced per second?
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CHAPTER XI

SOUND AND WAVE MOTION

212. Origin of Sound. If you place your hand on your

chest when you are t .king or singing, you feel a vibration.

If you touch a piano string or a bell or a drum when it is

sounding, its vibrations may be felt. If the string is vibrating

violently, its vibrations may even be seen. When the vibra-

tions cease, the sound ceases also.

When you hear a sound,—a spoken word, a whistle, a

shout,—you are perfectly certain that something has vibrated

near by to produce the sound. Although the fact that sound

originates at a vibrating body is familiar, few have a definite

idea as to just what the sound vibrations are like, or as to

how sound travels from one place to another.

213. Natural Periods of Vibration. In Arts. 4 and 32,

attention was directed to the vibrations of bodies that swing

back and forth after they have been pulled from their '~ '

tions of equilibrium and let go. The rope swing ai

hammock are familiar cases of bodies that vibrate in

way. Because of his experiences with swings and hammocks,

every child has felt this rhythmic motion called vibration, and

knows that it consists in the continued repetition of the same

motion in the same interval of time. Because the motion

is thus repeated in a definite time interval, it is called periodic

motion. The time required for a single swing is the period.

A swing with long ropes vibrates more slowly than one

with short ropes, i. e., its period is longer. Yet any s\\ing

always has a particular period which is characteristic of it.

If we change the length of the swing, we also change its

period. Similarly, an empty rocking chair, when tipped and

let go, vibrates in a particular period which is always the

220
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same. If some one sits in the chair, the mass of the vibrating
body is greater and the period of vibration is longer. A
particular tuning fork always has the same period of vibra-
tion; the shorter and stiffer the fork, the more rapidly it

vibrates. A meter stick, when clamped at one end and set
into vibration, always vibrates in the same period; when
clamped in the middle, it vibrates in a faster period. In fact,
everything that can vibrate has a particular period in
which it vibrates most easily. The particular period in
which a body vibrates most easily is called its natural period.

214. Vibrations That Produce Sound. The vibradons
of swings and pendulums do not ordinarily produce sound.
A sudden blow of a liammer produces one click, but no sus-
tained tone. If the corner of a card is held so as to strike the
spokes of a wheel when it is rotating slowly, we hear a separate
click when each spoke hits the card. As the wheel is rotated
more rapidly, the clicks become more rapid, until at length
they blend into a low tone.

If we mount a disk pierced with circular rows of equidis-
tant holes (Fig. 115) on the axle of a hand rotator or a small
motor, and blow a stream of
air against the disk as it ro-

tattr, a puff of air passes
through each hole as it passes
the end of the air pipe. When
there are but few puffs per
ser-»nd, no sound is heard; but
as the disk rotates more and
more rapidly, the puffs come
faster and faster, until we
hear a low note. The faster

the disk turns, the higher the
pitch of the note. This apparatus for producing .ones is
called a siren.

If we multiply the number of holes in a row by the
number of revolutions that it makes in a second when a cer-

FiG. 115 The Siren

iSiif'
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tain tone is being produced, the result is the number of puflFs

per second which produce that tone. By this instrument, it

has been shown th^t the puffs do not produce a continuous

tone until they come at the rate of at least 30 per second.

They then combine to form the lowest audible tone. More

rapid puffs give tones of higher pitch ; and we can hear shrill

tones that result from vibrations as fast as 35,000 a second.

Thus a single sudden impulse, or a series of irregular im-

pulses may make a noise that can be heard; but a sustained

tone is produced by a series of periodic impulses which pro-

ceed from a body that makes at least 30 vibrations per

second. The number of vibrations per second is called the

frequency. The pitch of a tone is determined by the frequency.

The greater the frequency, the higher the pitch.

215. Period ai d Frequency. When the puffs from the

siren have a certain frequency, say 50 (vibrations) per second,

the time between puffs—i. e., the period of the vibration—is

Vff second. If the frequency is 100, the period is iJu second;

and so on. Hence

The period is the reciprocal of the frequency.

216. Sound Spreads in Every Direction. When a band

is playing everybody in its neighborhood can hear it. A good

speaker is heard by every one in his audience, even by th(>se

behind him. The whistle of a locomotive may be heard for

a long distance round about the engine in every direction.

Sound spreads out in every directionfrom the vibrating source.

217. Sound Travels in Air. If a small bell is suspended

by means of soft elastic yarn inside a sealed jar con-

nected with a good air pump, and the air is pumped out of

the jar, no sound can be heard when the bell is shaken. When

a little air is admitted to the jar, the sound may be heard

faintly; as more air is admitted, the sound becomes louder.

This experiment shows that
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Air transmits sound; and it is ordinarily the medium that
conveys it to our ears.

218. Speed of SoulJ. In a thunderstorm, the light-
ning is always seen before the thunder is heard. The farther
away the lightning is, the longer the interval between seeing
the Hash and hearing the rumble. When you watch a car-
penter driving a nail at a distance, you hear the blow of his
hammer an instanL after you have seen the hammer strike.
When shouting to get an echo from a distant hill, a few seconds
intervene b-tween giving the shout and hearing the echo.
From many such experiences as these we know that sound
takes time to travel from one place to another.

The speed of sound may be measured roughly by striking
a hammer against a board at a distance from a large surfac
-like the flat wall of a large building—which gives an echo,
and noting the time that elapses between striking the board
and hearing the echo. In that time the sound has traveled
to the wall and back; therefore, twice the distance to the wall,
divided by the time, gives the speed of sound.
Many measi.rements of t"- ^ speed of sound have been

made under different ^veather conditions, and these show that
The speed of sound in air at 0°C.is 1088 feet per second

(33,170 centimeters per second).

The speed of sound increases 2 feet per second (60 centimeters
per second) for every degree centigrade that the temperature rises.

219. Sound Makes Bodies Vibrate. When a piano is
being played, it often happens that a picture frame, or some
small ornament on or near the piano, buzzes or vibrates
when some one particular note is struck. A church window
often responds in the same way to some particular note of
low pitch from a powerful organ. If u sing close to the
mouth of a wide-mouthed quart bottle, you may find by trial
a particular note which will set the air in the bottle into vibra-
tion, thereby greatly increasing the intensity of the sound
Tile particular note which does this has the same pitch as

; M-
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that which the bottle itself gives out when sounded by blowing

gently across its mouth.

The same phenomenon may be observed by holding down

a key of the piano, so as to lift the muffler from the corre-

sponding string, and then singing a loud, sustained tone of

the same pitch as that which the string gives out when

struck. The string may be distinctly heard giving out this

tone after the singer has ceased to do so.

A still more remarkable case of the same sort may be shown

with a pair of large tuning forks that are adjusted so is to

have the same period of vibration. Mount these forks on

hollow boxes, which re-enforce the sound after the manner of

the bottle in the experiment just described. Place these

boxes from 15 to 30 feet apart with their open ends facing

each other, and sound either one of the forks. The

other fork then begins to vibrate, and gives out the same tone.

The vibrations may be made visible by hanging a glass bead

on a fine thread so that it just touches a prong of the respond-

ing fork. When the fork vibrates, the bead shows it by bounc-

ing away. If a piece of beeswax be stuck on the end of one

of the forks, so as to make it vibrate more slowly, the other

fork no longer responds.

Thus sound that starts from one body may do the work of

setting another body into vibration, even though it be some

distance away. In other words,

Sound transmits energy from one body to another.

220. How One Fork Makes the Other Vibrate. We can

get an idea of how the sound from one fork sets the other into

vibration in the experiment just described (Art. 219), from

the following simple experiment. A and B (Fig. 116), are

two meter sticks exactly alike, each clamped in a vise at the

same points on the sticks, so that their vibration periods are

equal. They are connected by a cotton cord by which any

motion of one stick may be transmitted to the other. If one

of these sticks is set into vibration, it gives a series of periodic

jerks to its end of the cord. If .^'e take hold of the string
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we can feel these periodic impulses traveling along it to the
other stick. If, however, the period of one stick be length-

A Fig. 1 16 Both Sticks Vibbats at thk Samb Rate B

ened or shortened by clamping it higher or lower in its vise
neither stick will respond to the periodic impulses from the
other. In this case the natural period of the second stick
does not agree with the period of the impulses that it receives
from the string. These impulses do not come at the right
instants, and so fail to set the second ^tick into vibration

The action of the periodic impulses of the thread on the
second stick is like that of a boy when he pushes another boym a swing. The swing makes one vibration back and forth
in a certain period. If the boy times his pushes so that they
have the same period as the swing.-giving it a little push in
the right direction every time it passes him,-he soon has it
swinging high. But if his pushes are so timed that some ofhem push backward when the swing is moving forward, very
little motion results.

'

So the second stick is set into vibration when it is given
a series of properiy timed impulses, which are carried from
one stick to the other along a string. This process by which
one body is set into vibration by impressing on it a series of
periodic impulses, is called resonance. In order that a body be
set tnto mbratton by resonance, the period of the impulses given
tt must be the same as its natural period.

Since (Art. 219), a tuning fork may be set into vibration
by vibrations from another fork of the same period, when

! •!?
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there is no string between them, the periodic impulses must

be carried from one fork to the other through the air. Hence

the conclusion

:

Sound is transmitted in a series of periodic impulses in air.

The way in which periodic impulses carry energy from one

place to another may be under :ood most easily from a

study of waves on the surface of water.

221. Water Waves. When a pebble is thrown into a

pond, a disturbance is produced which spreads out over the

surface of the water in circles about the place where ilie

pebble struck. Its first effect is to push aside the water,

heaping it up into

a circular t'hI^q

about the place

where the pebble

fell. This circular

ridge of water at

~ once begins to ex-

pand into a larger

circle. It is follow-

ed by a second circular ridge of water, which expands in the

same way. This action is repeated a number of times; and

the water surface is so.n covered with a scries of equidistant

circular swells, separated by circular troughs (Fig. 117), all

constantly expanding away from the center of disturbance.

These swells travel over the surface of the water at the

same speed, and keep the same distance between them.

Such swells and troughs are called waves. The motion on the

surface of the water as the waves pass over it is called a wave

motion.

222. What Waves Do. If we dip the end of a long pole

into the water, and then move it rhythmically up and down,

we start a series of circular waves like those started by the

pebble. When a fish nibbles at the bait, the float on the

surface of the water bobs up and down, and becomes the

Fig. 117 Waves Carry Energy
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center of a smiilar series of waves. A wind blowing over a
lake soon ruffles the water into waves. A steamer plowing
US way through the water is another familiar source of waves
Unless work is done on the water in giving it a vibratorv
motion, no waves appear.

Energy is expended when waves are started.
If the shore is near by, the waves soon reach it and breakAny one who has bathed in the surf, or watched the wavespounding on a rock bound coast, knows that waves give udenergy when they break. If the shore is far away, the waves

started by the pebble or the stick simply die out. having used
their energy m overcoming the friction of the water In
every case, waves travel on until the energy used in starting
them IS spent. °

Waves carry energy from one place to another.

223 Characteristics of Waves. Suppose an 'nstanta-
neous photograph were taken of a train of waves while it
IS traveling along the surface of a pond; or suppose that itwere suddenly frozen. We should then find that the sur-
face of the water was curved so that a slice or section of itwouM look like Fig. 118. Such a curve is called the shape
of the wave. Some parts of
the wave are above the level of /^V/X/^/X./^
the water when at rest, while ^«-"8 Shape of a Simple Wavb
other parts are equal distances below it. The parts abo-e
this level are called crests and those below it tromhs. The
vertica distance between the top of a crest and the level ofhe water when at rest, or between the bottom of a troughand that level, is called the amplitude of the wave The

t^i^z::tx "" °^ '^^"^ "^"^'^ '^ '-'' '-

on T: ^*'*'*"?^, *>' Wave Motion. If we throw a chipon the surface of .he water, well out from the shore, andobserve it. motion while a wave is passing, we find thi theChip IS not earned along in the direction in which the wave is

inm

'§
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movinR, but that it merely rises and falls as each wave passf s

beneath it. Since the chip indicates the motion of the watt r

on which it rests, we see that the water does not move forward

horizontally with the wave. Its particles merely vibrate up

and down as the waves pass them. Since at one instant a

given particle is at the crest of the wave, and at the next it

is at the bottom of the trough, each particle moves throu^;h

a vertical distance equal to twice the amplitude of the wa\ c

(Art. 223).

The way in which a wave of this sort travels may be illus-

trated as follows. Let us consider a row of particles whi( h

I 2 3 5 6 7 « 9 10 II 12 IS W .5 16 17 18
^'^^ ^^^'^ together l.V

#0<><>#<X><>^0-0<>*0<X>#0 some elastic force.
F.C.119 theParticlssatRkst

jj^^^^ particles may be

represented by large buttons strung on a rubber cord, so they

may be moved to various positions as in Fig. 119. For

convenience let us suppose that the particles are numbered

from left to right, beginning with 1 and ending with 18. If

the oarticle 1 is given a vibratory motion in a direction

perpendicular to the row, the elastic force that is supposed

to hold 1 and 2 together will compel 2 to follow 1; but since

the connection is elastic, not rigid, 2 will lag a little behind 1.

Hence when 1 has reached the end of its trip, 2 will not have

traveled quite so far; 3 I2
,

will lag a little behind
O 1 T-i •

i ! MwS 6 7 t . J II 12 13 14 IS 16 17 18

2; and so on. There- L.I...i..7^^-(>(>o-^<>OO-#<>O-C>#-0

fore, the condition of fic 120 pakticle 1 has execitted x vioRATinN

the row of particles when 1 has reached its position of great-

est displacement will be that shown in Fig. 120.

When particle 1 has reached its position of greatest dis-

placement, it pauses there for an instant, then begins to re-

trace its path. While 1 is stationary, 2 catches up and

reaches its position of greatest displacement as 1 starts back.

Particle 3 follows 2 in the same way, and so on. The suc-

cessive particles reach their positions of greatest displacement

one after another. We may say that this position of greatest

displacement is passed along from one particle to the ne.xt.
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• 10 11 13 13 14 15 16 17 IS

But the poc-'Mon of greatest upward displacement constitutes
the crest u. the wave; and so the crest of the wave is parsed
along a row of particles

that are held together a

by cohesion, or any '

other elastic force. The f.c.i.'i iHA^EKKcvnoYiy^i:;;^^^
positions of the particles when number 1 has returned to the
starting point arc shown in Fig. 121.

When particle 1 reaches the position from which it started
1. e.. when it has completed half a vibration, it is moviuLr with
considerable velocity. Therefore, because of its inert.a it
will move past its original position and make an excursion' on

» 1 w .. the op|)osite side. It
will now move down-

jJ^^*^J^ ward, dragging the adja-
cent particle after it,

will reach a position of
greatest downward dis-

. .
placement (Fig. 122).

and return again to the starting point. The positions of
he particles, when this has been d'>ne, are shown in Fig.
123. Particle 1 is now
in the same condition
in which it was when it ^ ^jjf

\ \ \ \ \XXn »
began to move. If i

nothing interferes with - 3 v.^i^v^
^

it, it will repeat the _ * ^ «

operation just described '" '
"*' ^''^'''''° """" ^'""'•^ v.brat.on

and continue to do so until its energy is expended.
Since in this case the particles move in directions at right

angles to that in which the wave travels, a wave of this kind
IS called a transverse wave.

Waves are formed when a periodic motion is passed alone
Jrom particle to particle in an elastic medium.

The particles ofthe elastic medium do not travel vnth the wave
but each one merely vibrates over a small space on either side of^ position of rest.

Fic. 122 1 Has Executkd K Vibration

11^^ ,5
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225. Speed of Propagation. From the discussion in

Art. 224 we may karn how tlie speed with which the wave

travels is related to the wave length and vibration fre(iiien( \

.

Referring to Fig. 123, we note that while particle 1 has hwn
executing one complete vibration, the disturbance his

traveled from 1 to 17. But this d'.stance is exactly the len^ili

of a wave. In other words the disturbattce travels just unc

wave length while a particle at the source makes one complete

vibration.

If particle 1 makes 100 vibrations in 1 second, the disturb-

ance will travel 100 wave lengthr; in that second. If the wa\ e

length is 10 feet, the length of 100 waves is 10 X 100 =

1000 feet. This is the distance traversed by the disturbance

in one second. But since the distance traversed in one second

measures the speed.

The speed of a wave motion may be found by multiplying the

wave length by the frequency.

226. Relation of Speed to the Properties of the Medium.

If a medium is not elastic, there will be no force tending to

restore the displaced particles to their normal positions; and

the motion of one particle will not be passed along to the nixt.

Also, if the particles of the medium have no inertia, they will

not fly beyond their normal positions and continue to vibrato.

Waves 1.. 'l not travel in a medium unless the medium he ' hulk

elasticity and inertia.

Referring to Fig. 120, we can see that if the elastic force with

which particle 2 is pulled by particle 1 is increased, particlo 2

will follow 1 more quickly in its vibrations; and the wave will

travel fa-tcr along the row of particles.

On the other hand, if the inertia of each particle is in-

creased, it will be slower than before in taking up the vibra-

tory motion. Consequently, the disturbance will travel

more slowly along the row of particles. But greater inertia

means greater mass (Art. 10) for each particle; and greater

mass per particle means greater density for the medium.

Hence the conclusion:
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The greater the elasticity, the faster the speed; and the greater
the density, the slower the speed.

227. How Sound Travels in Air. In Arts. 226 and 21 7 we
karned that a medium must have elasticity in order t<» trans-
mit waves, and also that sound travels in air. If the par-
tides in Fig. 119 are particles of air, a motion of 1 at right
iingks to the row has no effect on 2. The particle;; of air do
ncit cling togctherwith sufficient force to drag one anotheralong
so as to propagate a transvcisc wave. So wjund cannot travel
in air in transverse waves like those on the surface of water.

Air does, however, resist compression. As Bo> le showed
(Art. 77), it has considerable "spring" in it. So when a
small volume of air is suddenly compressed, as is the air
between your hands when you clap them together, the com-
pressed air at once springs back to its original volume. This
ex[)ansion of the compressed volume of air sets the air par-
ticles into motion; and so, because of their inertia, they are
carried a little way beyond their original positions, and
produce a rarefaction in the air behind them and a conden-
sation in the la\er of air in front of them. The original
volume of air is thus slightly rarefied, and is surrounded
with a la\er of slightly condensed air.

This layer of condensed air then expands, becomes itself

rarefied, and produces a condensation in the next surround-
ing layer of air. So each condensation is passed along, from
one layer of air to the next; while the air particles merely
vibrate back and forth in the direction in which the conden-
sation (the wave) travels.

We may now see why a sudden motion is necessar\' for the
production of sound. Air is so mobile that when a body
moves slowly through it, it slips around the moving body and
H not condensed appreciably. When it is struck suddenly,
as by the prong of a vibrating tuning fork, or by a board
when struck with a hammer, it does not move quickly enough
to get out of the way before it is condensed, and a sound
wave is started.

• jl['
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228. How to Convert Sound Into Visible Vibrations.

If sound waves consist of a series of compressions and rare-

factions in air, their presence might be shown if we could catc h

them in a sufficiently delicate pressure gauge and observe the

changes in pressure which they produce. This can be done
in the following way.

A thin rubber membrane AB (Fig. 124) is stretched be-

tween two rings of wood or metal. A flexible tube C leads the

sound waves up so that they can act

on one side of this membrane. When
the air in C is slightly compressed,

the membrane will bulge out toward

D; and when the air in C is rarefied,

the membrane will bulge the other

way. On the other side of the mem-
brane is a small gas chamber D. Illu-

minating gas flows into this chamber
at F and bums at the jet E. When-

ever the membrane AB vibrates, the gas in D will vibrate

also; and this will cause the flame to vibrate, the tip of the

Fig. 124

Fic. 125 When the Tuning Fork Sounds tmk Flame Vibrates

flame following roughly the vibrations of the membrane.
Since the vibrations of sound are too rapid to be observed by
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r ,

the unaided eye, we have to observe the flame in a mirror
which IS kept in rotation. The apparatus ready for use is
shown in Fig. 125.

When it is thus observed in the rotating mirror and no
sound is actmg. the image of the small flame appears to be
drawn out into a straight

band of light; but when
sound waves are sent into

the tube C, the band is no
longer straight. Its upper
edge has a wave-like form
as shown in Fig. 126.

The upper band in the
figure shows the appear-
ance of the flame in the
rotating mirror when the
sound from a rather high-

pitched tuning fork is sent

into the tube C. When a
tuning fork with a fre-

quency half as great as
that of the first is used, the
appearance of the flame is

that shown in the second
band in the figure. If we send in the sound from both these
forks at the same time, we get the result shown in the third
band m the figure. Singing the vowels a and o into the tube
gives effects similar to those shown in the last two bands in
the figure.

Since the vibrations of the flame indicate changes in the
pressure of the air in the tube C, this experiment proves that
sound waves in air consist of a series of periodic compressions
and rarefactions. Waves of this type are called longitudinalyes because the changes in the air pressure cause the air
particles to swing back and forth in the direction in which themve ts traveling. These longitudinal waves are different
trom the transverse waves, in which the motion of the par-

^4/.J^/,/j/./,/,/^//,,

FtG.ua
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tides and the motion of the wave are at right angles to

each other (Art. 224).

Sound is transmitted by longitudinal waves in air.

229. How We Hear. When sound passes into the o[)en-

ing of the ear, it produces periodic changes in the pressure
of the air in front of the ear drum. The drum is thus set

into vibration, and its vibrations are passed along b\- a

very delicate mechanism, till they excite the extremities of

the auditory nerve, producing the sensation of hearing.
The ear is extraordinarily sensitive. The "car power,"

i. e., the rate at which energy is supplied to t' «-ir when a

faint sound is just audible, has been measured n -telj-,

1

gram-ccn-and it is found to be something like

timeter a second

100,000,000

If energy flowed continuously at this

rate into a cubic centimeter of water, and if all of it were
converted into heat, and retained in the water, it would take

roughly 100,000 years to heat the water 1°C.

I?

DEFINITIONS AND PRINCIPLES

1. When vibrating freely, every body vibrates in its natural

period.

2. The greater the frequency of a tone, the higher its

pitch.

3. The speed of sound in air at 0°C.is 1088 feet per second.

4. The speed of sound in air increases 2 feet per second

for every degree C. rise in temperature.

5. In order that a body be set into vibration by resonance,

the period f the impulses given it must be the same as its own

natural period of vibration.

6. Waves transmit energy from one place to another.

7. The particles of the elastic medium in which waves

travel do not move forward with the waves; but each one

merely vibrates over a small space on either side of its position

of rest.
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8. The speed with which a wave travels is found by multi-
plying the wave length by the frequency.

9. Waves will not travel in a medium unless it has both
elasticity and inertia.

10. Waves are transverse when the particles of the medium
vibrate at nght angles to the direction in which the wave
travels, and longitudinal when the particles vibrate in the
same direction in which the wave travels.

11. Sound is transmitted h.r longitudinal waves in air.

QUESTIONS AND PROBLEMS

1. Why must the impulses be given to a swing at regular interval,
in order to make it swing?

2. Does a rocking chair rock more slowly when some one is sitting
in It than it does when empty? Why?

short ^rin/^
*' '^'' ""'' ^°' * *^" ^"°" *° "'*"' comfortably with a

.

^- Wh^n a circular saw starts through a board the pitch of the buzz-

boardT
" ^"^ ^^^ ^'^''^ ^^" '^" ^^'^' ^^^ ^"^ ^"*«" the

5. If you know the number of teeth on the saw in question 4, can youdetormme how many revolutions per second it is making from the tone
that you hear? How?

6. Can a fog-horn on a steamer be heard astern? Why?
7. If the moon were inhabited, could we ever make enough noise

to l,e licard by the inhabitants? Why?
K n ise

8. When a tree falls in a lonely forest, and no animal is near by to
near it, does it make a sound? Why?

9 If someone scratches one end of a table with a pin, can you hear
It when your ear is close to the other end? Why?

thJ^' yK'"J"",
*^P ^''^ ^ ^'^ °" ^ steam-pipe in the basement, can

the sound be heard upstairs? Why?

ab!idger'^
"^^ processions always "break step" while marching across

JJ'hSr?T ^V higher note when you blow across the mouth of alarge bottle than when you blow across the mouth of a small one? Why?
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13. How does the energy from a passing steamer do tke work d
rocking a small boat a considerable distance away?

14. A toy boat is adrift 20 feet from the shore. Can its f>\vn( r get

it back by throwing stones into the water on the far sitle of it so as tu

make waves that travel toward the shore? Why?

15. Why does clapping your hands make a noise, while wavinj; ihcm
does not?

15. Why does burning loose gunpowder make practically no iinise,

while sh'K)ting it in a cannon makes a loud noise ?

17. If you fill a paper bag with air, hold the mouth shut, and strike

it, it explodes with a bang. What happens if you strike it without liold-

ing the mouth shut? Expbin.

18. Sound spreads in every direction from the source. Why dots it

become fainter as you get farther away from the source?

19. How does a megaphone or a speaking tube act so as to make
sounds louder at a distance from the source?

20. Which travel faster, high .or low notes? Why do you think s.i?

2 1

.

The speaking tone of the average man's voice has a frequciu y ni

about 160. How long are the waves that he emits at 16° C?

22. The average length of the waves that transmit the sound of a

woman's voice is 3^^ feet at 16° C. What is the period of the corrtsixmc].

ing tone?

23. Do women talk faster than men? Why?

24. A thunder clap is heard 7 seconds after the lightning flash is seen.

How far off was the flash?

25. If a sunset gun was fired at exactly 6:30 P. M. at a fort, what

time was it when the report was heard 20 miles away, the temperature

of the air being 25° C?

26. If you remain still in a row boat, the waves come in and strike

the boat at regular intervals. If you row out towards the approaching

waves, do they strike the boat more frequently or less frequently ?

27. If (question 26) you turn round and row in toward the shore

how about the frequency with which the waves now strike the boat?

28. Can you explain why the pitch of a tone from a locomotive

whistle rises as you rapidly approach it and falls as you recede from it?
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MUSIC

230 The Piano. The most familiar of all devices for
the production of mus.c is the piano. On its keyboard there
are usually 88 keys. Each key. when struck, produces a
note of definite pitch. When certain of these keys are struck
successively we hear a pleasing succession of tones called amelody; and when several keys are struck together, we hear
chords which may be either pleasing and harmonious or dis-
cordant, depending on which particular keys are struckThe piano cannot give tones of all possible pitches, but only
those tones to which its strings have been tuned
When we open the piano case, we find a large number of

•res of various lengths and thicknesses. We also find that
c key IS connected by a very ingenious system of leversw

.

a little felt hammer, which, when the key is pressed

Zk^^T,
^^'•'[esponds to that particular key. The longer and

thuker thewtre, the lower the pitch of the tone it produces.One end of each wire is wound around and fastened to a

SJ^.'. '^"
T""^^

^'''^ ^ ^""^"^^ ^° ^^ to loosen or

S r^'": ^^ '^'^ "^'^"^ *^^ ^t""g« ^'^ tuned, sincetghtemng the str^ng raises the pitch of its tone, whUe loosening
the string lowers its pitch.

^

wifh^il' ^^'""f
"« »r^d. Directly beneath the strings,

with Its edges fastened to the frame over which the strings
are stretched, is a large, thin board called a sounding board.
1
he vibrations of a string are transmitted through the frame

^
the sounding board, forcing it to vibrate in the same period

'vith the string. Smce the sounding board has a much larger
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area than the string, it is able to set into vibration a larjjcr

mass of air than the string alone can. Consequently, a niiu h

louder tone is produced with the aid of the sounding board

than could be produced without it.

232. Other Stringed Instruments. Like the piano, the

violin, the violoncello, the mandolin, and the guitar cotisist

of sets of strings tuned to give certain notes, and woddcn

bodies which serve as sounding boards, to make the tones

from the strings louder. These instruments differ from the

piano in that they have but few strings, and that these are

set into vibration by picking or by bowing them instead of

by striking them with hammers.

In instruments of the violin type, each string is made to

furnish a large variety of different notes, by pressing a finger

on it at various places, thereby changing its length. Since the

finger may be placed on a string at any point, an instrument of

this kind can give not only all those tones given by piano

strings whose pitches are higher than that of its lowest string,

but also notes of any intermediate pitches. Yet the notes

actually used in playing stringed instruments are practically the

same as those given by the strings of a piano. Thus, although

the piano is tuned to give notes of only 88 different pitches,

while the instruments like the violin can easily be made to

give a far greater number than this, yet practically all musical

instruments use only those few notes found in the piano

scale. There must be some peculiar charm about this particu-

lar series of notes,—else why should we use these and no

others? To answer this question, we must find out how

strings vibrate.

233. How Strings Vibrate. Stationary Waves. The

jump-rope is a vibrating string familiar to all children. Most

of us know that when the rope is turned at a moderate rate.

it swings in a single loop as shown in Fig. 127. It is not

necessary to have two to turn the rope; one end may he tied

to a tree, and so remain fixed while the rest of the rope vibrates.
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Fig. 127 It Swings in Onb Loop

With practice it is possible to make the rope vibrate in
t^vo loops (Fig. 128). When it is vibrating in this way, not
only is the end T at the

tree fixed ; but also the

middle point N remains
nearly stati'-nary. When
the rope is up, as at ^4,

on one side of the station-

ary' point in the middle, it

is down, as at B, on the
other side. When the rope
starts down at /l, it starts

up at B. Both parts of the rope pass through the straight
line TH at the same instant.

Waves of this kind may be seen when the vibrations from
the electric vibrator of a door bell, or from one oi the prongs
of a tuning fork, are sent along a thin string (Fig 129)
In this case, because of the regularity of the vibration, the

stationary points are much
more clearly defined. When
a string vibrates in this way
it has the appearance of a
wave; but the wave does
not seem to move along
the string in either direc-

tion. For this reason this

kind of vibratory motion

Tu •
t

*® called a stationary wave.
Ihe

,
mts where the string remains still are called the nodes-,and the parts of the wave between the nodes are called loops.

Fig. 128 The Middle Point Stays Still

234 Loops on a Vibrating String. Because thestrings of
musical instruments are fastened at both ends, they vibratem stationary waves. The points where a string is supported
must be nodes in the stationary wave. Because the ends must
t>e nodes, a strmg can vibrate in one whole loop (a, Fig 130)
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^^
F̂ig. 129 Stationary Wavks on a Stbino

in two whole loops (b, Fig. 130), in three whole loops (c, V\g.

130) ; and so on ; i. e.,

A string of a musical instrument vibrater only in some whole

number of loops.

236. Relation Between Number of Loops and Frequency.

Violin players know that if they touch the tip of one finger

gently to the

middle of a vio-

lin string when it

is vibrating, the

note that is pro-

duced is an

octave higher

than the note

given by the

whole string.

Touching the

string in the middle forces a node on it at that place, and

makes it vibrate in two loops instead of in one; i. e., the

wave is half as long as before (Fig. 130, b).

The relative frequencies of these two notes an octave apart

may be found with the siren (Art. 214). The siren is tuned

first to one note and then to the other, and the frequencies of

the two notes are determined as described in Art. 214. In

this case we find that the octave vibrates twice as fast as the

lower note—i. e..

The frequencies of two notes an octave apart are related as

2 to 1.

When the finger is placed lightly on the string at a point

J of the length of the string from one end, a node is forced on

it there and it then vibrates in 3 loops (Fig. 130, c).

When the frequency of the correspor.ding tone is determined

with the siren, we find it to be three times as great as that

given by the string when vibrating as a whole. So the frequen-

cy of the vibration is twice as great when there are two loops

as it is when there is one; three times as great when there
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F,c 130 It Vibrat., in a Wholb Number of Loop,

"

are three loops, as when there is one; and so on. But each
of he two oops is half as long as the single loop (i c It

t

half of the length of the string); and each of the threeCit^Zt '-^'' °^ ^'^ -^"^- -Herefore. oth^r^

Thefrequency of
a notefrom a vibrat-

ing string is in-

versely proportional

to the length of the

string,

A note given
when a string vi-

brates as a single

loop is called the

fundamental. Those given when it vibrates in two or moreoops are called harmonics or overtones. The frequencies
of the harmontcs are related to the frequency of the funda-
mental by the ratios of the whole numbers l'.2:Z:A:S:etc.

236. Major Triad. When the three notes called C EG (do. mi. sol) are sounded at the same time on the piano'
hey give a chord that is pleasing. The combination of
these three tones is called a major triad.

VVe can find the relative frequency of these three tonesby playing them in succession on a violin or other stretched
stnng. and measuring the length of string required for each
note. The frequencies are inversely proportional to the
corresponding lengths (Art. 235). When we do this we find
that If the whole string gives the note do, | of it gives the note
rni, and i of it gives the note sol. But | of it has | the
frequency of the whole, and f of it has | the frequency of
the whole. Therefore, the frequencies of the tones of the
major chord, do mi sol, are rekted to one another as 1 to i t.i
f

.

These ratios are more simply expressed by the wh^^
numbers 4 to 5 to 6. Hence,

m
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The frequencies of the notes of a major triad are related by

the ratios 4: 5: 6.

\ \

237. The Musical Scale. A major triad can be soundxl

on the piano with any desired note as do. In any one of

these triads, the three tones have frequencies that arc k

lated to one another by the same simple ratios. Nevcrtlu-

less, when we play several of these triads m succession, sonic

successions are pleasing and others are not. If the thne

triads C-E-G, G-B-D, and C-E-G are played in succession,

the result is pleasing and leaves the hearer with a sense of

finality and repose. So these triads must be related to one

another.

In like manner, the triads C-E-G, F-A-C, C-E-G produce

a pleasing succession, and are therefore related in some w a\

.

Finally, the succession C-E-G, F-A-C, G-B-D, C-E-G produc es

a pleasing effect when played in this order. In playing this

series of triads, all the white keys on the piano are used, and

no additional keys are needed. When these same white ki\

s

are played in the order C, D, E, F, G, A, B, C, we hear the

well-known musical scale do, re, mi, fa, sol, la, si, do; i. c,

the musical scale is made up of tfie particular notes that are

needed to produce chords which sound well when played in

succession.

The scale comp. d of the notes C, D, E, F, G, A, B, C,

is called the scale C, because C is its lowest note (do). If

we try to play a bimilar scale beginning on D as do, we find

that it cannot be done if we use only the white keys that

make up the scale of C. In order to render the musical

scale, the notes must be those needed to form the three

triads that sound well when played in succession; and the

triad D-F-A does not have the same sort of harmonious

sound as the triad C-E-G. The note Fdoes not harmonize. So

an extra key has been added to the piano—the black key

between F and G. The note that is produced by thir kc^' is

called F sharp.hecause its pitch is a half step higher than
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that of r. The triad p.Fsharp-A has the same sort ofharmonious sound as the triad C-E-G
In like manner the second triad needed for the scale be-g.nnmg on D namely A-C-E, does not sound correct unleLC sharp is played mstead of C. Thus it is not possible to

:™:re u:^°"TrT,Tr' r ^'^"^ ' -^y^^^^ ^^keys are used. The black keys have been added so that atnad of tones whose frequencies are related by th^ ratbs
4 to 5 to 6 may be formed on any one of the no es oTthepiano as us lowest tone. The addition of the b ack keysthus makes ,t possible to play the musical scale blv^nnlwith any of the notes of the piano as do.

^'-^'•""•ng

238. Standard Pitch. In working out the relative fre-quencies of the tones of the triads in the major scales ilthh^was said a. to the actual frequencies of thi to'es The^re^quencies of the notes of the triad beginning on any note havethe same ratios to one another as do those of theS b^Tnmg on C In order to define the actual frequences ofTe"notes m the scale, we must select some particular number a^

jeed,H....,,,e.(the.ofthLt^^^^^^^^^
of 435 vibrations per second. Instruments tuned so that the

It ' ^t ''." ^"^"^"^y ''' ^^^^ t° be tuned to7eW•mttonal standard Pilch.
"uar-

Since A is the middle note of the triad F-A-C the actual

."Tx 43t-"52f°s-
°'

^i^,* ^ «' = '*'• ™^ 'h" of C

.W'Z^Z^ °*-—- "' P'- ma, I fofn'a

239. Discord and Beats. In Art. 237 we leam^vi *i,o«.

^ notes of the musical scale have been ^toTbtaui
*^^y may be played in chonis and in successions of Sord « ««« Pleasuig to us. When a piano is out of tune, i"chori
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are no lonp'^r pleasing ; they are discords. The reasons v hy
some combinations of tones are pleasing and others displeasit.i{

were first discovered by Hermann von Helmholtz, the great

German physicist (1821-1894), in 1871.

If the notes given by any two sources of sound, two organ

pipes for example, are accurately in tune, the tone given

when both pipes are sounded tc^ether is a steady tone like

that given by cither pipe alone, only louder. But if the tvo

pipes are not accurately in tune, the tone given when both are

played together is not a steady tone; it is first loud, then s^)ft,

th'jn loud again, and so on. In other words, it "throbs."

^h: - throbs of sound, produced when two tones of slightly

' iicrent pitch are sounded together, are called beats.

240. How Beats Are Produced. Let the two upper
curves of Fig. 131 represent two water waves that have

.slightly different wave lengths. They start ut the left of the

page with the crest of one under the trough of the other.

At a, however, the two crests are in line; at b crest and trough

are in line; at c the two crests are in line again; and so on.

This must be so because one wave is shorter than the other.

When a crest falls on a trough, each wave destroys ti

other's effects; no motion results. But when two crests fall

together, the effects of the two waves are added together,

^aaaaaaaaaaaaaaaaaaaaaaaaaaaaaaa;

^aaaaaaaaaaaaaaaaaaaaaa/v\aa/>

Fig. 131 WuxN Crest Falls on Trouc.{ no Motion Results

producing a larger motion than is produced by either one

alone. The result obtained when the two waves are Com-

bined is shown in the third curve in the figure, which

shows how the surface of a pond would appear when

both waves were traveling over it at the same time.
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When two organ pipes that have sh'jjhtly different fre-
quencies are sounded together, the sound waves that thev
send out have slightly d'fferent lengths. They will there-
fore resemble the two waves shown in Fig. 131. in that there
will be certain positions in which the condensations of onewave oincide with the rarefactions of the other, and other
intermediate positions in which the condensations of the twoc,nc.de. When the condensation of one wave coincides
H-ith the rarefaction of the other, the two annul each other's
effects and silence results. But when two condensations
co.nc.de, their effects are added together and a loud tone is
heard.

Suppose one pipe sends out 100 waves and the other 101waves in a second. Both trains of waves will extend the same
distance from the source, because the waves travel at thesame rate. In this distance there will be 100 of the longer
waves, and 101, i. e.. one more, of the shorter ones. Hencem this distance the shorter wave gains one wave ler -th on
the longer, and there must be one position in which tiio con-
densation of one falls on the rarefaction of the other If
one sends out two waves more than the other each second,
here will be two positions in which a condensation of one

falls on a ra,-efaction of the other; i. e.. two periods of silence
and two of louder sound each second, or two beats. Hence
tae conclusion:

The number of beats per second produced by two tones is
equal to the difference in their frequencies.

241. Reason for Discord. Helmholz showed that when-
ever two tones are combined so that discord results, beats
can be detected cither between the two fundamentals or
between some of the overtones. When the beats are slow
they are not disagreeable; but when they are faster.-more
-:ai; five Of SIX a second, they become very annoying. When
the beats become still more rapid, they merge into a tone,
i hey are disagreeable only when there are more than five and
less than thirty a second. These facts have been shown tc

/'Ih-

M
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be true by all subsequent work on this subject. So we

now know that

Discord is due to beats produced either by the fundamentals

or by the overtones.

To avoid discord, we must play together only notes whose

frequencies are such that no disagreeable beats are produced.

This is the case when the frequencies of the

y^ fundamentals are related by the simple ratios \,^^^ h\A,%. Hence,

The particular notes used in the musical scale

have been selected so as to avoid disagreeable

beats when the notes are played in chords.

242. Musical Air Columns. Not all of our

music is produced by the stringed instruments

we have been studying. Much of it comes from

such instruments as the pipe organ, the flute,

and the various horns. They are called mnd
instruments. Fig. 132 represents an organ pipe

split open lengthwise, so that its construc-

tion can be understood. Air under pressure

is admitted to the small chamber a, whencenit is blown through the slot s in such a way

it as to strike the tongue /. This stream of air

blowing across the tongue makes the air in the

pipe vibrate in its natural pericxi, which depends

only on the dimensions of the pipe. When an

organ pipe is blown gently, it sounds its funda-

mental tone. It is then vibrating longitudi-

nally in stationary waves. Since the air is free

to move at both ends of the pipe, each of

these ends will become the middle of a loop in the

stationary wave. When the pipe is giving its

fundamental tone, it vibrates with a node at

'"orORGAN'ft^.'* t^e middle and the middle of a loop at each

end, as indicated at a, Fig. 133. Since the two

half loops are equal to one whole loop, the length of the
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pipe is the same as that of one loop; and since the leneth
of one loop is half that of the wave, the length of the wave
of the fundamental tone of an
open pipe is tvnce the length

of the pipe.

When the pipe is blown a
little more strongly, it gives

out the first overtone, which
is the octave of the funda-
mental. Since the octave
vibrates twice as fast as the
fundamental, the wave it

sends forth is half as long;

i. e., it is equal to the length
of the pipe. As both ends
of the pipe must be loops,

the stationary wave is placed

as shown at b, Fig. 133. The
second overtone, which is five

notes above the octave, is

made by blowing still harder.

When it is sounding this tone
the stationary wave in the pipe is placed as shown at c.Fig. 133.

DEFINITIONS AND PRINCIPLES

1. A stretched string vibrates as a stationary wave in
some whole number of loops, with nodes at the ends.

2 The frequency of a note from a string vibrating in a
single loop IS mversely proportional to the length of the
string,

3. The frequencies of the overtones of a string are related
to that of the fundamental by the ratios 1 : 2: 3: 4: 5: etc

4. The frequencies of the three notes of a major triad are
related by the ratios 4: 5 : 6.

5. International Standard Pitch is violin a = 435 vibrations
per second.

Fig. 133 Wavbs in Okgan Pipes

-.M
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6. The number of beats produced by two tones is equal

to the difference in their frequencies.

7. Discord is avoided by relating the frequencies of two
tones so that there are no disagreeable beats when the tones

are sounded together.

8. Beats among fundamentals and overtones are avoided
when the frequencies of the fundamentals are related by the

simple ratios j, |, |, J, |.

9. The frequencies of the overtones of an open organ pipe

are related to that of the fundamental by the ratios 1:2:3:4:5-

etc.

ii !

n

QUESTIONS AND PROBLEMS

1. Which wires in the piano give the notes of highest pitch? Why?
2. If the pitch of a violin string is too high, how does the violinist

lower it?

3. How can a violinist play a tune on a single string?

4. What is the effect on a piano string of winding a soft copper wire

in a close coil around it?

5. When giving the pitch to the class, why does the music teacher

hold the end of the vibrating tuning fork against the table top?

6. In the violin or the guitar, what takes the place of the sounding

board in the piano?

7. When a violinist touches a string lightly in the middle, how does

the string vibrate when bowed near one end?

8. When the middle of one loop of the violin string of questi<jn 7

is going in one direction, in what direction is the middle of the other loop

going?

9. How often do the middle points of all the loops of a stationar)-

wave come into the same straight line?

10. If a string when vibrating in 1 loop makes 256 vibrations per

second, how many vibrations will it make when vibrating in 2 loops .^

11. How does the pitch of the tone of a string vibrating in 2 loops

compare with that of its fundamental tone?

12. If the frequency of a string when vibrating in 1 loop is 256, what

is its frequency when vibrating in 3 loops? In 4 loops?

13. A banjo string 24 inches long gives 240 vibrations per second.

How many vibrations does it give when its length is reduced to 18 inches

by pressing it against a fret with the finger?

t-
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14 If the first note gl^ren by the string in the preceding question
is do o( the musical scale, what is the name of the second

?

IS. What are the frequencies of the fim 5 overtones of a string whose
fundamental tone has a frequency of 128 vibrations per second?

.u'r ^oin '^u
^'^"^"^"^'^ °f '^^ "«t«« of the major triad that begins

with C— 240 vibrations per second.

17. Find the frequencies of the major triad that ends with C-480
vibrations per second.

18. Why is it necessary to have a standard pitch?

A-
!^' ^V!!LT'^

""^

u
^^""^ J"'* ^" harmonious when heard at a

distance of 1000 feet as when heard at a distance of 100 feet? Why?
20. What happens to two water waves when a crest meets a crest

and a trough meets a trough?

21. What happens when two sound waves meet so that a condensa-
tion comcides with a condensation and a rarefaction coincides with a
rarefaction?

22. One person takes 120 steps per minute and another 125. Howmany times a minute will the two walkers be in step? How many times

?he right?
°"^ advancing the left foot just as the other is advancing

23. Describe and explain what is heard when two organ pipes, one
making 512 vibrations per second and the other 5l0.are sounded toother

24. How many beats per second will occur when two tuning forks
whose frequences are 435 and 441 respectively, are sounded together?

25. Will the tones of the two tuning forks of question 24 harmonize?
26. What determines the pitch of the note given by a toy whistle?
27. What is the approximate length of an open organ pipe that sends

out waves four feet long?

28. How many vibrations per second does the air in the organ pipe
of question 27 make at the temperature of 16° C?

^ p i«=

«„.!!i-
"""^/^ ^^^ ^" '" ^" °P^" °''^^" P'P^ vibrating when the pipe issounding Its fundamental tone?

F F^ la

r.\!L ."r T ***^ ^'^'1"^""^« of the overtones of an open organ pipe
related to the frequency of the fundamental? 8 P pe

64 vL..^"
°'''" organ pipe when sounding its fundamental tone makes

^erlonesr
^' ""^ '^^ frequencies of its first and second

32. A bugle is like an open organ pipe. What are the notes that ranD* piuyea on it.-*

the'p;tch''"the"ton"e?
°"' '°" '"' "^""^ °" * ^^^^ °'"'-^*^ '° '^'^^^^^



1

''

mi i1 ' ISA
f'r :

1 i ^^ :)

H
{'

1

'

!f

1

'1

'

:|*
i

ii

' 1
;

y

!

;

i. i i
"

t

'

':
i

{
^

t

1

i

i

!

i

i

250 PHYSICS

34. Try to find out how a trombone is constructed so that notes of

different pitches can be played on it.

35. Why does opening the holes on a flute or a piccolo chan^t the

pitch of the note that is being played?

36. Will the tone given by an organ pipe be the same if the \n\,e u

blown with cold air as when it is blown with hot air?

37. How is the vibration started when a tin horn is blown?

38. Organ pipes are often made with their tops closed. The air is

then not free to move at the top, and so there must be a node there.

How do the wave lengths sent out by an open and a closed pipe of the

saiiie length compare?

39. The lowest note on the organ has a wave length of about o \ feet.

What must be the length of a closed pipe that gives this tone?



CHAPTER XIII

OPTICS

243. Apparent Size of Objects. If a number of people
are asked how large the moon looks, each will give a different
answer. One may say that it looks as large as a dime
another that it seems as large as a saucer, while a third may
say that it appears as big as a cart wheel. Then too the
moon looks larger to every one when it is near the horizon
than when it is high in the sky.

Infants reach for the moon and cry because they can not
get It. Landsmen find it very difficult to estimate the dis-
tance between two boats at sea. On the other hand, when
we look at a man climbing a distant hill, he appears as but
a small speck on the landscape, yet we estimate his size
correctly. We even use our knowledge of the man's size to
estimate the distance or actual size of the hill or the height of
the trees there. Ability to estimate distances and sizes
rem the way things look is obtained from long practice
Let us see if we can find the reasons for these things.

244. How Light Indicates Direction. When sunlight
streams through a window, it traces an outline of the window
on the floor. If you hold your open hand so that the sunlight
alls vertically upon it. the outline < the shadow cast on
the floor resembles the outline of the I ad. Most of us have
amused ourselves making shadow pictures, by so placing the
hands between a lamp and the wall that the shadow on the
wall resemWed a rabbit, a goose, a clown, or any other creature.
VVe might draw the same outline by pivoting one end of a
long straight pencil at the source of light, and movincr it
around the edges of the object, while the other end marked on
a paper suitably placed. We can think of such a pencil as

251
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if it were the beam from a tiny searchlight moving about the

edges of the object and tracing the outline.

When a sunbeam is allowed to enter a darkened room
through a small opening, its path, as revealed by the dujt

particles in the air, is seen to be a straight line. VVhi re it

falls on some object, it makes a bright spot. The sun, the

opening, and the bright spot all lie on the same straight Iin»
;

so from inside the darkened room we can determine the direc-

tion of the sun with reference to objects in the room, by

means of the line drawn from the center of the bright spot

through the center of the opening. Because light travels in

straight lines, we judge the direction of an object by observino

the direction in which light from the object travels.

245. How Relative Directions are Judged. If we have

two sources of light outside the darkened room, instead o{ one,

each sends its own beam of light through the opening. A
model of this arrangement may be made by setting two candles

at A and B (Fig. 134) respectively and placing near by an

Fig. 134 Thb Dirbction is Judckd by th« Anclb

Opaque screen S, having in it a small opening O. When a

white screen is placed anywhere behind the first, as -t !/.

two bright patches / and K are seen on it, one correspond-

ing to each candle.
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An observer bphlnrl the screen 5 judges the direction of the
source A by th.? straight line JO; and that of the source B, by
KO. The difference in direction between the two candles
A and B is judged by the angle JOK included between these
two intersecting linos. But since the light travels in straight
lines, the angles AOB and JOK are equal. So the relative
directions of the two sources of light are judged by the angle
AOB (= JOK) included by the two beams at the opening
through which they reach the observer.

246. Imagre Through a SmaU Openingr. The patches/ iC
on the screen (Fig. 134) are not shapeless spots. They resem-
ble the candle flames. If one candle be replaced by an incan-
descent lamp or any other source of light, the corresponding
spot changes accordingly and resembles the new source in
shape. Because of this, the patch of light that resembles
the source of light in shape is called an image of the source
If the lens of an ordinary camera be replaced by a card per-
forated with a pin-hole, the instrument may still be used for
taking pictures: because an image will be formed in this
"pinhole camera" in the manner shown in figure 134. Such
an image is always upside down.

If we remove the screen S, or if the opening at O is made
large, no image of the source is seen. When the openii, r q
IS small, the image of A may be found anywhere behind S
along the line AOJ. In all positions of the screen, however
the image is blurred or fuzzy,—it does not look clear and
sharply defined as does the source itself. So long as the open-
ing IS large enough to let through sufficient light to form a
visible image, the smaller the opening, the clearer the image

The reason for this lies in the fact that the candle flame
consists of a very large number of luminous particles, each one
of which is sending out light in all directions. Some of the
light from the particle at a (Fig. 135) passes through the
opening O m the screen S, and falls on the screen / at jBut since the light starts from a point, and passes through an
opening of appreciable size, the beam that forms the spot at j

ill
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is shaped like a cone. It spreads over a lai^er and larger

area the farther it goes. So the point a on the source is rcjirc-

sented by the relatively large spot j in the image. In like

manner each other pi)int

on the source produces

a spot in the image. So

the object itself is com-

posed of luminous

points, but the imajjc is

composed of luminous

spots; and therefore its

outlines are vague and

fuzzy.

The cone of light

from the point b (Fig.

135), after passing through the opening O, ma'v;s its corre-

sponding spot at k. Since b is above a in the source, and

since the two beams cross each other at O, the spot k, corre-

sponding to b, will be below j in the image. So the image is

inverted, because the beams of light travel in straight lines and

cross each other at the opening.

The straight line drawn from any point in the source

a or 6 through the middle of the opening is called the

axis of the beam. The
axis is the path fol-

lowed by the light in

the middle of the
beam.

Pig. 136 GBBATsa Distancs, Lakgkr Imacb

247. Size and Dis-

tance of the Im&ge.

As the screen / (Fig.

136) is moved farther

away from the screen

S, the image mn of the flame grows larger. So long as the

candle and the screen S are not moved, the angle aOb, be-

tween the axes of the two beams remains fixed; hence the
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angle jOk ( - aOh) between the axes of the two beams jO
and kO remains unchanged, because these axes are the
straight lines aj and bk. When the distance between the
image and the opening is doubled, the size of the image mn
is doubled; when this distance is three times as great as
at first, the image is three times as great; and so on.
Other things remaining unchanged,

The length of the image is proportional to its distance from
the opening through which the light shines.

If the distance between the opening O and the image re-
mains fixed, and the candle flame is moved farther away from

(Fig. 136), the image becomes smaller. In this case, the
angle aOb, included at O by the axes of the beams from the
two points a and b, becomes smaller. Hence the angle jOk
becomes smaller, and the size of the image is reduced. The
size of these equal angles aOb and jOk docs not change when
the image screen / is moved; it changes only when the dis-
tance between the object and the opening is changed.

When the two points are at the extremities of the object,
the angle included at the opening by the axes of the beams
from them is the angle subtended at the opening by the object.
Thus a and b (Fig. 136), are at the extremities of the object,
and aOb is the angle subtended by the object at O.

The nearer the object is to the opening, the larger the angle
subtended by it at the opening.

248. The Eye. Although the image of the candle flame
(Fig. 135) is not as sharply defined as the flame itself, it enables
an observer behind the screen S to determine the directions of
the various points on the flame with reference to the opening
and the screen /. An examination of the structure of the eye
shows that it resembles the apparatus described in Art. 245, in
that it consists of a dark chamber E (Fig. 137) into which
light is admitted through a small opening P, called the pupil.
Because of this fact, an inverted image of an object is formed

i-'M
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Fig. 137 Thc Eyk

on the back of the eye. The inner surface R of the back of

the eye is called thc retina. It is covered with nerves, u liich

are affected by the light,

causing us to see.

This image on the retina,

howc/er, differs from that

of the candle (Fig. 135;, in

that it is not fuzzy, but dis-

tinct. The eye diff' . s from

the apparatus use< in Art.

245, in that directly bihind

the pupil P there is a small

transparent object called

the crystalline lens (£,, Fig.

137). This lens is round

like a button; its front

and back surfaces are

curved outward (convex), so that it is thicker in the middle

than at the edges.

249. What a Lens Does. In order to find out what the

crystalline lens in the eye does, place a glass lens L (^ig. 138),

which is thicker in

the middle than it

is at the edges,

behind the opening

in the screen 5 as

shown in the figure.

When the screen /
is moved back and
forth, one position

only can be found

where the image of

the flame is clear

and distinct.
The light that was diverging from a to form the spot /

(Fig. 135) is brought together by the lens at a point /> (Fig.

Fig. 138 Thb Lbns Makbs thx Imags Clbab
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;
so that the .mage of the flame is no longer made up of a

sencs of spots, but of a series of points. The point p lies on
the ax.s of the beam, showing that the axh of a beam of light is
not bent by the lens. ^ ^

If sunlight is passed through the lens in a direction pc-rpen-
dicular to Its surfaces, we can see that the lens does act in this
way Before striking the lens, the sides of the sunbeam are
parallel to the axis of the beam; but after passing the lens, the
light converges to the point F, (1, Fig. 139) which lies on
the axis of the beam. If a screen is placed at F we find a
small image of the sun there.

260. Principal Focal Length. When the beam of sunlight
IS passed through a lens diflFerent from the one just used (Art
249), the distance from this lens
to the place where the light

converges is not the same as
it was before. If several lenses
of different shapes are tried in

succession, the distance at which
the image of the sun is formed
distinctly will be different for
each. Thus the 3 lenses in Fig.

139 all have the same diameter,
but lens 1 is much thicker in
the middle (more convex) than
the others; and the light comes
together at a point near the
lens. Lens 2 is not so thick in
the middle (not so convex) as
lens 1; and the light comes
together farther away from it.

Lens 3 is still less convex than ,..„

2; and the light converges still farther away from the lens.
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Number 4 is a piece of ordinary' window glass with parallel

sides and it dfH's not converge the light at all.

The lenses shown in Figure 139 are all placed so that the

planes of their rim^ are pcrj)en(licular to the direction in whii h

the sunlight is moving. The line drawn through the middit

of a lens perpendicular to the plane of its rim is called llio

axis of the lens. A beam of sunlight is called a parallel beam,

because it neither converges nor diverges, but has the san, •

diameter at every cross-section. When a parallel beam falls

on a lens in the direction of the axis of the lens, the point at

which the light converges is called the principal fo< us of tlie

lens. The distance from the lens to the principal focus is

called the principal focal length of the lens.

A lens that is thicker in the middle than it is at the rim makes

a parallel beam converge to a focus, and is called a convex or

converging lens.

The more convex the lens, the shorter its principal focal length.

251. Lens Angle Not Changed by a Lens. Place the

first of the lenses just used (Art. 250) behind the small opening

in the screen S (Fig. 138), and move the screen / until a sharp

image of the candle flame is formed. Then remove the

Fig. 140 Tbinnxk Lens. Lakcks Imagb

lens. The image becomes fuzzy, but its size is not changed.

The angle pOq included between the axes of the two beams is

the same, whether the lens is present or not,
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The angle pOq is the angle mcludcd at the center of the
lens between the axes of the tu„ l,rams that make tin-
(^trrme pets p and q in the image This angle is calK.I
iU^ ens angle of the image. Thr angl, aOb is called the Inn
angle of the object; and it is equal lo the anfjlo pOq. That i.

The lens angle of the of>Ject is equal to the lens angle of the
image. * •'

262. Size of Image and Focal Length. If the second of
the lens, s „sed m Art. 250 he j.laced behind the small ooe.ilnr
•a the srreea S (Fig. 138) the image on the screen / will 'not IkJ
clear, i. v. it will not be in focus. \\c shall have to move /
fartlicr away to find the focus. When the f..cus for lens 2
IS f.und (Fig. 140). the image is larger than it was • en lens
^v.. usecl. Since the lens angle of the object is the same in

both ca.rs. the lens angles of the images pOq (Figs. 138- 140)
are the .am

. Hut the image from lens2 is larger because it
IS farther a^ ay f

.
,m the lens. 1 1 is farther away from the lens

because lens 2 does not converge the light as strongl> as lens
1 does; ,. e its focal length is greater. When different
enses are paced at the same distance frcn: • iv satne object
the lens angles of the different images .,,. ..:; ,,; ;,, ^ame size-
but the images are of different sizes, ' -c . - ! c re focused
at different distances from the lenses.

With a given lens angle, the greatc- ', ;"/
,

.- J.- u, of a Icn,
the larger the image formed by it.

253. Conjugate Foci. If the distance between the candleand the lens (F.g. 141) be changed, the image will no longer be

IfT .;^' 'r^'"
approaches the le.ts. the screen /must be moved farther away to focus the image on it Ashe object goes farther away, the image comes nearer the

lens Photographers know that the nearer the object comes
to the lens the farther back the plate must be placed in order
lo De m focus.

A given lens produces only a certain amount of conver-
gence m a beam. If the beam is parallel, it is converged at

aiK : S ••K»e-i^- I
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Fic. 141 Paxtbbii Objxct, Nkakkk Imagb

the principal focus. If the beam is divergent (Fig. 141), it

has first to be rendered parallel and then converged ; so it docs

not converge as

rapidly as a par-

allel beam and the

focus is farther

away. Part of the

converging power
of the lens is used

in making the
divergent beam parallel, so only part of it remains to make
the beam converge.

As an object Oapproaches a lens, the beam from each point

on the object becomes

more divergent in

frf)nt of the Ions, and
on this account, the

beam behind the lens

becomes less conver-

gent; so the focus I

moves away from
the lens (Fig. 142). When the distance between the object

and the lens becomes equal to the principal focal length of

the lens, the lens can only render the beam from ca; h

point parallel (Fig. 143),

and then there is no r* al

focus. When the distance

between the object and the

lens becomes 'oss than 'Jie

principal focal lenj^th, the

beam behind the lens re-

mains divergent.

The points where the

object and image are when the image is in focus are called

conjugate foci. The distances from the lens to the conjugate

foci are called conjugate focal lengths. For a given lens, w hen

forining a real image,

Fig. 142 Nkaxsr Objkct, Faktrbk Image

Fig. 143 SouRcB at the Principal
Focus; Beam Becomes Parallel
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The smaller the distance from the lens to the object, the greater
the distance from the lens to the image.

254. How the Lena Pomw a Real Image. Let OP (Fie
144) represent an object. ALB a lens, and JK the image.'
From the point O, hght spreads out in all directions; but only
that part of it which falls on the lens is brought to a focus in
the image. The axis of this divergent beam of li^ht from O
IS the Ime OL. The lens changes this divergent beam into a

' a

I2r^~--"—
'

^^^

Fig. 144 Th« Light FJiom Each Point Comb to its Own Focus

convergent beam, but the direction of the axis of the beam isnot changed. So the convergent beam comes to a focus atsome pomt on the line C?Z/. The distance of this point from
the lens depends on the converging power of the lens

P /f- 1^1??^""^ 'r^
^""'^ °^ '^^ ^^^"'^'"S cone of light fromP (Fig 144) IS the hne PL drawn from P through the center

of the lens. The image of the point P will be formed some-
where on the line PLK', because PLK is the axis of the beam
Similarly every other point of the object sends its cone of
ight to the lens, and each of these cones is focused by the
lens at a point in the image which corresponds to the point
of the object from which that particular beam diverged

If a screen be placed at KJ, the image of OP .nay be seenon the screen. An image that may be thus received on ascreen is called a real image.

255. How the Eye is Focused. In the eye (Fig. 137), the
distance from the lens to the retina is fixed; therefore, the eye
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cannot be focused by moving the retina backward .aid for-

ward as the screen / was moved in Art. 253. Yet we can

bring objects that are near by, or those at a distance, into

clear focus at will.

To do this there is a set of tiny muscles surrounding the

lens of the eye. When an object is brought near the e\('.

these muscles act on the lens in such a way that it bulges

out and becomes thicker in the middle. This thickening of

the lens increases its converging power, and so shortens its

focal length (Art. 250) enough to bring the image on the retina.

Conversely, when an object is far away from the eye, the

muscles about the lens allow it to relax, so that it becomes

thinner than usual in the middle. Its focal length is thereby

increased enough to bring the image of the distant object

into focus on the retina. This act of the eye in changing

its focal length is called accommodation.

266. Near-Sighted and Far-Sighted Eyes. Some eyes can-

not be focused on distant objects, but see things clearly only

when they are close by. Such eyes are called near-sighted.

The lens in such an eye

is too thick in the middle.

When the focusing

muscles have relaxed un-

til the lens is as thin

as possible, it is still too

thick to focus distant objects clearly on the retina. Its focal

length is too short, and the focus falls in front of the retina

(Fig. 145). Since the lens in a near-sighted eye is too

thick in the middle, this defect may be corrected by placing

in front of the eye a lens cd that is thinner in the middle

than it is at the edges. The eye lens and this added lens

combine to make up a lens of correct focal length.

The far-sighted eye cannot focus objects that are near by.

The lens has too long a focal length, and the focusing muscles

cannot make it thick enough to bring the image into focus on

Fig. 145 Near-Sichteo Eye
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Fig. 146 Far-Sichted Eys

the retina (Fig. 146) . The lens is too thin in the middle, but its

fault may be corrected by combining it with a glass lens ab
that is thicker in the

middle than at the ^-^
.

^^

—

/^^ I'

edges. This added —
lens must be so

selected that, when
placed before the

eye lens, the two act as a single lens of correct focal length.

267. Visual Angle and Apparent Size. We can now
answer the question about the size of the moon, (Art. 243)
The imwn can be hidden behind a dime, when the dime is

held less than 6 feet from one eye and the other eye is shut.
At a distance of about 6 feet, the dime just covers the moon's
disk, i. e., it has the same apparent size. A saucer five inches
in diameter just covers the moon, if held at a distance of
about 42 feet from the eye. A cart wheel 35 inches in diam-
eter must be placed at a distance of about 300 feet in order
to have the same apparent size as the moon.

A cat 12 inches long climbing a small tree 15 feet away has
the same apparent size as a panther 3 feet long climbing a
large tree 45 feet away. The angles subtended at the eye by
the cat and the panther would be the same; and if we did not
make allowance for its nearness, we might easily mistake the
cat for a panther. When an artist draws a picture he holds
his pencil at arm's length and sights across it to measure the
angles that various objects subtend at the eye, by noting
how great a length of pencil covers the same angle as each
object does. The angle which an object subtends at the eye
is called the visual angle.

Two objects have the same apparent size when they subtend
equal visual angles at the eye.

When you look along a railroad track, the rails seem to
come nearer together as their distance from you increases.
The width between the rails is the same, but that width
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when far away forms a smaller visual angle at the eye than it

does when it is near by.

By long experience we have learned to estimate roughly

the actual size of an object from its visual angle; yet few people

are expert at this. A well-known parlor game consists in

setting a hat on a table and asking those present to indicate

with their hands the height of the hat. Nearly every one will

overestimate it. The moon looks bigger when near the

horizon because we can then compare it with objects wHdsc
actual sizes we know. We are apt to judge such objitts

larger than their visual angles indicate; and so, when the

moon appears among them, we "enlarge" it too.

268. Limit of Distinct Vision. When trying to read ver>'

fine print, we bring it close to the eye. The visual angle of

each letter is thereby enlarged, making the letters appear

larger, so that it is easier to distinguish the details in them.

When a merchant wishes to observe the quality of a piece of

cloth, he holds it near his eye in order to be able to see more
of the details of the weave. We are all familiar, however, with

the fact that when an object is brought too near the e> e, it

cannot be clearly focused. The shortest distance at which

an object can be clearly focused by the eye is called the limit

of distinct vision.

In normal eyes the limit of distinct vision is reached when
objects are about 10 inches from the eye. When an

object is at that distance from the eye, the lens in the eye

has bulged out as far as it will go; so if the object is brought

nearer, its image becomes blurred. The focal length of the

lens is too great to focus the hrxa^c on
®*^ the retina.

259. The Simple Microscope. The
limit of distinct vision may be rediued

very materially by introducing in front

of the eye a converging lens L (Fig. 147).

This lens und the lens of the eye together form a com-

FlC. 147 SiMPLB
MiCMOSCOPK
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pound lens which has greater converging power than either
aione. When the eye lens has been thus strengthened, objects
close to the eye may be focused clearly. Because a lens,
when used in this way, enables us to see details in small
objects better, it is called a simple microscope.

The action of the simple microscope is the same as that of a
lens for a far-sighted eye (Art. 256). If some small object
is held within 2 or 3 inches of the eye, and a simple microscope
introduced close to the eye, it becomes evident that the visual
angle of the object is not changed by the microscope. The
increase in apparent size is not produced by the micro-
scope, but by the increase in the visual angle due to bringing
the object nearer to the eye. The microscope helps the eye lens
to focus clearly objects that are closer to the eye than the limit of
distinct vision.

260. The Aitronomioal Telescope. If a lens L (Fig. 148)
of long focal length (say 40 inches) be placed upright in an
open window, an image of the landscape outside will be formed
at a distance of about 40 inches from the lens. This image

Fig. 148 Diagram op the Astronomical Tklrscope

may be received on a screen 5 and so observed; or it may be
seen directly if the screen is removed and the eye placed some-
where near the axis of the lens and far enough away.

If the eye is far away, say 10 feet, this image appears very
small indeed. But as the eye is brought nearer, the visual
^ngle of this image becomes larger, and the apparent size
of the image increases. When the eye reaches the point E,
10 inches from the image, the limit of distinct vision is reached
(Art. 258)

;
and any nearer ap|Mt>ach makes the image indi«-

tinct.
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When the eye is at E, the visual angle of this image is

lEJ. The lens angle of the image is JLI, and this an^le

is equal to the lens angle at L of the distant object. Since

the object is distant, its lens angle at L is practically equal

to its visual angle at E. The image IJ is common to both

the triangles ILJ and lEJ; and since IL is 40 inches and IE

10, the angle lEJ is larger than the angle ILJ. Thus the image

subtends a larger visual angle at the eye than the object itself does.

The visual angle of the image may be further increased l)y

bringing the eye still nearer. Then the eye w ill not be able to

focus it clearly, so a simple microscope will be needed (Art.

259). This combination of a lens of long focal length with a

simple microscope is called the astronomical telescope. The
telescope makes distant objects look larger by placing an

image of the distant object close to the eye. Although the

image is much smaller than the object, yet because it may be

brought very near to the eye, its visual angle may be made
much larger than the visual angle of the distant object itself.

261. The Looking Olass. Presumably every one makes
daily use of the looking glass and so knows that the imajjes

of objects in front of it appear to be behind it. When you

stand before the glass, your image appears to be as far

behind the glass as you are in front of it. As you approach

the glass, your image approaches you; it appears to be a

duplicate of yourself in size, in color, and in expression.

The image is, however, reversed. When you raise your

right hand, it raises its left hand, Jf you part your hair on

the left, it parts its hair on the right.

Some mirrors give distorted images. A sheet of ordinary

tin for example, acts as a mirror; but the image is not a true

likeness of the object because the tin is not perfectly jjlane.

Good mirrors must be made of plane surfaces like plate glass,

because accurate images are reflected only when the surface

is a perfect plane.

The back of the plate glass is coated with a thin la> er of

silver or mercury. An image may be seen in a piece of glass
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Fio. 149 Rkculas RnrucnoN

without the metallic coating, but such an image is faint. The
metal back makes the image much brighter, because it re-
flects more light from the luminous object to the eye.

262. Reflection from a Plane Surface. Every child has
amused himself reflecting a sunbeam from a mirror into his
playmates' faces. By turning the mirror, the beam is sent in
the desired direction. Let a sunbeam fall on the mirror Af
(Fig. 149), and note how the re-

flected beam changes its direction

as the mirror is moved.
UTien the beam falls perpen-

dicularly on the mirror, it is re-

flected directly back toward the
sun. When the beam IM falls on
the mirror at an angle of 45"

measured from a line MN per-
pendicular to the mirror (Fig.

149), the reflected beam MR
leaves the mirror at an angle of 45** with the perpendicular.
As the mirror is turned so that the angle IMN between the
perpendicular MN and the incident beam IM changes, the
angle NMR between the perpendicular and the reflected
beam MR changes by the same amount.

The angle between the incident beam and a line perpendicu-
lar to the mirror at the point where Lhe light strikes it is
called the angle of incidence. The angle between the reflected
beam and the same perpendicular is called the angle of
reflection. As the result of many measurements on light
reflected from various mirrors, the following fact has been found
to be true. This fact is generally called the law of reflection.

refl^*
*°ff^« 0' incidence is always equal to the angle of

263. How the Image is Penned by a Mirror. Let 5 (Fig.
150), be one point of an object placed before the mirror MM,
To an observer's eye at C, light from S wiU appear to come
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Fig. ISO The Plans Mirror

from the mirror in the direction of BC, the point B boin^j so

placed that the angle NBS is equal to the angle NBC ( \rt.

262). Hence to the observi r at

C the point will api^ear to lie in

the direction CBS'.
But the source 5 sends out

light in all directions. Some of

the light will strike the mirror

perpendicularly along the p.ah
SD, and be reflected back on

itself in the direction AS'. To

an observer along this line- the

reflected light will appear to come from behind the mirror

from some point along the line SDS'. In order that the

light may seem to come from behind the mirror a!< iig both

the paths S'D and S'B, the image of S must appear to lie

at S', the intersection of these two lines.

The two triangles SBD and S'BD are equal. Thcnfore
the distance SD=S'D. The point S is only one point of

the object. The same fact is true for every other point;

so that the conclusion is just as true for the whole objin t as

it is for the point S; i. e.,

The image appears as far behind the mirror as the object

is in front of it.

Since the light does not really come from the point S',

but only appears to come from that point, the imago 6" of

the point S is called an unreal or virtual image.

264. Diffuse Reflection. Walls, floors, carpets, plaster,

clothing, grass, and trees cannot be used as looking glasses.

They do not reflect light as a mirror does. Yet unless they

either reflected some, or weie themselves luminous, we could

not see them. If a piece of white paper, a bit of cloth, a

block of unvarnished wood, a book, or any unglazed and

unpolished substance be held in the sunlight, there is no

reflected beam as there is with the looking glasi, >ut there
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must be "onie kind of a reflection, as we have t^-en above.
Reflection of this kind is called diffuse reflection
A surface that is reflecting diffusely appears as if it were

tself the source of the light. Such a surL is roug n"
,K>I.shcd. and may Ix. thought of as consisting of a vast num-
KT of tiny mirrors, facmg in every possible direction. When
l.8ht falcon these millions of tiny mirrors, each reflects itsmmu e beam m .ts own way, the total result being that the
retlected light is distributed in every direction.

266. Intensity of Illumination. A hundred years ago
candles were the chief means of lighting houses at night.Most of us would feel abused now. if wc were obliged to study
at night by "yellow candle light." We turn on the electric
light, or light a brilliant VVelsbach and read in comfort atsome distance from the lamp. We are apt to forget that
even one candle, when near by. illuminates a printed page
as brightly as a -SO-candle-power" Welsbach at a distance

In order to hnd out how the intensity of illumination of a

Z.TlfT '^""^n'.?
'' •' "^^^^^ ^^^y f'-^'" *he source ofhght le the page P (F.g. 151) be held 1 foot from the candle

C. In this position, it intercepts a definite amount of light

Fig. 151 The Ilhtminatton I, Lw, at thk Great.. Di„anc«

from the candle, and is thereby illuminated with a -rrtain

ic ;""Th V-T "r *'^p^^^ ^ ^° ^- 2 '-^ f-" ^r
was ; P

^'^^\'^^' ^^« intercepted by the page when itwa. P ,s spread out at Q over four times the area of tiiepa... because the diameter of the cross section of the beam h.s

li

k^\
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h; 1

< a

been increased to twice its former length both horizontillv

and vertically. Since the same amount of light is spread < i\ (

r

four times the area at Q, the printed page when at Q receives

only one-quarter as much light as it does when at P.

When the printed page is placed 3 ff^et from the canillo,

the light that reached it when at a distance of 1 foot is s|)r( ad

over an area 9 times as great as it was then. Its area is,

therefore, only i of the area over which the light now spread-

So the brightness of the litrht on the page at r. distance of i

feet is only i as great as it is at a distance of 1 foot. At a

distant e of 4 feet from the source, the page receives only j",

as much light as it receives at a distance of 1 foot; and so on.

This fart is often called the law of inverse squares for

light, and is stat« d as follows:

The intensity of illumination of a given surface is inversely

proportional to the square of its distance from ihe source of lii^ht.

Frum this principle it follows that the brightness of a

printed page at a distance of 1 foot from a single candle is as

great as its brightness at a distance of about 7 feet from a

Welsbach burner which sends out as much light as 50 candles.

266. Photometry. As with machines and steam en^iii. ?,

the important thing about a lamp is its efficiency. In order

to determine the efficiency of a lamp, we must measure the

brightness of its light, and the cost of maintaining it. The

law of inverse squares (Art. 265) enables us to measure the

brightness of a lamp in the following way.

Suppose we wish to compare a candle with an electric

lamp. In front of a screen (Fig. 152), is ;m opaque rod B.

The candle C and lamp L to be tested are placed so that

the shadows of B cast on the sc reen by C and L respect-

ively fall side by side. At D, where the shadow cast !>> C

falls, the screen is illuminated only by light from L; while at

M, where the shadow cast by L falls, it is illuminated only by

light from C. L is then moved farther away from the srreen,

until the brightnes-^ of the light over the two shadows is the

same. If, whea ;he two shadows are equally illuminated, L
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/ mult iTTa ,1
""^ *^ '*'''^" ^^ ^ '*• *»»<= brightness of

. ^ ^.
-

^.'""f'
'^^* °' ^- Since iL shines as bright-

ly as 16 candles, it is said to be a I6^ndle.p<m,er lamp

Fio. 15J Tm Two SbaoowiAu Equailt ItLUMWAno

This method of comparing the brightness of lamps was

Inl^a ; ^7"; ?"'°^' ^^'''-^«^^>- -The instrumenT"
1
ed a i?«n,/«.OA''/^,,^. There are several other kindsof photometers, but they all depend on the same principle.

When two lamps illuminate an object with the same bright.
ness, the candle-powers of the two lamps are proportional to the
squares of their distances from the object.

267. Cost of niumination. In Art. 207 we learned thatan ordinary mcandescent lamp consumes energy at the rateof 55 watts. If it actually sends out as much light as 16

candles do. the light takes ^^^^'^^^
, , , , ,

16(^andle-power)~ "^'^ (neariy)

watts per candle-power. A certain arc lamp takes 10 amperes
Pf current at 1 10 voIt3. Its candle power is 2200. Therefore!

'if \

^f:-^^
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1100 (waits)
its rating is

220O (candle-power)
0.5 watts per candle-

power.

When electricity costs 10 cents per kilowatt-hour (Art.

209), 55 watt-hours costs ——• of 10 cents, or 0.55 cents. So
lUUU

the ordinary incandescent lamp costs but little more than

half a cent an hour. Since it has a candle-power of 16, its

cost per candle-power-hour is -7— = 0.035 cents. The cost
16

of the arc lamp is 0.005 cents per candle-power-hour.

An ordinary gas jet consumes 5 cubic feet of gas an hour,

and its candle-power is about 25. If gas costs 85 cents per

85
thousand cubic feet, such a burner costs r^^ X 5 = 0.42

cents per hour. Since its candle-power is about 25, such a

0.42
light costs about -ry- = 0.016 cents per candle-power-hour.

DEFINITIONS AND PRINCIPLES

1. Light generally travels in straight lines.

2. Relative directions of objects are determined by the

visual angle.

3. The size of the visual angle depends only on tiie size of

the object and its distance from the eye.

4. A lens that is thicker in the middle than at the rim

converges light.

5. The principal focal length of a lens is the distance from

the lens to the point where a parallel beam comes to a focus.

6. The lens angle of the object is equal to the lens angle of

the image.

7. With a given lens angle, the greater the focal length of a

lens, the larger the image formed by it.

8. The smaller the distance of the object from the lens,

the greater the distance of the image from the lens.
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9. Two objects have the same apparent size when they
form equal visual angles at the eye.

10. The simple miscroscope enables the eye to focus
objects closer to the eye than the limit of distinct vision.

11. The telescope makes an object !ook larger by placing
an image of the object c'ose to the eye.

12. The image in a plane mirror seems as far behind the
mirror as the object is in front of it.

13. The angle of incidence is always equal to the angle of
reflection.

14. A surface that reflects diffusely appears as if it were
self-luminous.

15. The intensity of illumination is inversely proportional
to the square of the distance from the source of light.

16. The candle-powers of two lamps are proportional to
the squares of their distances from a screen on which they
produce equal illumination.

QUESTIONS AND PROBLEMS

1. When you reach for an object that you see, or when you search
for a distant object with a field glass, upon what fact do you rely as to
the path of the light from the object to your eye?

2. Why should windows in a school room all be on one side?
3. What is the method of sighting a gun? Would this method be

effective if light foUdWed a curved path?
4. Why should school room windows reach to the ceiling?
5 How do you judge the difference in direction between two elec-

tric lights?

6 If you bore a 1 inch hole in an opaque shutter that covers a windowm the school room, can an image of the scene out of doors be shown on
the opposite wall? How?

^^
7. Why must the room be dark in order to see the image of question

8. Explain why the image made with a hole in a shutter or with a
pin-hole camera" is inverted.

9. What is the relation between the size of an image and its dis-
tance from the hole? Can you prove this relation by geometry?

10. Given a small bright light that may be considered a "point
•ource, a small square card, and a whitP screen, what wUl be the shap*« the shadow of the card on the screen? Why?
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11. What are silhouettes and how are they made?

12. Why is the image of a candle, formed through a hole, not sharply

defined?

13. Why is the shadow that an object casts in light from a "point

source," like an arc lamp, sharp, while that cast in light from a souno

of large area, such as a gas flame, is not clearly defined? (The black

portion of the shadow is known as the umbra and the gray margin as tlij

penumbra.)

14. Would the image of a candle flame be formed on the retina nf

the pye if the eye had no lens? How?

15. If the eye lens could be removed without injury to the re-

mainder of the eye could the owner of the eye see a candle? How
would it look to him?

16. A candle placed at a certain distance from the pupil of the cnc

makes on the retina an image of a certain size. How does the imaj^e

change when the candle is moved nearer? Farther away?

17. On what does the size of an image depend when the distance

from the hole to the "screen" remains constant as it does in the eye.-'

18. If a tree subtends an angle of 10° at the pupil of your eye, what

angle does its image subtend?

19. What does the 1-3 of the eye do to the light beams in order lo

form on the retina a distiiiCt image of an object?

20. All other conditions remaining the same, how will the size of an

image formed by a pin-hole camera compare with that formed when the

hole is provided with a lens?

21. How can you find the principal focal length of a lens?

22. How does a "wide angle" or "short focus" lens differ from a

long focus lens?

23. Why is a long focus lens better than a short focus lens for taking

a picture of a c'istant boat?

24. Why is a wide angle lens better for taking a picture of the 'n-

terior of a room?

25. When a photographer takes your picture and moves you nc inr

the camera, must he move the ground glass screen nearer to the lni=,

or farther away, in order to focus the picture?

26. For a given sized picture on the screen why must the proJKt-

ing lens of a "magic lantern" (stereopticon) have a greater focal lenuth

if it is to be used at the back of a large auditorium than if it is to be platcil

close to the screen?

27. In a stereopticon the illuminated transparent slide is the object.

The image on the screen is focused by moving the lens toward or ham

the slide. If the slide is moved toward the screen, which way must the

lens be moved in order to focus the image?
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28. After focusing the imajje «f the slide on the screen if th. «»nr

30. If the candle were placed where the imajje was (question ^9iwhere should the screen be placed to catch the image'
^

31. In the last question, how large a candle, relatively would makean .mage of the same size as the original candle?

ually 'app^rch^Ur^^
accommodated (i. e.. focused) as an object grad-

trattby alagramr'^'^"'"^
^^""'' ^"' ^^^ '^ '^—^? "'"-

34 What is the shortest distance from the eye an object can beplaced that focuses clearly on the retina of the eye when t'l Tmodating muscles are relaxed?
^ *

'^ ^''''°"'-

J dow?thelV"
^"' "''"^^ "^^"^^ «P^-^ -—.... when you

36. Why does the moon "look bigger" when near the horizon?

«t !r f^yj'^ ^,
«t"^«^"t *hen sketching sometimes hold his pencilat ms length to take the measure of an object that he wishes tf, d'^aw?

ten inches" from 'the!."'rw.'''^-^
" *'" ^"""^ '^^""^'^^ ^» -"''- -boutten mches from the eye? Why is it not brought nearer?

an Llt'^oTa flower"
' ''""''' "'"'^"^'^^ '^"'^ '" '"^'^'"^ ^^ ^•'^ P-ts of

•H). How does a telescope make distant objects look l,iKgc.r>
4 . What purpose does the eye piece of a telescope serve?

nl ue""„f
™«''^P'^t" sometimes examine the image on the ground glass

i tthl^ T^ ^^ •"'""' "^ ^ magnifying glass. When so usc-d.Wd„c. the magnifier compare with the eye pic. c of the telescope?
43. Where must a person stand with reference to a narrow verticalmirror m orr" r to see his own image?

vertical

44. Where must a person stand with reference to a narrow vertical

11' ifr
^" ^•''''"'' '^^ "''"''' ^""^ y""-- ••^^K*^ appear?

46. When you see your reflection in a po<.l of water is it upside down?

vouilf /• """T
''^'''"^ ^ '^^^'^ ^^''^ >•«" ««^ two images ofyourself, one fainter than the other. Why?

shorL^-***
'f^''""?\t° y^"*- "^vn height, what is the length of theshortest mirror in which you can see your entire figure?

49. Why does transparent, colorless glass or ice become whito =,n^opaque when it is broken into tiny bits?
^"**

m

«

T
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50. Why are shiny gilt wall papers pt^orly adapted to the purposes

of decorating a room?

51. Why are wall paints with soft tones and no gloss or rough gray

plaster better for the walls of school rooms than smooth white plaster (ir

"glossy" paints?

52. If one can read comfortably at a distance of 2 feet from a candle,

how many times as intense must the light be if he can read with cqu.il

comfort 6 feet from it?

53. A standard candle and a lamp, give e(|ual illuminations to a screen

that is one foot from the candle and 6 feet from the lamp. What is the

candle-power of the lamp?

54. A I'' candle-power incandescent lamp takes 55 watts. A 40

candle-power tantalum lamp on the same circuit consumes 40 watts.

What is the relative efficiency of the two lamps?

55. An ordinary arc lamp requires a current of 10 amperes at a P. D.

of 50 volts, i...J its candle power is about 50. How does its efficiency

compare with that of the incandescent lamp (problem 54) ?

56. The carbons of a "flaming arc" lamp have cores made of maj;-

nesia, lime and.siiira. These lamps retiuire about .3 watts per candle

power. How much more efficient are they than the ordinary arc lamp?

57. Which gives the brighter light for reading, an ordinary arc lamp

(problem 55) at a distance of 10 feet from the book, or five candles at

a distance of 1 foot?

58. A lantern slide 3 inches square is projected on a screen so as to

make a picture 12 feet square. How much more intense is the light ut

the slide than at the screen?

59. Have you ever examined a moving picture machine? J* so, tell

how It works.



CHAPTER XIV

COLOR

268. Matching Colors. Women know well that it is not
safe to match colors of dress goods and trimmings by gas
light if they want to have them match by daylight. A
ribbon that looks red by gas light may be of a purple tint
in daylight. Ghost stories pre sometimes told around a "spirit
lamp" made by burning in a saucer alcohol in which common
table salt has been dissolved. The faces of the company look
ghastly in this light, because no red is reflected from them.
A piece of red paper when seen in this light looks to be either
orange or black.

Those who have worked in a photographic dark room
know that the white plates appear red in the ruby light there.
The light from those long^ greenish tubes—the Cooper-
Hewitt mercury lamps—now so much used in government
offices, makes men look ghastly, and changes the color of
postage stamps so that one not accustomed to it would
hardly recognize even the familiar red 2-cent stamp. The
apparent color of an object depends both on the nature of the
object and on the kind of light in which it is observed.

269. The Rainbow. From time immemorial the rainbow
has held the admiration of all men. Men have long known
that the rainbow could be seen only when the sun shone on a
mist or a shower of rain; but it was not until 1675, when
Sir Isaac Newton explained it, that even scientists learned
how the rainbow is formed.
A small model of the rainbow can be produced by sending

a broad beam of sunlight, or a beam from a lantern, into a
spherical flask F full of water, as shown in Fig. 153. The

'MfS-'
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flask represents a rain.

drop. The sunlij^ht

passes through the

hole O in a white

screen, enters the

flask, is reflected at

its rear surface, aiui,

comes back again to

the screen, where it

forms a ring of colors

VR.
The rainbow in

the sky is formed by a similar action of a multitude of

raindrops, each of which is in a suitable position for sending
a single color to the observer's eye.

270. The Spectrum. In 1675, Newton showed how to

produce a band of colors similar to those of the rainbow but
very much more brilliant. He admitted a beam of sunlight
through a small hole H (Fig. 154) in a shutter of a darkened

Pic. 153 Each Drop Pobms a Cikclb of Colors

Fig 154 Newton's Spectrum Experiment

room. The beam then passed through a glass prism P, to a

white screen W. The light is not only bent from its straight

path, but is also spread out into a band RV of various cohirs

from red to violet. The names usually given to these colors

are as follows: Violet, indigo, blue, green, yellow, orange, red.

The initial letters of these names spell "vibgyor"—a combi-
nation of letters which looks like a word though it means
nothing, but which may help the student to remember the
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colors. A band of colors formed in this way is called a
slH-ctrum.

Newton found also that when a second prism, similar to
the first, is introduced behind the first and in a reversed
position, as shown
in Fig. 155, the

variously colored

ix'ams that come
from the firstprism

art'lx-nt back again

into a single white
bfam. This beam
makes a white spot

on the screen in-

stead of a colored ^^°' **^ white light is a mixture of Uoajs or tub
, ,

Rainbow Colors
band.

Since these experiments show that all the colois of the
rainbow may be obtained from white light, and that these
colors may be put together again so as to make white light,
Newton concluded that

White light is a mixture of lights of all the rainbow colors.

271. Colors of Transparer* >-'?'es. Selective Absorp.
tion. When a piece of blue gh ed anywhere between
the source H of white light ar. t. een W (Fig. 154), the
resulting spectrum consists of \ .nd blue, with some'yel-
low and green. If a red glass, such as photographers use for
their ruby light, is substituted for the blue, the spectrum is
rediKxd to a band of red. If the red and blue glasses are
overlapped, so that the white light must pass through one
after the other, the spectrum disappears from the screen
None of the colored light of which the white light is composed
passes through both red and blue glasses. The red glass
absorbs the green, blue, and violet from the white light; and
the blue glass absorbs the red, orange, and yellow; i. e.,'each
of the two glasses absorbs those colors which the other trans-
mits.
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The colors shown when light is transmitted by such thiiiijs

as the stained glass in church windows, precious .stoiits,

colored inks, bluing, and many chemical solutions, are due
to the fact that these things contain substances called dyes

or pigments, which absorb some of the colors from the white
light. The different colors of different dyes and pigmi nts

are due to the fact that each pigment absorbs onl>- certain

particular colors from the white light, and sends to the e\e
only those colors which it does not absorb; so the process is

called selective absorption.

It is interesting to note that the colors do not belong to

the colored objects, but to the colored lights of which white
light is composed. When pigments absorb all the different

colors from the white light, we call them black.

272. Colors of Opaque Objects. When white light passes
through red ink in a bottle, the dye in the ink absorbs
from the white light all the colors except the red (Art. 271);
so the light that has passed through it looks red. A spot

made by red ink on white paper appears r^d. The light

that falls on the paper penetrates through the layer of ink

and is reflected from the paper beneath; but only the red

light comes back. The spot appears red because the dye in

the ink has absorbed the lights of other colors from the white
light and allows only the red light to reach the eye.

Opaque paints, such as are used for painting houses, and
opaque objects generally, appear colored for the same rcas<:»n.

A paint or dye contains a pigment that absorbs some of the

colors and reflects others. A white body reflects all of the colors

and absorbs none; a black body absorbs them all, and so reflects

none.

273. Colored Objects in Colored Light. If a group of

brightly colored objects like ribbons or flowers be illuminated

with a beam of white light, and if a piece of ruby glass be

then introduced in the path of the beam before it reaches the

objects, a great change in their colors results. Red objects
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rcmam red. yellow objects become ora.ige. green an.l blue
objects become purple or black. Changing the red glass for
a blue or a green one produces other changes in the colors
observed.

The way in which the color of an object changes as the
color of the hght in which it is seen changes, may I tudld
best With the help of the spectrum (Art 270). If we hold a
red object like a piece of red ribbon, or a strip of red paper, in
the red hght of the spectrum, it appears bright red. just as it
d.x.s m wh.te hght. In the yellow light it appears a very
dark yellow; m the green light it is still darkcr_a greenish
black; and m the blue and violet it is as black as soot. The
pigment m the red ribbon or paper is capable of strongly
nllectmg only red light; it absorbs light of all other colors.
Similarly a violet colored object, when placed in the violet
hght appears as it does in white light, but it grows darker
as the hght m which it is seen approaches the red region of
the spctrum; and in the red it looks perfectly black. It
absorbs all tho colors except blue and violet. Hence blue
and violet are the only ones it reflects.
We can now understand why people appear ghastly when

seen m the light of the alcohol flame colored with salt. If we
look at such a fl.me through a prism, we see nothing but
yeuow. The flam, radiates only yellow light. The blood
and the red pigment of the skin reflect red light Vut if no red
light shines on our faces, none can be refler 1 by them
So in the yellow light of the salt flame, the red color is missing
from faces ordinarily ruddy. If the mercury light is examined
with a prism, it is found to radiate only yellow, green, and
violet. Since it radiates no red light, objects ' which seem
red m white hght look black when observed in the mercury

j ! .

fW

274. Color Mixtures. Primary Hues. In Art. 271 ye
earned that the blue light transmitted by a piece of blue glass

IS not a simple color consisting of blue only. The spectrum
of this blue hght shows that it is really a mixture of blue.

m^^
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green, and yellow. On the other hand the lijjht from the silt

fl.inic was found to Ik; a simple yellow (Art. 273).

Fic. ISfl Tub Si-ectri'm Cou.ii:: are Nearly Purb

II a small strip of looking glass M (Fig. 156) be placed in

the path of the colored light from the prism P, one of the

colors may be reflected to the screen 5. When this rellecttd

beam of colored light MR, is sent through a second prism

it is bent from its path, and made somewhat wider, but no

other colors appear. In other words.

The spectrum colors are pure colors.

For this reason we can study the effects of mixing pure

colors by reflecting difTerent portions of a spectrum to the

same spot. If two colors are to be mixed in this way, we

place two strips of looking glass in the path of the colored

light, one to reflect each of the color* to be mixed, and turn

these mirrors until they reflect their respective beams to the

same spot on a white screen. When we want to mix thrc

colors we use three mirrors instead of two.

When orange-red, yellowish-green, an ' violet-bluo are

thus mixed, the spot on the screen where these three colors

overlap appears white; just as it does when all the f^-
"

-irs of the

spectrum are brought together by means of a second prism

(Art. 270). The three spectrum colors—red, green, and Molet

—are called primary hues; because, when mixed in the right

proportions, they form white.

276. The Color Top. One of the standi -d toys in o\w
toy store is the color top. It consists of a wooden or metal
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top r (Fig. 157). accompanied by a sit of colored paper disks
each having a hole in the center n„.| a sht from the hole to the
nm. Two or more of these disks may be interkxrked. as

Fio. 157 TiiK Top Mixes tub
COLOUliD LluHU

Kl(,. ISM HKt> AND Greem
Makk Vellow

indicated in Fig. 158, and placed on the top so as to expose
sectors of various sizes and colors. When the top - spun
rapidly, the colors of these sectors are blended in the eye of
the observer.

The red, gre«n, and blue disks, when combined so as to
expose stxtc-. of about equal size, appear gray when the top
IS spinning in a strong light. Gray is a dull white i e a
white of low intensity. These colors do not give pure whi'te
because the colors of the disks are produced by pigments'
and such colors are not perfectly pure (Art. 271).

'

276. Color Photographs. Ever since the process
of making black and white pictures by photography was
invented, eflForts have been made to discover a method of
taking pictures that would show objects in their true colors
Alost of the processes of color photography are based on the
Idea that red. green, and blue are the three primary colors
and that therefore the other colors can be produced by suitable
combinations of these three. One method of taking color
photographs is the following:

Three exactly similar transparent "negatives" of the same
scene are taken, one ti.rough red glass, one through green
glass, and the other through blue glass. From each of these
negatives a transparent "positive" is printed. Each of these
positives has the high lights clear and the shadows black.
just like an ordinary, uncolored lantern slide; but the first
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shows only the proper intensities or "values" of red, not

only where the red was pure in the original scene, but also

where it was mixed with other colors; because the red color-

screen, through which the negative was taken, absorbed

from the light sent out by the scene all the colors except

the red. In like manner the second positive shows

only the proper values of green, and the third only the prop-

er values of blue. When the first (red) positive picture

is placed behind a piece of red glass or other red color-screen

in a projecting lantern, and thrown on the screen, we see

a red picture in which all the red portions of the original

scene are properly reproduced, but which contains none

of the other two primary colors, and none of the mixed

colors. If we project the second (green) positive through a

green color-screen with another lantern, it will show only the

green portions of the original scene. Likewise the third (blue)

picture, projected by a third lantern with a blue color-screen,

will show only the blue portions of the scene. Finally, if we

adj. t the three lanterns so as to place the three pictures

accurately one upon another, the original picture appears

in its natural colors on the screen.

Since the method with three photographs and three lan-

terns is expensive and troublesome, several methods have

been devised for reproducing color pictures with one

exposure on a single plate. To do this the picture is taken,

and also shown when completed, through a single color-screen,

so made that the three primary colors are uniformly distrib-

uted all over it in very small strips or patches. Each part

of the picture behinda red strip or patch shows red, each portion

that is behind a green strip or patch shows green; and each

portion that is behind a blue strip or patch shows blue.

Such a picture, when magnified, shows that it is made up

of narrow strips or small patches of red, green, and blue.

When unmagnified, however, the colored patches are so

small and so near together that they cannot be distinguished

separately, but are blended in the eye.

One of the most successful methods of making the color



COLOR 285

spots as small as possible, is that used in the Lumiere plates
In these, the color-screen is made up of transparent starch
grains, colored red, green, and blue. Equal amounts of grains
of the three colors are thoroughly mixed and sifted over the
glass plate, then pressed out flat, and fixed to the plate by a
suitable transparent adhesive. This color-screen is then
covered with the sensitive film, which is so made that it is
equally sensitive to all three primary colors. When the
picture is taken on this plate, the glass side is turned toward
the object so the picture is taken by light which has passed
through the glass and the color-screen. The process of
developing the picture is such that the exposed plate comes
out not a negative but a positive. This colored positive
when viewed in white light by transmission, is so nearly per-
fect that only a skilled artist could detect the errors in it.

277. Three-color Printing Process. Colored souvenir
calendars and coloud pictures in the magazines are now socommon that we have ceased to wonder at them When
examined through a microscope such a print is seen to be
made up of fine lines and dots of the three pigments red.
yellow, and blue, with the addition in some cases of black
Ihe various colors in the picture are produced by the mix-
tures of these three colors and the white of the paper The
greens result mainly from the overlapping and mixing of the
blue and yellow pigments, while the purples result from red
and blue spots or lines that are close together but do not
overlap. The process by which these colored pictures are
made is as follows:

Three negatives are taken of the original scene or picture
hat IS to be reproduced. Each negative is taken through a
ransparent color screen of one of the three primary cdors.

red, „reen, and blue. Each of these color screens is crossed by
fine opaque lines or rows of dots. From each of these nega-Ws there is made-by photographic processes and etching
)v.th acid-a zmc or copper plate; and each of these plates is
'nked fur pnnting with an ink of such color that, when mixed

SJ
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with the color of the screen through which the negative was

taken, the resulting color is white. The plate made from the

negative that was taken through the red screen has to be

printed with greenish-blue ink. The plates made from the

negatives that were taken through the green and the violet

screens are printed with crimson red and with yellow inks

respectively; for the green and crimson red give white, as do

the violet and yellow. The impression taken through the

violet screen is shown printed in yellow at A (Plate III).

At B the plates taken through the green and violet screens,

but printed in yellow and red, are superposed. At C all

three color plates are superposed, reproducing the original

picture with a very fair degree of faithfulness.

278. Theory of Color Vision. The fact that it has

been found possible to reproduce color pictures with the

use of only the three primary colors, leads us to think that the

tiny nerve ends or "cones," which are distributed all over the

retina of the eye, are of three sorts or sets. When the nerves

of one set are" stimulated, they give the sensation of red.

Likewise the other two sets give the sensations of green and

blue respectively. Each of the sets of nerves is stimulated

to a greater or less extent by lights of all colors; but each is

stimulated most strongly by light of that primary color

which corresponds to it. The red sensitive cones give a very

faint sensation of red when stimulated by blue light, a

stronger sensation of red when stimulated by green light, and

the strongest sensation of red when stimulated by red light.

When all three sets of nerves are stimulated equally, the

resulting sensation is interpreted as white. This occurs

when lights of all the colors enter the eye in the propor-

tions found in the spectrum of sunlight. It also occurs

when red, green, and blue lights of approximately cciual

intensities enter at the same time. By varying the intensities

of these three cjlors in a picture, the three sets of color

nerves are stimulated with various intensities; and we
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interpret the sensations to mean the various hues, tints, and
shades seen in the picture.

279. After-images. If you place a disk of red paper on
a black surface and look steadily at it for about 30 seconds
then suddenly shp a white paper over the red disk, you seem to
see on the white paper a bluish-green disk of the same size
as the red one. If you immediately look at a white wall youseem to see the bluish-green disk there also. This image of
the same form as the colored object looked at. but of different
CO or. IS called an after-image. If a bright picture containing
colors IS looked at intently in the same manner, and the
gaze IS then directed to a white surface, an after-image of the
picture a,>pears; but each color in the after-image differs from
the corresponding color in the picture.
When we gaze steadily for some time at an object of given

color, the eye nerves that are most sensitive to that colorbecome fatigued, so when the eye turns to a white wall
the.e nerves fai to respond fully to the light of that particular
color in the white light. But the other colors in the white
light stimulate the other two sets of nerves, because they have
not been fatigued. Therefore, the resulting sensation is that
of a color different from the one looked at. Tlie color of the
object looked at first and the color seen later on the white
wall are called complementary colors, because either one is

rem'oV H f °^-"''l'
''^'^ "'^^" ^^^ ^^^er is absorbed' orremoved from it. Two colors are complementary if they pro-duce white when they are mixed.

DEFINITIONS AND PRINCIPLES
1. White light is a mixture of lights of all colors.
2. Every dye or pigment absorbs certain of the colored

lights from white light (selective absorption)
3. The colors of objects are due to selective absorption.
4. Ihe three primary hues are red, green, and blue.
^. bpectrum colors are pure colors.

whit^''^
^''^"'"^ °^ ^^"^ complementary colors produces
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QUESTIONS AND PROBLEMS

1. Why should colors that are to be worn in ar
lected by tha same kind of light?

2. What did Newton's spectrum experiments pro

3. How does a white flower look when viewed tl

Through red glass? Through blue glass and red glasi

4. Why does a red ribbon appear black when seen

red when seen by red light?

5. Why does purple velvet appear black in the 1

alcohol flame?

6. A white rose seen through a red glass, looks (

that is "naturally" red. Give the reasons for the redn

7. Why is a yellow light "trying" to the complexior

8. Why is a yellow gas flame less trying to the comi
if it is surrounded by a globe of red glass?

9. A narrow strip of purple velvet when illumir

and looked at through a prism looks red on one side and
What does this show about purple light?

10. What is the result of mixing on a screen equj

green, and violet-blue lights? What are these hues .a

11. Blue paint whei: examined with a prism is foui

and green. Likewise yellow paint is found to contain

Can you explain why a mixture of equal parts of blue

appears neither blue nor yellow, but green?

12. A mbcture of green and red lights gives the se

Can you suggest why a mixture of blue and yellow ligh

tioii of white?

13. How are photographs in natural colors made?

14. With a magnifying glass examine a c ilendar

vertizing card made by the three color printing proct

following colors formed:—red, orange, yellow, green, b!

15. Describe the after images of a red circle, a bli

triangle, a purple square, a yellow star,

16. If you can get purple by mixing red and blue li|

not get purple by mixing red and blue paints?
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in the light from a salted

i blue lights, why can you

RADIATION

T* . T^?'2 ^^^^ °°"'*' ^^°°*- '^'^^^^ «f "« ^vho can
sc^. find It d.tficult to realize how unfortunate those are
^vho cannot see. If w- could not see, we would not only be
unable to go about easily, but reading would be impossible
beautiful scenery would fail to impress us. and the sun, moon'
and stars would be utterly unknown. Light and the power of
vision are among the most precious of Nature's gifts to man

In Art. 149 it was shown that the ultimate source of
heat IS the sun A similar search for the ultimate source of
light leads to the conclusion that it, too, is derived directly or
indirectly from the sun. Since there are some 93,000 000
miles of space between us and the sun. it would be fatal tohave the base of supplies so far away, if we had to rely on
railroads to do the carrying. Fortunately, this is not neces-
sary because the solar energy is delivered to us daily by amuch more efficient and rapid

-^ J- «

system of transportation. Let
us inquire into this system
and its operation.

281. Amount of Energy
a-om the Sun. The amount
of energy received per minute
from the sun on each square
centimeter of the earth's sur-
face has been measured in the
following way: Sunlight is

allowed to fall perpendicularly ^

on one end of a metal can C (Fig. 159). containing a known
quantity or water and a thermometer. The surface B on

^""ivn X"" ^"^'^
^'JF"'^^ AbsorbedAND Measured in Heat Units
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which the sunlight falls is coated with soot, because the black

soot absorbs all the light that falls on it (Art. 271). Since

all the energy of the sunshine that falls on the soot is ab-

sorbed and converted into heat and since this heat is con-

ducted into the water, the energy received on the sooty siir-

face may be measured in heat units by the product of the

weight of the w atcr and its rise in temperature. The num-

ber of heat units received on the whole surface divided hy

the area gives the number of heat units per unit of surface;

and this number divided by the time during which the sun-

shine was received gives the number of heat units received

on a unit of surface each minute.

Aftei making due allowance for the disturbances produced

by the atmosphere, it is found that each square centimeter

perpendicular to the sunlight receives energy at the rate of

2.84 gram-calories per minute. From this the rate at which

energy is being received by the earth has been calculated.

The result shows that the earth receives from the sun, energy

at the rate of about 342 million million horsepower. This

would be about 230,000 horsepower for each inhabitant of

the earth. Imagine what it would cost to feed so many
horses! Yet the earth receives only one two thousand

million millionth part of the energy radiated by the sun.

282. Speed of Light. Not only docs this rapid-transit

system handle such an enormous amount of power, but it al.-o

operates with great dispatch. Light travels so fast that for

many centuries it was supposed to take no time in transit.

For two points within sight of each other on the earth's sur-

face, this is very nearly true.

Nevertheless it is possible, by most refined and delicate

measurements, to eaten the light in transit and find out how

fast it really goes. Many measurements of the speed of light

have been made, among the best of which are those madi- by

the American physicist Michelson, and the results tell us

that lijht travels at the rate of 186,000 miles a second. If

a railw; y train could travel at this rate, it could run com-
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pletcy around the earth about 7^ times in one second.We thmk the Twentieth Century Limited travels rapidlv
when It goes from New York to ChicaRo in 18 hours; !,ut liKht
can cover that distance in one two-hundredth of a second

VVhile the speed of light seems tremendous when com-
pared with speeds with which we are fa.niliar. wc must
remember that it has enormous distances to traverse It
takes light about 8 minutes to come from the sun to us The
nearest of the fixed stars is so far away that light rec,uires three
and a half years to travel from it to the earth. If this star
should explode now, we should not see the explosion for thn-e
and a half years. The most distant stars that we can see are so
far away that it takes light some 5000 years to traverse the
distance between us and them. If there were people near
those stars, and if they could see what was happening on the
earth, they would now see what took place here 5000 years ago.

283. How Energy Travels from Sun to Earth. We have
seen how energy may be transported from one place to
another by waves (Art. 222). We find that enormous
amounts of energy are constantly being received by the
earth from the sun (Art. 281). Let us therefore make the
hypothesis that the transfer of energy from the sun to us is
accomplished by waves of some sort, and then see if other
tacts support or disprove this hypothesis.

In Art. 217 we found that sound waves would not travel
across a space from which the air had been pumped. In
her words, a suitable medium is necessary for the existence

of waves. So if this solar energy is carried by waves thewaves must have a medium in which to travel.
The common incandescent electric lamp consists of a car-bon filament contained in a glass bulb from which the air hasbeen pumped. Yet when the filament is sufficiently heated

in^t'h .r^Tu'"';''^'''
"^'""^ '° "^ ^^'•^"^h the vacuum

in the bulb. Although we are sure that the earth's atmos-
Phcre does not extend to the sun, yet light from the suaand stars reaches us. So air is not the medium through

h- t



292 PHYSICS

Mi

!
•

which light travels. But since a medium is necessary for

the transmission of waves, the hypothesis that light is a

wave motion carries with it the further hypothesis tint

space is filled with a medium through which light (.in

travel. This hypothetical medium is called the ether. Tli<j

hypothesis concerning the transmission of light is therefore'

stated in the form:

Light is transmitted by w( es in the dher.

284. Bending of a Beam of Light. Although lii^ht

usually travels in straight lines (Art. 244), a glass priMu

bends it from its straight path (Art. 270). A straight stick

appears bent when part of it is dipped into a pool of water.

A straight straw in a glass of lemonade seems to be bent at

the surface of the liquid. Light travels in straight lines only

so long as the substance through which it is passing remains

the same. When a beam of light which is traveling through

air falls obliquely on a surface of water, the beam is

bent downward (Fig.

160). This bending

of the light at the sur-

face where two dif-

crent substances meet

is called refraction.

In order to see how

refraction may be des-

cribed on the theory

that light is trans-

mitted by waves, let us

imagine that we have

a beam of light of

width ab (Fi^. 161), traveling in air, -^^d approaching a sur-

face of water ac. Let the directio which the light is

traveling be represented by be. The fronts of the advanc-

ing waves are represented by the lines parallel to ab, which

is perpendicular to be. When the light has entered the

water, we find that it is traveling in the direction ce; so

Fig. 160 Light is P
Onb Med

cTBD IN Passing From
.N'TO Anotukr
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that the wave fronts, which in the water are perpendicular
to ce, the new direction of travel, have been turned from
the direction ab to that of cd. This result would be accom-
plished if that portion of

the wave near b traveled

the distance be through air

in the same time that was
taken by the portion of the

wave near a to travel the

distance ad through water.

But ad is less than be—
i. e., light-waves travel more
slowly through water than

through air.

The speed with which
light travels through water has been directly measured, and
it is found to be less than its speed through air in the
same proportion as the distance ad is less than be. This
fact strengthens our belief that the wave theory of light
is correct.

F«o. 161 Rkpraction

286. Refraction by Lenses. If the surface oc (Fig. 161),
is the dividing surface between air and a j late of glass, the
beam be is found to be bent in the glass in the same manner

as in the water.
Therefore, light travels

more slowly through

glass than through air.

If the lines parallel

to AB (Fig. 162) rep-

resent a series of
parallel wave fronts

approaching the con-
verging lens L, then since the lens is thicker in the middle
than It is at the rim, that portion of each wave which
pa-ssLb th. ugh the middle of the lens has to travel through
more glass than the portions of the wave near the rim do.

-> -^ -^

B

Fig. 162 The Straight Waves arb Cusved
BY THE Lens

!l
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Dut since li^ht travels more slowly in glass than in air, the
center of the wave will l>e retarded more than the edj^j s;

so that the wave fronts will be l)cnt into concave curves
parallel to CD when they come out of the lens. Such curv( I

waves come to a focus at F, just as we know lijjht decs
(Art. 249). Thus the action of lenses helps confirm tlu-

belief that light is propagated by wave motion.

286. Colors of Soap Bubbl^:. Every one has notaid
the beautiful colors on the sur-

face of large soap bubbles. ( )»

the bubbles themselves, it is

difficult to study these colors.

But if the top of an ordinary
round tumbler (Fig. 163) is

dipped in the soapsuds ustd

for blowing bubbles, and then

placed horizontally on the table,

as shown in the figure, th(!

film of soapy water over its open end will soon become covered
with bands of colors.

If this soap film is obser\'ed in the light from burning
alcohol in which salt has been dissolved
(Art. 273), it will appear to be crossed by
a series of bright yellow bands separated
by dark bands. If observed in light trans-
mitted by a red glass, a series of wider red and
biack bands appears.

The theory that light is a wave motion
enables us to see how these black L. nds are
produced. The soap film is really a very thin
wedge of soapy water RPO (Fig. 164). When
light falls on it in the direction ab, some of the
light is reflected at a in the direction ad, and
some more of it penetrates the film and is re-

flected at the second surface at b in the direction ce.

Flu. 163 CoLOEEO Bands on a
Soap Film

'O
Fig. 164 Shap
Film Diackam

The
vibratory disturbance produced at a by the incident light
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thus sends one train of waves to the eye along the path
ad, and another ah)nt; the path abce. But bet ause the train
of waves that comes .o the eye along the path cc has had to
travel the distance abc more than the waves that come along
the path ad, and since they started together at a, the waves
that come along ce will be a number of waves behind the
waves along ad. If the distance abc is such that the forr er
is half a wave behind the latter, the crest of each wave along
ad will fall in the trough of a wave along ce. Then the two
waves will neutralize each other, and the sirip ac on the film
will appear dark.

Since the thickness of the film gradually increases from
top to bottom, the length of the extra path abc of the light
reflected from the rear surface graduall>' increases. When the
thickness is such that this extra path amounts to a whole
wave, the w.-^cs in the two rellected trains come from the
film crest on crest and trough on trough. These waves re-

onforce each other, and the film appears bright. When the
extra path of the second train of waves amounts to IK
waves, a dark band appears; and so on.

The fact that t-uo beams of li^ht may be so united as to destroy
each other's effects is further evidence that light is a wave motion.

287. Color and Wave Length. The dark and bright
bands in the soap film furnish a means of measuring the length
of the light-waves. If we can measure the thickness of the
film at a place where a dark band occurs, and find out how
many light-waves one train of waves is behind the other, Wv.

have the data for calculating the length of a light-wave.
It is difficult to do this with a soap film ; but the same phenom-
cna may be obtained in other ways, in which the measure-
ments may be made without serious difficulty.

As a result of such measurements it is found that the waves

of red light are about
jqqqq

inch long. The waves of blue

1

m-

light are only
50.000

inch long. The other colors have waves
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between these limits, the wave lengths of the colors becoming
shorter as we go along the spectrum from red to bl-je

Ltghts of different colors are due to waves of different lengths
When we consider how fast light travels, the shortness „i

the waves is very astonishing. In Art. 225 it was pn.ved thai
the speed with which a wave travels is equal to the product
of the frequency and the wave length. Hence the frequcn. x

?L*nnn
^^/^''^'"'^y ^^ ^^""^ ^^ ^^^'^'"8 ^he speed (i.e..

186,000 miles per second, reduced to inches) by the wave

length (i.e.,- inch). The result for the blue waves is50,000

600,000,000,000,000 vibrations per second. The vibratin,
particles that start these waves must be extremely minute
to be able to vibrate as fast as this.

288. Invisible Radiations. Heat Waves. The visible
spectrum extends only from red to violet (Art. 270). But if

a sensitive thermometer, with its bulb blackened to make it

absorb better, be held just beyond the red end of the solar
spectrum, the temperature indicated by the thermometer will
rise, although no light is visible there. With sensitive instru-
ments for detecting heat, a heat effect can be traced far .nit
from the red end of the visible spectrum. Because this ultra-
red spectrum can.^ot be seen, and can be detected only l,y
instruments that are sensitive to heat, it is called the heat
spectrum.

Whenever you stand near an open fire you feci the warmth
from the fire, just as you feel the warmth from the sun wlu ii

you stand in the sunshine. Under these circumstances I lie

heat is not carried by conduction (Art. 107) or convection
(Art. 106). It is transmitted by radiation, just as li-lu
IS. Heat transmitted by radiation is called radiant heat.

Since red light consists of longer waves than blue liKht,
and since the heat spectrum always accompanies the visil)lc

spectrum but lies beyond its red end. we conclude that
Radiant heat is transmitted by waves just as light is.
Heat waves are longer than light waves.
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289. The Complete Spectrum. Photographs of the spec-
trum have been taken, and these show that it extends far
beyond the violet end of the visible sprctrum. AlthoiiKda
invisible to the e>e, these ultra-violet radiations act even morc
strongly than visible light on photographic plates. With
their aid we can photograph things that we cannot sec.
Besides affecting photographic plates, the ultra-violet beams
cause other chemical changes. They fade artificial coloring
matters, cause tan and sunburn, assist in the growth of
plants, and kill many kinds of deadly disease germs. Since
the uli ra-violet, as its name implies, lies beyond the blue
of the visible spectrum, this ultra-violet radiation is of the
same nature as light, but its wave lengths are shorter.

The complete spectrum is thus very much longer than the
visible spectrum. If is made up of three parts; namely, the
ultra-red or heat spectrum, the visible spectrum, and the ultra-
violet spectrum.

I
!;

f'fl
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290. Eye Power. Although the amount of energy
carried each day from the sun to the earth by the ether waves
is tremendous (Art. 28'), yet the eye which receives the light
is an organ of extraordinary sensitiveness. When the e>'e is
placed at a distance of 3 feet from a candle, the light seems
bright. Yet under these conditions the light energy received
each second by the eye is equivalent to onlv

i o'oo of a gram-
centimeter. At this rate it would take the light over a year
to heat one gram of water 1° C.

With the naked eye we can see faint stars by light that is so
feel)Ic that its energy is too small to be measured exactly
l)y any method >et known. The rate at which the eye
receives energy from such stars has been carefully estimated,
and it is found that it would take the light energv rec-ived at
that rate about lOO.OOO.OOO yc-ars to heat 1 gram of water
r C. Vet the eye perceives it without elTort.

The greater part of the energy in sunlight is carried by
heat waves, only about 3' I of it being in the form of light.
Ihus heat and light travel together from the sun to warm and

!*
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illuminate the earth; but though radiant heat and light ar

of the same nature, the energy they carry is so distribute(

between them that each is fully adapted to accomplish it

own special mission, either here on our earth, or million

upon millions of miles away among the suns and stars o

other parts of the universe.

DEFINITIONS AND PRINCIPLES

1. The sun is our ultimate source of light and heat.

2. Light travels at the rate of 186,000 miles per sttond

3. Light travels more slowly in water or in glass than ii

does in a vacuum or in air.

4. Refraction is caused by the change in Pjioed, when

light passes obliquely from one medium into another.

5. Lenses bring the light to a focus by causing the wave

fronts to become curved.

6. Two beams of light from the same source may be

made to meet so as to destroy each other's effects and pro-

duce dark bands called "interference fringes."

7. The refraction of light and the "interference experi-

ments" lead to the supposition that light is a wave motion in

the ether. All other light phenomena are satisfactorily ex-

plained by this supposition. It is therefore accepted as an

established theory.

8. By means of interference experiments light waves

have been measured; and their lengths are found to vary

^^°^
30 000 ^"^^ ^^^^^ *°~50 000

^"^^ (blue).

9. The ultra-red invisible heat spectrum is caused by

ether waves that are much longer than the red waves.

10. The ultra-violet invisible spectrum is caused by

chemically active ether waves that are shorter than the

violet waves.

QUESTIONS AND PROBLEMS

1. How long does it take light to travel across the earth's iirl)it, if

the diameter is 186,000,000 miles?
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2. One of the planet Jupiter's moons is "eclipsed" by passing behind
.t every XU days. Does the answer to the preceding question explainwhy the echpse .s seen "behind time" instead of "on time" when the
earth is on the opposite of the sun from Jui)iter?

3. The Danish astronomer Romer found that the eclipse of Jupiter'smoons were seen 16 3 minutes later when the earth was at the oppositepom from Jupiter m us orbit than when it was at the p..i„t nearest toupuer Romer was the first to attribute the delay in seeing the eclipse
o the time required by the light to travel across the earth's orb a

TvX^ V^^l r" "'Jf,"
^'"""^ '"""^ ^^^^ '^^ -•'^"l-ted the sied

of hght. What is the speed?
*^

4. Show by a diagram how refraction makes a cent in the bottom of
a pan of water appear higher up than it renlly is.

5. If an Imlian shoots an arrow at a fish down in the water must
he aim at the fish or above or below it? Sh .w by a diagram?

6. With a simple diagram explain ho-., refraction takes place
7. Show by diagram how a lens focuses a beam of light that hasplane wave fronts.

offlenf
^^^'* "" ''"''''^ '"^"''^ °^ measuring the principal focal length

9. What relations must exist between two trains of waves from thesame source ,f they are to destroy each other's effects? If they are tointensify each other's effects?
^

10 Give a simple explanation of the interference fringes (i. e.. thebright yellow and black bands) seen in a soap film by yellow light
11. How long are the waves that cause our c.jlor sensations?
12. What proof does an ordinary elect... glow lamp furnish that

light waves are not air waves.
h iu.u.bn mat

13 No one has ever seen or weighed ether, why do we believe thatthere is such a medium?
oeiieve tnat

It «r^' -^ ^^^ difference between light and "radiant heat?"

A ivk' I'
^^^ difference between visible light and ultra-violet light?

itwithaln^s? '
'''^"' ^"" "^" '" ^""^-^ "^ ^'^^ ^"" '^ ^™d on

17. Can you account for the twilight after sunset by the refractivepower of the atmosphere? Hon?
reiractne

^
JS.

Can ^ou account for red sunsets by refraction of the atmosphere?

15. Thin moke and other fine particles floating in the air reflect

1 th'T °- S''
""" *'^^" ^'^'-' '""^^ --• 1^- 'his help Te i n*hy the sky ,s blue, and why the sun looks red after forest fires^

them fr 7u^y°l^"'"
°''' '""'' ^'"'^'^ ereen when the light falls on

i"e eye and the sun. Explain.

Vi

-(' M
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CHAPTER XVI

COMPOSITE MACHINES

291 Mechanical Advantage. In Art. 18. it was found
hat when a heavy body is raised through a vertical height
by pushing ,t upward along an inclined plane of a certain
length,

Resistance X Height = Effort X Length
If u-e divide both members of this equation by the height
of the plane, the result is

Resistance = Effort X ^^.
c .... Height
Supposing the length of the plane to be 12 feet and the height

3 feet, the quantity, ^^ = V » 4. For this particular

plane, then. Resistance = Effort X 4; or the greatest resis-
tance that can be overcome with this plane is equal to
4 times the effort applied. If then we wish to know the re-

effort of 100 pounds is applied, we have only to make the
mental calculation. Resistance = 100 X 4 = 400 pounds
Conversely if we are to raise a weight of 600 pounds with
this plane, the effort = H'^ = 150 pounds.

This number, which tells relatively how ^reat a resistance
can be overcome with a machine when a given effort is
applied to it, IS called the mechanical advantage of the machine
he mechantcal advantage of a machine is the number by which

tl^e effort must be multiplied to get the resistance
trom this definition it follows that

Effort X Mechanical Advantage = Resistance.

292. Mechanical Advantage of the Simple Machines.
«y carefully considering the discussions of the simple ma-
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chines in Arts. 18-28 and the work equation (Art. 2

in connection with the discussion of Art. 291, the fullo'

ing statements may he clearly understood.

(a) The mechanical advantage of the inclined i)la:

when the effort acts along the plane is equal to -A"^ J
Heiulit

(b) The mechanical advantage of the wheel and a\!r

.^ circuniferer.ee (.f wluel ^ diameter of wlio
equal to — — — , or to

or to

circumference of axle

radius of wheel

diameter of uaIl

radius of axle

(c) For any machine whatever
Resistance _ Displacement of Effort

Efror^~^
Advantage.

Displacement of Resistance
= Meclianic,

"^

293. Compound Lever. Nearly all composite marhiiK

can readily be seen to be made up of parts that act in at

cordance with the principles of the simple machines. Tliii

the compound lever (Fig. 165) illustrates a principle whic

is applied in the hardware merchant's platform scaks. I

^ y. consists of a lever def of the tir-

kind, which turns about a fulcrun

at e, and acts at a on aiioth.

lever abc of the second kind &

as to turn it about the fulcrum (

and make it balance the weij;ht of i(

at b. For the first lever the ciTori

arm cf = 12 inches and the resistance arm de = 2 inches, sn

its mechanical advantage is '2^ = 6, i. e., the force e.xcrtn!

at tt by <^ is 6 times the force F. But for the second kvir

the effort arm ac = 48 inches and the resistance arm he = \

inches, therefore its mechanical advantage is V = 1-

Hence, since the pull by /" at a = F X 6, and since the re

sistance that can be lifted at R by any force at a is 12 tiim;

that force, the resistance R= F X 6 X 12, or/2= FXV..

Jl
Fig. 165 Compound Leve.i



COMPOSITE MACHINES 305

Vhe mechanical advantage of the combination (i. c.— = 72)
is thus found to be the product of the mechanical advantages
of the two simple machines that compose it. Similar reason'-mg with any composite machine will be found to give a simil ,r
result: so we may say that the mechanical advantage of acomponte machine ts the product of the mechanical advantages
of Its component parts.

'"uf^cs

294. Geared Windlass. This combination (Fig. 166)
c..n..sts of a windlass AB and a wheel and an axle CDAB drives ^_-

CD by means j ^1 /j
of teeth or

cogs which fit

smoothly into

the teeth of

C. The resist-

ance iris thus

overcome by
winding the

rope on the

axle D.

Suppose
th*^ circum-

ference of the

circle in which
the crank

Ft'-,. 165 Geared Windlass

andle ^ moves is 36 inches, and that the circumferences
the wheels B and C and of the axle D are 9, 48. and

r-n'r^r '''^r^'^'^y-
^hen for one revolution of thecrank, the displacements of A and B are 36 inches and 9.nches respectively; so the mechanical advantage of AB is

I 4s _ .
"
J;^^

"'^""^'" *^^ mechanical advantage of CD
1^ - 4. Hence the mechanical advantage of the com-

mT r ^ ^ ^ = ^^' ^- ^- - fo'-^^e of 100 pounds at^would balance a pull of 1600 pounds at D.

I i

1m
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Such a machine is often combined with a pulley in the

derrick and in the crane, which are used for hoisting hea\ y

stones and steel girders in the construction of buildings and

bridges.

295. Train of Oog Wheels. Instead of only two rog

wheels we may have several, geared one into another as in

Fig 167. The mechanical advantage for a combination of

any number of wheels is found by the same principle as for

two (Arts. 293 and 294). If a, b, c represent the circumftr-

enccs of the larger wheels, and a', h' , c' those of the corre-

sponding smaller wheels as in the diagram, the mechanical

advantage = -. Since the numbers of teeth in the
J ; - b'xc'

wheels are proportional to their circumferences, we may K t

the letters a', b, b', c represent the

numbers of teeth in the whcds
instead of the numbers of inclus

in their circumferences; and the

calculation for the mechaniral
advantage will give the same result.

It is sometimes more convenient

to count the teeth than to measure

the circumferences. Such tr.iins

of cog wheels are used in tlie

running gears of trolley cars, elevators, and turning-latlics

to increase the speed and reduce the necessary force, or

vice versa.

Gear wheels are also used in clocks. The minute hand

and the hour hand are attached to cog wheels that are so

geared to the driving wheel that the former goes around once

an hour while the latter goes around once in 12 hours, or iV

as fast. The speed of the driving wheel is controlled b\ the

regular swings of the pendulum, which in its turn is kept

going by little pushes communicated to it at each swing by

a toothed wheel that is properly geared to the driving whirl.

The driving wheel is kept going either by a weight (as at

Fig. 167 Train of Cog Wheels



COMPOSITF- MACHINES
307

J^^^^S^O

Fig. 168 Sliding Friction

396. Friction. I„ „ur studi.s „f simple ,„,,chi„es ,.,steam cng,„., and of motors a„,J clynamo,, ,ve found ih'u
« henevcr a machine runs and doc-s work, some of ,1," c„oav.sused m overcoming friction. This energy is convened il,
heat, which is wast«l by being radiated and ^ondTte^':;'
into space. ByfiicUon ^^ gcerally „,ca„ ,„e resh^a^Zmmlte overcome in mn.in^ „„e surface over another!

The shdmglrtclion between rough .«lid surf,ices is causedn. most part by the fact that the minute hills an, vall"^SO to speak, of the two rough ^ '

surfaces fit into each other to i^=5;se?^-^
a greater or less extent (Fig. E^^^^^^
168), so that when one object

iL^'hllu f"^ ''^'"' ^'^^ "^'^'•'' '''''^ '^ ^«"- i" dragginghe h.I s of one up out of the vallevs of the other or elimbreakmg off thehillsof both and smoothing themdow"

297. Rolling Friction. When a wheel rolls ox-r a smoothtrack, as m Hg. 169. its weight and the weight of itXad
not only flatten it a very little,
but also cause it to make a slight
depression in the track. So, as
It rolls along, it is always slightly
flattened, and always forced to
climb up out of the depression.
Although it is not so easy to detect

,vhn.i .

^^^^ depression in the case of a car^^hoeI on a steel track as in the case of a heavily loadedwagon on a soft road, it is there, nevertheless, and g'ves ri

L

to what IS called rolling friction.
^

298. How Friction is Reduced. The various methodsof cducmg friction are very familiar. The runners oTskatesand sleds are faced with hard, smooth steel. Roads ove

Fi(
• 169 Rolling Friction
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which wagons are to be driven are made hard and smooth.

The axles of car wheels and the spindles of lathes revolvf in

bearings provided with "bushings" (i. e., rings) of brass or

babbitt metal, and are lubricated with graphite ot oil. If thu

oil gives out, the result is a "hot box" and the bearings wc.ir

"out of true."

The bearings of lawn mowei^j, sewing machines, bicy-

cles, and automobiles are provided with hard steel balls

which roll around the axle (Fig. 170) as it turns. It is bo-

coming quite common n >wadays to fit the bearings of very

heavy machinery with rollers, which act like the balls in bill

bearings.

Two other well known facts about friction are illustrat( d

by the action of a loaded sled. We find that the force

necessary to get the sled started is greater

than that necessary to keep it going. W hen

it is once started, however, the frictional

resistance is approximately the same for

all speeds. We find also that the more

heavily the sled is loaded, the harder it presses

against the road; and the greater the force

with which the sled is pressed against the

road, the greater the resistance of friction. All these facts

about friction may be briefly summed up in the following

statements, which are sometimes called the laws of friction.

1. The harder and smoother the surfaces the less the friction.

2. Friction may be reduced by making the two surfaces of

different materials and by using a suitable lubricant.

3. Rolling friction is less than sliding friction.

4. Friction is greatest at starting, but after starting it is

approximately the same for all speeds.

5. Other things being equal, the total force of friction be-

tween two surfaces is proportional to the force that presses them

together.

Fig. 170

Ball Bearings

299. Coefficient of Friction. If the block (Fig. 168) is

pulled along the board with uniform motion, the reading of
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the spring balance measures the friction. If the board is
horizontal, the weight of the block is the force by which
the block and board are pressed together. Suppose the fi.rce
of friction 13 found to be 2 pounds. Suppose also the pre. -ig
force (i. e., the force that is pressing the two surfaces together
the weight of the block in this case) is 8 pounds. If we
div-ide the friction by the pressing force, the quotient, i. e..

« ~ i, or 25%, tells us that the friction between the two
siirfacec is i (or 25%) of the force that is pressing the surfaces
together.

Ti.„ (, ^- Friction
"^'^ '"''""'

Pressing force
" ^'^"^'^ ^''^ -^^--' ^f

sliding friction for the two materials. The coefficient of
friction IS the number by which the pressing force must be
multiplied in order to find the amount of the friction.

If several experiments be made with the same block and
board, loading the block each time with a diflfcrent weight
so as to have different pressing forces, it will be found that
the coefficients of friction thus obtained have approximatelN-
the same value; i. e., for any two given materials the coefficient
of fnct^nn is ahproximately constant. This is only another
way of stating law 5. Art. 298.

300. Resistance of a Fluid. Besides friction of solids
another kind of resistance to motion has to be considered'
namely, the resistance of the air. When boats or fishes move
through water, a similar but greater resistance is offered to
their motion by the water. The resistance offered by Huids,
such as water or air, to bodies that are moving through them
may be included under the general term fluid resistance.

The greater part of fluid resistance arises from the
fact that the moving body must do the work of pushing
away those portions of the fluid that are directly in front of
It, just as a snow plow pushes away the snow from a road,
or as a farmer's plow pushes away the soil and piles it up be-
side the furrow. This suggests why the bodies of swiftly
swimming fishes and of swiftly flying birds are tapered

:;.
I
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''y also have a more prnrl-

FiG. 171 Fluid Resistance

toward a point in front, and w'

ual taper toward the rear

The short sharp prow > i J ib .ender tapering stern df

the racing boat or the airship are made in imitation of the

shape of the fish and the bird, in order to reduce the fluid

resistance as much as pos-

sible. The advantage of

the fish shaped model rrav

be understood in a general

^way by considering I"i;^^

171. When the rectangular

body A is rapidly push((l

through a fluid in the

direction of the arrow, the

fluid is piled up or crowded
together in front, as at C, and opposes the motion. A cor-

responding depression or partial vacuum at V behind results

from the motion Into this triangular area of low pressure

V, the fluid is continually whirling in eddies, trying to fill

it up. So the motion is opposed by a resultant resistance

equal to the difference between the high pressure at C and
the low pressure at V. Fig. 172 shows how the sharp prow

p and the long taper-

ing stern s reduce

both the piling up at

C and the depression

or vacuum effect at

V, and so diminish

the fluid resistance

by making the differ-

ence C— V smaller. ^'^" '^^ Reduction of Fluid Resistance

It is found by experiment that when the speed is douhKd
the fluid resistance becomes 4 times as great, when the spird

is tripled it becomes 9 times as great, and so on; i. e., other

things being equal, the resistance of a fluid to the motion of

a body through it is proportional to the square of the speed.

This is true only approximately and for moderate speeds.
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If the speed becomes very high, the resistance increases much
faster than this.

Fluid resistance is a serious hindrance to the attainment
of lugh speeds w.th" boats, railway trains, automobiles, andd.ng.ble balloons. At high speeds the greatest

j .t of the
luel that IS consumed in driving the mach ;

furnishing energy to overcome the
resistance of the water or of the air.
On the other hand, without fluid
resistance no boat could propel itself,

aiid neither bird nor aeroplane
could fly.

is used

Fig. 173 The Commjn Kite

301. Kite Plying. The kite
(Fig. 173) is composed of a light rigid
frame, covered with paper or cloth, which exposes a large
surface to the air. When the kite is "standing." it is fnequilibnum under the action of three forces. Let the thick
..e AB (F^. 174) represent the cloth surface of the
k.le seen edgewise. Two forces are acting on the kitetrying to pull it downward: 1. its weight, represented by the

line CW; 2, the pull of
the string, represented by
CS. By the principle of
the parallelogram of forces
(Art. 41) we find that
these two forces are equiv-
alent to the single force

represented by CR. Thus
..... i" order to keep the kite

n equih.rium. there must exist a third force equal and oppo-Mte to CR This third force is due to the wind, and is
represented by /ra When this force FG acts on Ihe sur-
lace AB, it IS resolved into two components. The first
con^ponent, FH turns the air and causes it to blow along
the s„,^ee of the kite. i. e.. nearly in the direction ABinc other, FI causes a push perpendicular to AB. This

Fic. 1 74 Forces Actixg on Kite

Ml

^ . 1 >

I t

f I

1 t

'..rv^
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atter component, then, is the force that balances the com-
bined effect of the weight CW and the pull of the cord CS
It must therefore be equal and opposite to their result-
ant CR.

If the kite is made heavier, CW becomes greater; and a
stronger wind is required to make the kite "stand." So also
if the kite has risen higher, more cord is unwound and its
weight makes the pull CS greater, so the wind must l.o
stronger to balance this extra pull also. On the other hand
if the wind increases when the kite is "standing " FI W-
comes greater than CR, and the kite rises to a positioa
wherem the resultant of its weight and the increased pull .,f

the cord IS just sufficient to balance the new force of the
wind against it.

302. Stability of a Kite. Boys know that a kite of or-
dmary form will "dart" and turn somersaults if the bridle
by which the string is attached to the frame happens to slip up
or down or sidewise, so that the pull is not properiy centend
The center of the pull of the cord must coincide with the
center of the wind pressure and with the center of irravity
of the kite, otherwise the plane of the kite will tend to re-
volve in one direction or another and the kite will not "stand."
The air currents are cxtremcl:' variable near the earth, because
Its surface is so irregular and so unevenly heated. Also a very
slight change in the direction of the air currents about the
kite will cause a difference in the position of the center of
pressure (i. e., the point where the resultant effect of the wind
acts), and will quickly turn the kite. It therefore becomes
necessary to have some means of adding to its stability. In
the ordinary form of kite this means is the tail, which, by
its inertia and the resistance of the air on it, opposes rapid
turning of the kite in any direction.

The more modern box kite (Fig. 175) consists of a
rectangular frame around the front and rear ends of which are
stretched two strips of cloth, so as to make equal short ne-
tangular-sided tubes, like a pair of open boxes with their

^ *J^JIUi -
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bottoms knocked out. The upper and lou-cr surfaces of
each box act just like the surface of ;n crdinarv kite or
like two kites with their surfaces parallel. In the'combina-
tion, the front bo.x may be regarded as a double kite, and the
rear box as a double tail. Since the rear box is separated by
some distance from the front box, it acts like the long tail

^^

Fig. 175 Box Kite

of the ordinary kite in opposing sudden changes of direction.
The horizontal surfaces of the rear box oppose any sudden
turning in the up and down direction, while the vertical sur-
faces of both boxes oppose any sudden turning to one side
or the other. The "box" kite is therefore v -adv.

"

303. Aeroplanes. \\c are now in a position to under-
stand the principles on which the aeroplane or heavier-
than-air flying machine is built and operated If a bo"
wants to fly his box kite when there is no wind at the sur-
face of the earth, he runs rapidly and pulls the kite a!on- by
the string. The plane surface of the kite then encounters the
resistance of the air, which acts on it just like a wi laving
a speed the same as that with which the boy pulls the kite
1 he kite then rises into the upper air, where it may find a
Wind that will make it stand.

If instead of pulling the kite for^vard with a string the
boy placed on the floor of the front box a very li.rht' but
powerful motor with a light propelier shaped like airelectric
tan, then by means of this rapidly revolving propeller he
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could push the kite forward just as fast as, before, he pulli

it forward by the string; and it would fly in just the san
way. He would then be the owner of a "biplane" tjpe
aeroplane, like those used by the Wright brothers, Curti
and Hr.milton in this country and Henri Farman in Franc

Fig. 176 shows how the force , act on the plane. Ix-t

represent the amount and direction of the force with whic

the propeller drives the nn
plane ab forward. The motic

in the direction ab push
the plane against the ai

and develops a resistantx r

the air that acts penxndk
ularly against the pLne. Thi

Fig. 176 Forces Acting on Aepoplane resistance is represented i;

direction and magnitude b
gc. This force gc is in its turn resolved into two com
ponents; one ic, which tends to resist the forward motioi
of the aeroplane, and the other he, which tends to sui)pori
its weight.

Since the air resistance is propc •^•' .nal to the numlxr ol

square feet of the aeroplane surface, and to the square ol

the speed, it is evident that if the surface of the aeroplane
is large enough and the speed fast enough, this component
he will support the aeroplane and its load.

304. Stability of an Aeroplane. Fore and aft stability

is maintained by another plane or pair of planes far out to

rear, which acts like the rear cell of the box kite. Side to

side stability is maintained by some form of small horizontal
wings at the sides of the aeroplane, which can be slanted up

or down. If the aeroplane tilts down on one side, the wing
on that side is inclined upward; so the air rushes under it

and lifts it up. At the same time the one on the opposite

side is slanted down, so the air rushes over it and pu iksic

down. In this way any tendency to tip sideways is counter-

acted.

.-»>j»t—

.
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305. steering the Aeroplane. In order to turn to one
side or the other, the aeroplane must have a rudder, like that
of a boat. This consists of a vertical plane or pair'of plan'-s
which can swing to the right or left like a door on hinges
It IS controlled by a steering wheel or a lever, just as the boat
rudder is; and when it is turned to the right, it tends to push
the rear end of the aeroplane toward the left; so that the
front end swings toward the right. The rudder, then, makes
the aeroplane go in the direction toward which it slants.
In front of the machine is a similar horizontal rudder which
makes the front end rise when it is slanted upward, and dip
down when it is slanted downward.

306. Monoplanes and Biplanes. Aeroplanes of the t>'pe
just descubed resemble most closely the box kites, and 'be-
long to the type called biplanes, because the supporting sur-
faces consitj of two planes, one above the other. In another
type of aeroplanes, the monoplanes, the supporting surface
consists of one plane only, which must therefore have a
proportionally greater area. It is modeled after the bird,
with its broad wings and long tail, rather than after the
box kite. Otherwise the principles of construction and
operation are substantially similar for the two types of
machine.

The long delay in the perfection of the aeroplane was
due to the difficulty in learning to build engines that are
very light in proportion to their horsepower. A good aero-
plane gasoHne engine weighs only a little over 2 pounds per
horsepower. As a man is physically constructed, in order
to put forth one horsepower he would have to weigh J
ton. A domestic goose weighs about 12 pounds, and dev-lops
aDout t'j horsepower when flying. It weighs, therefore,
about 144 pounds per horsepower. It is very easy to
see that a man would never be able to flv with his own
muscular power. A goose can fly but cannot carry much
more than Its own weight; while an aeroplane equipped w**h
a gasohne motor can carry its own weight, together with

:\M'

ill

fciLia

m-'t-
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that of a man and enough fuel in the shape of gasolino
supply Its needs for several hours.

DEFIXITIOXS AND PRINCIPLES

1. The mechanical advantage of a machine is the niir
ber by which the effort must be multiplied to get the r

sistance.

2. The mechanical advantage of a composite niachir
IS the product of the mechanical advantages of its parts

3. Other things being equal, the total force of frictio
between two surfaces is proportional to the force that urv^^j,
them together,

4. The coefificient of friction is the number by which th
pressing force must be multiplied in order to find the ainoun
of the friction.

5. For two given materials, the coefficient of friction i

approximately constant.

6. The resistance of a fluid to the motion of a hod)
passing through it is proportional to the square of the sj.ied,

QUESTIONS AND PROBLEMS

1. What is the mechanical advantaRe of an -nclined plane on which
a wagon load of coal that weighs all told 8000 pounds can be pulk.l up
by a force of 800 pounds?

P
' '

up

2. If the plane (ciuestion 1) has a length of 20 feet, what is its lui^t'
3. How heavy a load can be dragged up an inclined plane h.n i.m a

mechanical advantage of 6 by a horse that can puU with a force of JOO
pounds?

4. If an inclined plane has a mechanical advantage of 100 wliat is

the weight of the heaviest train that can be pulled up the incline l.y an
engme pulhng with a force of 2000 pounds?

5 A capstan consists of a vertical cylinder which has a dianutcrof
9 inches and is turned by a horizontal lever or handspike that naasurcs
44 feet from the center of the cylinder to its handle. What is the n.cchan-
ical advantage of the capstan?

6. If the capstan (question 5) has 6 handspikes instead of on.-, is iui

mechanical advantage increased?
7. In what respect is the capstan with 6 handspike, (question 6)

better than Ihe same capstan with one handspike?
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8. The capstan (question 7) is mounted on the deck- of a ship and is
winding up a rope that is attached to a wharf. If the resistance of the
ship to motion toward the wharf is 1800 pounds, with what force must
each of the six men push on his handspike?

9. If a bucket full of water weighs 45 pounds, and it is to he raised
from a well by a force of 15 pounds, what would be the dimensions of a
windlass adapted to the purpose?

10. What is the mechanical advantage of a letter press if the screw
thread has 6 turns to the inch and the wheel a circumf'-ence of j feet?

11. With the letter press (.luestion 10) what force would I.e oycrted
on the letter book if a 10-pound force were ap[)licd to t'lo wheel?

12. If the saw of a foot-power jig saw moves 4 times as fast as the
treadle, what is the mechanical advantage?

13. In the jig saw (question 12) is the resistance that may be over-
come by the saw teeth greater or less than the force that is applied bv
the foot at the treadle?

14. In a compound lever like that in Fig. 165 the first lever has an
effort arm of 12 inches and a resistance arm of 3 inches. Ti>e end of
this resistance arm acts on the eflfort arm of the second lever, which is
20 inches long. The resistance arm of the second lever is 2 inches long
What force must be applied at the end of the first efifort arm to lift with
the second lever a weight of 80 pounds?

15. In a geared windlass (Fig. 166) the crank arm is 16 inches long
and the cog wheel B to which it is attached has 8 teeth If the cog
wheel C attached to the winding axle D has 72 teeth and tho rafiius ofD IS 6 mches, what force must a man apply to the crank handle to lift
a^s..feweighmg 1200 pounds that is suspended on a rope wound around

16. A wheel A having 48 teeth is geared into a wheel B having P
and B is rigidly attached to the same axle as a wheel C having \2Q
teeth. C is geared into another wheel D having 8 teeth. If .1 makes
one revolution in an hour how many \\\\\ D make?

17. The driving pulley of a motor in a shop has a diameter of 4 inches
and makes 1200 revolutions per minute. It is belted to a pulKy 24
inches in diameter which is rigidly fastened to a long siiaft. How many
revolutions per minute does the shaft make?

18 If a belt (problem 17) keeps slipping when it is driving machin-
ery, m what ways may the trouble be remedied?

19. What use do you make of friction when you walk or run?

of automobiles? In
20. What use is made of friction in the case

the case of nails and screws? Of corks in bottles?
21. Why do boys put rosi.i on their hands when performing on a

turning bar?

22 Why does a locomotive engineer sometimes put sand on the
track?

Ill
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23. Why do baseball players wear spikes on their shoes?

24. Why is it difficult to walk on ire?

25. Why docs an automobile "skid" in goinp around a mrn
on a wet pavement?

26. Why are roller skates fitted with b ill bearings?

27. What is the advantage of rubbing soap into the grooves btiwu
windows and their frames? Of waxing dancing floors?

28. Why will a wagon wheel turn better if the diameter of the ax

is as small as the requirements of strength will admit?

29. Why arc the ends of the axle of a grindstone often set on litt

rollers?

30. What force is required to draw a sled along a road if the o
efficient of friction is 10% and the sled and load weigh 150 pounds?

31. Of what use is fluid resistance in making a boat go by means of

paddle wheel or propeller?

32. If the water resistance acts against the motion of the boat a

well as against that of the propeller, why does the boat go at all?

33. In a fish what takes the place of the propeller? Of the rudder

34. What means has a fish of maintaining fore and aft stability

Side to side stability?

35. Why is the general form of the fish imitated in airships and boats

36. How do the propeller, the rudder, and the stability aiijiaratu

of a modern airship compare with the fins and tail of a goldfish?

37. What three forces act on a standing kite? Why does the Iciu

sometimes rise higher and sometimes sink lower?

38. Would a kite fly well if a piece of lead were attached to it in place

of the tail? Why?
39. On rare occasions a kite has been known to rise vertically over

the point on the earth where the string is being held. Can this aitin

be explained by supposing hat it has gotten into a vertically a:, cndinj

current of air?

40. Why does not a box kite need a tail?

41. How does the forward push of an aeroplane propeller cause the

pir lo act on the surface of the plane?

42. Into what two forces is the resistance of the air on an airnpiane

resolved?

43. In the case of the aeroplane, against what forces do the two

components of the resistance of the air act?

44. If the weight to be carried by an aeroplane is to be increased,

how must the aeroplane be altered?

45. How is an aeroplane turned from left to right?

46. How is an aeroplane turned upward or downward?
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307. Expansion of Heated Air. In Art. 100 we learned
that when a mass of air confined in a flask is heated it ex
pa..ds and does work in pushing the drop of liquid up the
tube against the atmospheric pressure (Art. 131) We can
find out how much work is done when the flask of air is heated
through a number of degrees if we know how much the air
expands per degree.

Place a thermometer in the flask (Art. 100); and suppose
that the flask contams 273 cubic centimeters of air, and that
the temperature of the air is 0°C. Suppose also that the cro«s
section of the upright tube is 0.1 cm» (i. e., square centimeter)
Then when the a.r is warmed 1°C. the drop a (Fig. 64) will
move 10 cm (i. e., centimeters) up the tube. The increase
in the volume of the air is 0.1 X 10 = 1 cm' (i e ubic
centimeter). When the temperature of the air rises toVc
the drop a is 20 cm above the starting point. The increasem volume is thus 2 cm' for 2°C. rise in temperature. For
every rise m te mperature of 1 °C. the drop moves 10 cm higher
Smce the pressure of the atmosphere remains constant

during the experiment, and since the original volu ne of air
was 2/3 cm% we see that when a given mass of air is heated
at constant pressure, its volume {Vt) increases ^4^ of its
volume at 0°C. ( Vo ) for every rise ofl^C in tempercUure\ ewhen heated to the temperature t,

'

By reducing the right-hand member of this equation to
the common denominator 273 and factoring out ~ it may
be reduced to the form

Vt =
jf. (273 + t).

(1)

IffI.

Stt'-'

git I
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Since the fraction tjI.t tells the ratio of the chantre j

vohiiiic produced by a rise of 1°C. in temperature to t!i

volume at 0°C'., it is called the coefficient of expansion of al

All gases, like hNdroj^en, oxygen, and nitrf)gcn, have tfi

same cocfificient of expansion. The measurements by whir

these facts were established were first made by two l-nml
men named Charles and Gay Lussac, so this relation

i

known as the Law of Charles and Gay Lttssac.

I'A^

308. Work Done by Expanding Air. When the air i

the flask (Art. 100) has expanded 1 cm' against atmos|)heri

pressure, the work done is measured by the product of thi

pressure and the change in volume (.\rt. 92), In this ca.

the pressure ap ' st which the air expands is that of tin

atmosphere, which is 1033 grams weight per cm* (Art. 80)

and the change in volume is 1 cm', therefore,

grams weight*^- X 1 (cm') =Work = 1033
cm' 1033 g. i-tir

(i. e., gram-centimeters).

The energy that did this work was supplied by the heat.

Therefore the amount of heat reouired to do this work wa-;

(Art. 145)

1033jgm-cm)

42700 (gm-cnr^TTTdoTU^ = 0.024gram-calorie (nearly).

Since this amount of heat depends only on the iiorniil

atmospheric pressure and on the fact that the volume of air

has changed by 1 cm', but does not depend on the orii;in.il

volume of the air or on its original pressure, it follows that:

When any volume of air at any pressure expands 1 cnt" afiamt

normal atmospheric pressure, 0.024 gram-calorie of heat is

converted into work.

When a cubic meter of warm moist air is carried from sea

level up the side of a moimtain, the atmospheric pressure grow;

less as the air rises; so the air expands and does work as

it moves upward. In order that it may expand and do

this work, heat must be supplied. There being no other
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source of heat at hand the air gives up some of its own heatand
.
s temperature tails. When its temperature falls bdow

tlu" dew point of the ^^ater vapor that ^s mixed with il Zvapor condenses, forming clouds.
'

309. Heating Air at Constant Volume. The 0.024 gram-calonc of heat that was required to do the w„rk of expansionn the precedmg article is not all the heat needed toS he.n,H.rature of a.r. If we replace the open tubeT hela;k (iMg. 64) by a tube ab bent as shown in Fig. 177 and con!tainmg mercury m the bend, and then heat
the air, the mercury falls at a and rises
at b. But if, as the heating progresses,
\VL' keep pouring more mercury into the
tiihu at c we can keep the mercury at a
.;t the same level, thereby keeping the
\oliime of the enclosed air constant.

Hecause mercury has to be poured into
be to keep the column at the same level a
the pressure ui the air in the flask must
increase as the air is heated. But since
the air is not allowed to expand, it do^s
no external work. The added heat is
required merely to warm i ".e air. By
measuring the difference in level between

toJnt^iu^"
n^-rcury column at a and b, we can determine

'
v.rmed 1 °rT"" ''

l^'
"'' " ^"^^ '"^'^ increases when itiM\ armed

1
C. Suppose the air was originally at 0°C and thearoineter stood at 76 cm, indicating'normal atLspheric

pressure. Then the end b of the column of mercury rLs about
.3 cm (more accurately, 0.278) for every rise of rCinZ
rrL^/^r^'

measurements show that .hen a ZTof'^'r IS heated at constant volume, its pressure (P) increases
^:. Of tts pressure at O'^C. (P.) for coery rise of l4 lltZ
P^rature; i. e., when heated to a temperature

/,

Fig. 177 Heatint, Air
AT CO.NSTA.NT VoLUME

m

>l
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On reducing to a common denominator an factoring out
P P
273

wc get ^' ^ rh ^^^^ "^ '^- ^2)

310. Abiolttte Temperature Scale. When the nir in the

flask has been heated at constant volume it can expand ind

do work, because its pressure has been increased. If, hnw-

ever, the flask is placed in a freezing mixture of ice and salt,

and cooled below 0°C., the pressure (Pt) becomes less th.in

its pressure at 0°C. (Po); also / in equation (2) beconus

negative. I f we could cool the air to a temperature 273 ° Ik low

the Centigrade zero, its temperature would be — 273°C. Thin
the value of the factor (273 + /) would be 273-273 0.

Therefore the pressure Pi at that temperature would also Iw

zero; and if the gas exerted no pressure it could do no work.

We have not yet been able to cool any gas down to —273'

C; and most gases become liquid before reaching that t m-

perature. Nevertheless we believe that if we could cool it

that far it would be unable to do any work. So — 27o C.

has come to be regarded as an "absolute zero," and tempi na-

tures are often measured on a scale which begins with this

zero. The temperature of melting ice on this "absohite

scale" is 273°; so the magnitude of the degree is the s.imc

as that on the Centigrade scale. Any temperature T on the

absolute scale is equal to 273 plus the temperature t on the Cen-

tigrade scale; i. e. ,

r = 273 + /.

Equations (i) and (2), when reduced to absolute temiKra-

ture become,

Vt =

Pt-

V

273

p
273

T.

The volume of a gas heated at constant pressure is propor-

tional to its absolute temperature.

The pressure of a gas heated at constant volume is propor-

tional to its absolute temperature.
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PV P' V
or ^ L.

T r (3)

From these pnnc.plcs it follows that when l>oth (he pres-ure and the vohune of a given mass of gas change a hetemperature change. //,. product of the pressure i> . '/

volume I u proportional to the absolute temperature t\
-rl Constant X T.

The value of the constant depends on the density of theHas and the units used. For -i trlv-.m „ i
•

it his -1 fivnrl .rA C !
^ " ^-'^ *''"*' «'^''" ""its

.1 has a fixed value. So when the same ^..s is heated (,some other temne'-ature 7" iiwl w . . .
'^ '"-"i^'i i«>

its volume v. L have •

"•""''' '"-''"'"" ^' ""''

P'V -- Constant X 7".

Hence =
P' I' r'

Equation (3) is a combination of Boyle's law (\rt 77\and that of Charles and Gay Lussac (Art. 307) i t en^^s usf we know the pressure, volume, and temper ture o ats t

o

calculate ,ts pressure at some other vohune and tern, '; J^or us volume at some other pressure and temperature

311. The Air Thermometer. Since the pressure of -,

g;ven mass of air. when heated at constant vdm." n rel:
... of ,ts pressure at 0°C. when the temperature ^V^sTcmeasurements of the pressure of a given\..ass of '^

gle a

^d'forthol
"""""'"'^ temperatures. The instrmnenu^cd or these measure.nents is called an air ihermo,ncter.

.

I- -g. 1 77 ,s a crude form of air thermometer. Since pourn.n the mercury is difficult, the instrument mav be .^3^
ncct.ng the two ends with a piece of rubber tubing The

178^Thl"I"l°^p"'""""'""'
^"""''^">' "^''d '^ «hown in Fig

be K t\u
".^°""«-^-l '- the tube R' by the rubbe;tube A. As the a.r m the bulb is heated, the mercurv in

h 2L Z ^ ^ P'^''"'''' "^"^ *° t^*^ difference in levelA. ^vhen added to the pressure of the barometer, gives the
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pressure of the constant volume of air in the bulb. The
bulb is packed in melted ice and the pressure Po determintd.

The temperature of the air in the bulb at any other measured
pressure Pt is found by equation 2 (Art. 309).

Since the coefficient of expan-

sion of air is large and very

constant over a large range of

temperature, the air thermom-
eter is the standard thermom-
eter for accurate scientific work.

312. Energy and Tempera,

tnre. When a gas expands 1

cm' against atmospheric pres-

sure, 0.024 gram-calorie of heat

is converted into work (Art.

308) . In order that the gas may
expand, its pressure must be

greater than that of the atmos-

phere. So in heat engines some

gas or vapor is heated at con-

stant volume until its pressure

is raised. The gas or vapor is

then allowed to expand in a

cylinder and do work. For every
' 1033 gm-cm of work done

0.024 gram-calorie of heat dis-

appears. If there is no other

source of heat at hand, the heat

has to be supplied by the gas itself, and its temperature

falls. The greater the amount of work done by an expanding

gas, the greater the fall in its temperature.

The amount of heat that can be supplied by a gas at a

temperature T depends on the mass of the gas and the temper-

ature T. So, for a given mass of gas, the higher the ternper-

ature T, the greater the available amount of heat.

Therefore, the conditions most favorable for getting work

Fig. 178 The Air Thermombtbb
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from heat are: 1. Have the gas as hot as possible at the start
2. Allow it to cool through the greatest possible range of temper-
ature.

^

U'

I i:

• ^i^-.^ *^* Condenser Does. If we have a locomo-
tive boiler with a pressure of 225 pounds to the square inch
the temperature of the steam there is 200°C (Art 124)'
The locomotive exhausts into the air at atmospheric pressure'
In order to do this, the steam at exhaust must exert a pressure
as great as that of the atmosphere; and hence its temperature
must be at least 100°C. (Art. 124). The range in temperature
in this locomotive is, therefore, 225 - 100 = 125 °C • and its
efficiency is less than 6% (Art. 146).

If the locomotive were supplied with a condenser
which was kept at a temperature of 40°C., the range of
temperature for the steam would be 225-40= 185 °CA given mass of steam evidently gives up more heat in
cooling to 40°C. than in cooling only to 100°C. Therefore
the condenser increases the range of temperature and so increases
the amount of heat available for doing work.

314. Advantage of a Plash BoUer. The range in tem-
perature m the locomotive might be increased by increasing
the temperature of the boiler. As the temperature is in-
creased, the pressure increases also (Art. 123). Since it is
not safe to have a high pressure in a large boiler, a limit is
placed on the temperature of the boiler at about 225 °C.
A thick-walled tube can withstand a much higher pressure

than a large boiler. So a "flash boiler," made of a coil of
thick-walled steel tubing, can be heated to a much higher
temperature than an ordinary boiler—say to iOCC. Boilers
of this kind are used in some automobiles and motor boats

The advantage of the "flash boiler," therefore, lies in the
tact that tt enables us to increase the range in temperature,
and so to increase the amount of heat available for useful work
tn a given quantity of steam.
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316. Compound Engines. Suppose we have a condens-
ing engine working between the temperatures of 225 °C. am]
40°C. The range in temperature is then 185 °C. If the
engine has but one cylinder, the steam enters it at a temper-
ature of 225 °C., expands, and cools nearly to 40°C. This
great range in temperature produces the same trouble that
Watt found in the early engines (Art. 137). When the hot
steam enters the cylinder that was filled a few seconds be-
fore by steam at about 50°C. some of it is condensed in re-

heating the cooler cylinder. On the other hand, the ex-

panded steam cannot cool to 40°C., because the hot cylinder
tends to keep it warm. So, if the total change of temper-
ature is too great in one cylinder, we are not able to take
full advantage of it.

Efforts to get around this difficulty have led to the "com-
pound engine." In this engine the total range of temper-
ature is divided between two or more cylinders. For ex-

ample, in a triple-expansion engine, working between the

temperatures 225 °C. and 40°C., the steam enters the first

cylinder at a temperature of 225 ** and expands, thereby cool-

ing to about 175°. It then enters the second cylinder at

about 175° and expands some more, thereby cooling down
to about 120°. In the third cylinder it expands until it has
cooled down to 40°. The first cylinder has to be smaller

than the others, because the hot steam is at a higher pressure.

The middle cylinder has a greater diameter than the first;

and the last cylinder has a still greater diameter. This is

because the pressure of the steam decreases as it cools, and
since it is desirable to have each cylinder do one-third of

the work, the volume of each cylinder is made larger in the

same ratio that the pressure becomes smaller. Thus the

product PV (i. e., the work) is the same for each of the

cylinders.

By thus dividing the total range of temperature into three

steps the loss of heat by condensation in the cylinder is dimin-

ished. Another advantage of the compound engine is that

it has a piston and a crank for each cylinder, and so gives
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WO or more thrusts to the shaft each revolution, thereby
lessening the jars and strains on the shaft and cra.;ks.A good tnple-expansion condensing engine burns aboutpound of coal per horsepower hour. Its efficiency is. there-
fore, about 17% (Art. 146).

316 Steam Turbines. In the engines thus far consid-ered the rotary motion of the drivers or of the flywheeTwas
produced by a translatory motion o^ the piston to and TroEngmes of th.s type are therefore c c ' rocating engines'In all such engmes. useless work h.. . .. done in stitTngand stoppmg the piston at each stroke; and this actonalways produces a jarring which is harmful both to the en"gme and to the building or boat in which it is placedMany attempts have been made to construct an ;nginem which a wheel would be set into rotation by blowing'"e^m

apply this principle so as to make
a steam turbine equal in efficiency
to the best reciprocating engines.

Fig. 179 is a picture of one of
these modern steam turbines. The
cover has been removed so that
we can see how it is made. In-
stead of a few large blades, like
the water wheel, it has one or
more rows of small blades fastened
to a steel cylinder called a rotor.
High pressure steam is blown

L'ttinfthT^? '• ^'"^
'^P''^

"^""^' '^' b'^^-' thereby

TheZ '
Hl.T';

"''
''P'^

'"'"^'°"-
^" ''^^'^ --chineshe movabb blades pass between rows of stationary bladesfastened to the case of the machine.

cielZsT.
^''''

"r ^''" '" ^^' P^-"^^^^^ '^^' their effi-cienc.es are somewhat greater than those of reciprocating

Fig. 179 A Steam Turbinb

Jlli''

'W--
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engines. On account of their freedom from jarring, their
high efficiency, and their compactness, they are now coming
into general use. It is interesting to note that the principle
of the steam turbine was known to Hero of Alexandria (B.
C. 120). The technical difficulties involved in the practical
construction of a steam turbine of high efficiency delayed its

perfection for 2000 years.

317. The Oas Engine. In the ordinary steam engine
much heat is lost between the fire and the boiler, and the

V1^ M fui

Fig. 180 Diagram of a Four Cycle Gas Engine

possible range of temperature is relatively small. These
defects are to a certain extent remedied in the gas engine.

There are four steps or cycles in the operation of tlie

ordinary single cylinder gas engine. These are shown at I,

2, 3, 4, in Fig. 180. The fly wheel is first turned by hand,
until the piston P has sucked a mixture of gas and air

through the valve u into the cylinder C, (Cycle 1). The
piston P is then pushed back by the fly wheel, compressing
the mixture in the cylinder (Cycle 2). An electric spark 5
explodes the mixture just as the piston P starts forward;
and the pressure developed by this explosion pushes the
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piston P outward (Cycle 3). It is then pushed back by the
rapidly rotating fly wheel F, and the products of combustion
are driven from the cylinder through the valve v (Cycle 4)

In the gas engine the fuel is burned in the cylinder so
waste m the furnace and boiler is avoided. Also the tem-
perature of the gases in the cylinder after e::plosion is xerx
h.gh-800to 1000°C.-s.3 the range in temperature is large.We may therefore expect that the efficiency of a gas engine
will be high.

A good gas engine consumes about 16 cubic feet of gas
from the city mains for every horsepower that it supplies
for 1 hour. The heat of combustion of illuminating gas inNew York has been found to be 720 B. T. U. per cubic foot
Hence the heat supplied by 16 cu!>ic feet of gas is 11 520
British thermal units. This heat energy is equal to 11.'520
X

/ /8 = about 9.000.000 foot-pounds. The number of foot-
pounds in one horsepower-hour is about 2,000.(KX) "

tc-
fore the efficiency of a good gas engine is roughly | = ^ ,

DEFINITIONS AND PRINCIPLES

1. When a mass of air is heated at constant pressure its
volume increases ^l,, of its "olume at 0°C. for every rise
of 1 C. in temperature.

2. The coefficient of expansion of air is the ratio of the
increase in volume produced by 1 °C. rise in temperature to
the original volume. Its numerical value is -jJ

j.
3. VVhen a. volume of gas at any pressure expands 1cm cigainst normal atmospheric pressure, 0.024 gram-calorie

ot heat is converted into work.
4. When a mass of air is heated at constant volume its

pressure increases ^4^ of its pressure at 0°C. for every 'rise
of PC. in temperature.

5 Less heat is required to raise the temperature of a
gas

1 C. at constant vdume than to raise it 1 °C. at constant
prossure; because when the volume remains unchanged no
external work is done.

ilM
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6. The absolute zero is 273 °C. below the Centigrade zerc

7. The temperature on the absolute scale is equal t

273 plus the temperature on the Centigrade scale.

8. The volume of a gas heated at constant pressure i

proportional to its absolute temperature.

9. The pressure of a gas heated at constant volume i

proportional to its absolute temperature.

10. When a gas expands and does work its temperatun
falls unless it is heated from without.

11. The amount of work that can be done by an expand
ing gas ic proportional to the range in temperature thruugf
which it cools.

J 1i

QUESTIONS

^
1, When a cubic meter of air at normal barometer pressure and a1

C. is cooled 1°C., what happens to it?

2. If a cubic meter of air at normal barometer pressure were cooled
to 273°C. below zero, would its volume become zero? Why?

3. When the air is being pumped out of the receiver of an air pump,
what is the source of the energy used in expanding the air against at-

mospheric pressure?

4. If the air in the receiver of the air pump (question 3) were allowed
to expand into a steam engine condenser against a pressure of 5 pounds
to the square inch, would it cool more than when pumped by an air

pump to the same lower pressure? Why?
5. Why does a mass of air when carried by a wind up the side of a

mountain become cooler as it is pushed up?
6. Is the gas in a balloon likely to become cooler when the balloon

rises rapidly? Why?
7. When a steam whistle is blown we see a white cloud escaping

from it. The cloud consists of fine particles of water. Why docs the

steam condense into these water particles as soon as it has escaped from
the whistle?

8. Does it require more heat to raise the temperature of a given

mass of air 10°C. at constant volume than at constant pressure? Why?
9. What advantage is gained by using a flash boiler for an automobile

or a motor boat engine?

10. If gas engines have higher efficiencies than steam engines, why
are they not used more in large power plants?
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JLtt"bo\^:f"yhT"
'"" '"'" -am engines for autcobile.

12 Can you tell how many revolutions per minute the fly wheel of

Lrtf"5io:f
''' ^"^'"^ "^ "'^'^•"^ 'y ^-"^-« '^^ puffs of the ex-

J^tu^b^ir"''
^''^ *°^ ^"^' *"'''"^ <^'«- ^°> ^« -verted into a

effidency"r
""" ^" '""^"^ *'^ ^°>' ^"^"'^ - - to increase its

IS. VVhy do we need a number ,.f stationary blades a. well -.^ -.number of movmR blades in a steam turbine, although ne set , Llades
13 enough for a water turbine?

bUdca

PROBLEMS

1. If a cubic meter of air at 0°C. is heated to ''7^T .f i

barometer pressure, what will be its final volume?
"""""'

air of p"o;7e:ir ^^^""-^^"^-r-
°^ -^k were done by the expanding

e.id"rairo7'p;orm^f^^^^^
°^ '^" ^^^^ -"^^^ ^"^ -^^ ^^V the

4. A gram of air at 0°C. has a volume of 77S .mS u
cms d,,3 jt ^,„py ^,^^ .^ ^^^ ^^^^

^
'^"-e of

^..8^ em^ How many

5. How much work was done by the expanding air in problem 4>

problem sT
"'"' ^^^'"-•-- ^^ "eat were require.l to do' the work of

7. The specific heat of air at constant volume is 17 ^r.n, .
•

m rs:, T."o"i ^r-'T." '-' --' ^°- p'" - -cm ot air at C. and normal barometer pressure to 20°C ?

ture2o'cf
'' *'' '"""" ^^ ^'^^ ^'^ '" P-^Iem 7 at the tempera-

^rLr!!7Z7eZ:fZr''''Z ^•^V^'^"'-^
to heat the air in

where no externa,rrldler '^"^ ''^" " '''' '^ '" '^^'^ «

Js?ant';"olume?"'''"
°'' ^^^'"-'-- to heat a gram of air l^Cat

of at fv I,
•

"^
"?f

"^ gram-calories are required to heat the gram

)^rt .i'
" '' r^ *" ^^P""^ ^^ "--^' baromete pressu'e"

;•
What .s the specific heat of air at constant pressure?

"^

are .one when Jhe^ri^aporesTnrtinrr '' ^^^^^^^ ^^^

filled wifh^Snat.W.f
''""°" 'x-g collapsed on the ground, whenUlummatmg gas occupies a volume of 300 cubic meters. If
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the ati lospheric pressure is normal, how many gram-calories of heat
converted into work in the process of filling the balloon?

14. The coefficient of linear expansion of a bar of metal is the n
of the increase in length produced by a rise of I'C. in temperature to
original length. An iron steam pipe 996 cm long expands 1 cm wl

IZ^Cto lOO'C. Wl
steam is turned on so that it is heated from
is the coefficient of linear expansion of iron?

IS. The coefficient of linear expansion of brass is 0.000018. If

steam pipe of problem 14 were made of brass instead of iron, how rrn

would it expand when heated in the same way?



CHAPTER XVIII

ELECTRICITV

318. Uleetric Sparks by Priction. Most children know
that m winter, in a house heated by a furnace, electric sparks
accompanied by crackling noises can be obtained by stroking
the fur of a cat with the dry hand. A frequent parlor amuse-
ment consists of sliding along the carpet in a warm dry room
and lighting the gas with the electric spark that jumps from
the finger to the burner. Crackling sparks are often seen and
heard when the hair is combed with a rubber comb, and the
hair is seen to stand up and follow the comb. The ancient
Greeks were familiar with a similar phenomenon. When
amber ornaments had happened to rub against woolen ma-
terial they were found to attract threads and other light
bodies. Hence the Greeks called amber "electron" which
means "clutcher." Later on, when more phenomena of this
sort had become known, they were called electrical phenomena
and the "substance" which was thought to be the cause of
them was called electricity.

319 Electrified Bodies. When a glass rod is rubbed
with silk, light bodies of any sort are attracted to it; and after
they have come in contact with it are rapidly repelled from
It. They are similarly affected by any resinous substance
such as sealing wax or shellac. A body that has been rubbed
with another body, and in consequence is able to attract
other bodies and repel then ., is said to be electrified, or charged
wtn electnctty.

*

320. Discharge. When the electrified rod of glass or
resm comes in contact with any substance that is not charged
It loses a part of its charge of electricity by transferring it to
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the uncharged body. The transfer often tak is place by nira
of a spark, with the usual crackling noise. If the charjj
body be connected with the earth by means of any substanc
such as the moist hand or a metallic wire, which is an ( le

trical conductor (Art. 158), it loses its charge entire!
It is then said to be discharged.

The electricity tends to flow to the earth from a bod> th
is electrically charged, even though the electrical resi taiK
of the body along which it flows is very large (Art. 168
It will often times break through dry air as a spark. Sine
this is true, we know that there must be a very great diffe
ence of potential between a charged body and the earti
Hence a charged body is said to have a high potential wit
reference to the earth. The P. D. necessary to produce
spark 1 inch long is some 75,000 volts. (Arts. 200 and 201]

321. All Substances Electrified by Contact. Electricit
developed by rubbing two substances together has beei

commonly called frictional electricity, but the contact, th
mere touching rather than the friction, is the necessary con
dition. Rubbing serves merely to bring the two substance
more closely into contact. The early experimenters wkl
electricity, before the invention of the voltaic cell (Art

152), were unable to get metals electrically charged, and
thought that it was impossible to do so. Their failure was
due to the fact that the difference between conductors and
insulators was not then known. When they tried to elec-

trify a piece of metal that was held in the hand, the metal
became electrified; but the charge was not discovcre.1 be-

cause it immediately traveled through the experimenter'-
body to the earth. After the discovery of conduction bv
Stephen Gray of Warwick, England, about the year 172/.

it was found that if a piece of any kind f metal be fastened
to a rubber or glass handle, and rubbed with flannel or fur,

it becomes electrically charged. Various experiments with

all sorts of substances have shown that w enever two differ-

ent substances are brought into contact with each other and



ELECTRICITY 335

then separated, both substances become charged. Since the
cKctncty on bodies thus charged is not flowing in currents
al..ng conductors, but remains at rest until it is discharged.
.

.s of en calM static electricity, and the charges are called
elrctrostattc charges. Any substance may be eUctrostatkaUy
charged by rubbing U with any other substance.

322. Two Kinds of Electric Charges. When two pith
balls are suspenaed by s.lk threads from an insulating support
^ M J' •IKf''^^'^

^^^'^^"^ ^y ^ 8'^«« '^ ^^^' has b..en
rubbed w. h silk, they are repelled by the rod. In accordance
with Newton s third law of motion (Art. 49) they repel the
rod; and they also

repel each other.

They also attract

and are attracted

by a rod of sealing

wax that has been
rubbed with flan-

nel. Two other sus-

pended pith balls

B likewise repel each other when they have been charged
by contact with a rod of sealing wax that has been rubbed
with flanne Now if the charged pair A be brought near to
the charg. pair 5. the balls A still repel each other and the
balls B s .repel each other; but either ball of the pair A
attracts and is attracted by either ball of the pair B It
appears, therefore, that we have on the balls B two like
charges that repel each other but attract the charges on A
and vice versa. So there must be two different kinds or
states of electrification; and each kind repels the kind that
«s like It and attracts the other kind.
He e/ec/nto/a« that is developed on glass when rubbed

111 ''
'"^^f

"^'''""^ '^ + (*• '-' P''^'^^)' °^ ^^^ ^hichamlops on sealing wax when rubbed vnth wool is called res-
tnotis or— (t. e., negative).

attr^.*
®^®''^°***"<' ^^«^^ "pel each other, and unliko

Fig. 181 Like Chahces Repel: Uniike Attract

Hi* I
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Fig. 182
Tub Electroscope

323. The Electroscope. A susjHndcd nd insulated |.i

ball servos as an electroscope, by means of whirh wc ma\ (

tcct a charge, and determine its sign. A v.. re s<!nsitivi.- i

strument is shown in Fig. 182. It is . all. .1 a metal I,

electroscope. Instead of a pair of pith balls it has two stii

of gold or aluminum leaf, attached to a " ... .od. The r

passes through the -n '. <-(
;i flask, and

surmounted byanu' I i .lU •• plate. T
rod is insulated fron. t .; .di k by pas-ii

it through a glass tub' itv tiring Picli^

sulphur around it. I'l- '

! ser f

an insulating support, j .,( !1 ;<• r, ,,.,(

all moisture and to pi i., . , 'i-ht ai

.fragile leaves from an\ distu 'hi^ nirn ii

of air. A very small cl rt^o cuiimiuuir.iti

to the metallic ball or plate at tlii> t^p

conducted to the lea\es, and causes the

to repel each other. Also, the greatt i tl

charge, the greater the divergence of the leaves. Whvn tl

ball or plate is touched by the hand, the leaves coUaps
showing thnt the electroscope is discharged.

To test a charji;e by means of the electroscope, give tli

leaves a known charge sufficient to cause a moderate divei

gence.

If a charge of the sane sign is brought near, th

divergence of the leaves is seen to increase; but if a charg

of the opposite sign is

brought near, their diver-

gence is seen to diminish.

The proof plane (Fig. 183)

is a disk of metal with

an insulating handle. It i'^ used to carry a small rhar^i

from a charged body to the electroscope in order to test th(

body's electrical condition.

324. The Substances Charged Oppositely. If vm- rub c

glass rod and silk together, the silk when tested with tho elec-

KiG. 183 Proof Plane
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troHcope. w.ll prove, f, he negatively electrified. But if we rub.scal.ng wax and i annel together, the flannel will prove to beposu.vely cl.ctnhed. In this experiment, the «Sk and thellannel must be fed to insulating handles of glass or rubier

:^tl'''thlirT
"

'"r
""^ ^"^"^'^'•""^'^ ^'^ .nsulators toctam the.r charges when hdd in the hand/ I„ this way it

I.
.. bcH.n shown that whenn^er two dissimilar substances are

328. The Two CSiarge. .ro Equal. \Vc ,nay fi,„| ,„„

A and 3 (Iig. 184), fastened to
insulating handles, co-eriiig one of
thtm, A, with flannel or fur, ..nd
ru!)l)ing them together. When A
is held two or three centimeters
from an uncharged electro oope
the leaves diverge by a certain
amount. Withdraw A and put B
as nearly as possible in its place.
The leaves are again seen to
<liverge; and the divergence is the
same in amount as before. Without
having allowed the disks A and B
to touch anything, fit their sur-
faces closely together and bring
the,n near the electroscope. While tiu-y an. together there•-loefTecton the leave, of the electroscope-

i. e theZl

mcnjore equal tn amount.

tesldZ r"""'
^^^' ^"'" th<,rou,hly and accurateiv

tested by many expenments, all of which go to prove th'.loliowing general statement.

Fir.. 1.S4 TivoOppo"4iTE Cha«.;es
ARE EyUAU

I

;i
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326. Electrostatic Polarization. If two insulated con-

ductors A and B (Fig. 185), made by mounting on sticks of

sealing wax a pair of brass balls such as are used on the ends

of a curtain pole, are placed in contact with each othir,

they form practically a single conductor AB. When a

positively electrified glass rod R is held near them (but nut

near enough for a spark to pass), and they are tested with

the electroscope (Fig. 182) it is found that A has a —
charge and B a. + charge. If the rod R is now removed and

the conductors AB again tested, they are found to show no

signs of electrification at all. These facts are most simply

accounted for by supposing that when no electrified body

is near them, the conductors A B

have an indefinite quantity of +

and — electricity combined in

equal amounts so that they neu-

tralize each other. When the

body i? is brought near the neutral

conductors AB, its -f charge at-

tracts an equal — charge to the

side oi AB that is nearer to it,

and repels an equal + charge to the side that is farther aw ay.

When R is removed, the two charges that were thus separ-

ated reunite; and AB become again uncharged. When R
is negatively charged, A gets a + charge and B a — charge.

When an insulated conductor becomes charged pmsitixely

at one end and negatively at the other, because of the pns-

ence near it of a charged conductor, it is said to be cltx-

trostatically polarized.

Fig. 185 Electric Polarization

i ^
327. Charging by Influence. If the conductors AB (Fig.

185) are polarized by the influence of the charged bod}' R,

and B is then separated from A, both the \- charge on B and

the — charge on A will remain on them until discharged

in some way. This will be true even though R is reiiK i\ed.

Again, if instead of separating A and B we simply touch

one of them with the hand, the positive charge will go to

\ I
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the earth instead of remaining on AB. This repelledcharge ,s then said to be grounded. If the influenc n,charge R be removed while the conductors ABariumgrounded, AB w.ll again become neutral; but if thlhandbe removed so as to break the earth connection blre ^.s taken away the - charge remains on AB. UR hecharged negatively instead of positively, the charee re-ammg on AB will be positive. The' simplest Ty toaccoun for the phenomenon is to suppose ^hat when aconductor becomes polarized by a., influencing charge ands then grounded, a charge of the same kind and amount asthe mfluencmg charge is repelled to the earth; so that i

'it

M

+ + +4

^
+̂•

^4V hX 111 -A-
^/WW £AffTH

Fig. 18<5 Charoing by Infli-ence

the earth connection is broken before the influencing charge
'^ removed, the repelled charge cannot g.t back. Hence fn

jody remains. The body is then said to be charged by in-

eiveZT ', '
^' ^""^ "^ ^^'S- ^^^>- If vve wish to

tVc T " "
''f

"'• "^ ^^^ '""^ ^ positively chargedbody G near enough to give the leaves the desired

B
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divergence, (b) touch the electroscope with the hand so as

to ground the repelled charge, (c) remove the earth connec-

tion, so the repelled charge cannot return, (d) remove the

influencing body.

328. Condensers. In the experiment (Fig. 186), the

negative electricity of the electroscope-plate P acts as if it were

attracted as near as possible to the + charge on G, and held

or "bound" there by the mutual attraction between unlike

charges (Art. 322). It is found by experiment that when-

ever two conductors are separated by a non-conductor, and

one of them is connected with the earth, a very much larijer

charge can be imparted to the other than would otherwise

be possible. In other words the

capacity of a body for holdint; a

large charge is much greater w hen

it is placed near a grounded con-

ductor from which it is sepaiiUcd

by a thin layer of non-conducting

material. The non-conducting ma-

terial, such as air, glass, resin, or

rubber, is called a dielectric, be-

cause the electric attraction acts

freely through it.

This fact is taken advantage of in the construction of

condensers. A condenser in its simplest form consists of two

sheets of metal with a thin layer of a dielectric between them.

It is useful because it has a large capacity and so can hold a

large amount of electricity.

One well-known form of condenser is called the Lc^'dni jar

(Fig. 187), because the principle of the condenser was first

discovered in 1745 at Leyden in Holland. It consists of

a wide mouthed glass jar, the lower half of which is coated

inside and out with tinfoil. The inner coating is connected

with a metal rod that passes through the insulating cover

and ends in a metal ball. It may be charged by connecting

one coating with the earth and the other with a source oi

Fig. 187 Leyden Jar
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high potential electricity, such as an electrostatic machine
an inducfon co.l. or a battery of many cells in series
Condensers are extensively used in induction coils (Art.
191). and many other kinds of apparatus used in telephone
and wireless telegraph work.

329. Discharge of a Condenser. If one end of a con-ductmg wire be touched to one coating of a condenser and
the other end be brought near the other coating, a spark
passes. The spark is more energetic the larger the amount
of the charge and the greater the difference of potential be-tween the two coatings If an insulated wire through which
a Leyden jar is discharging be coiled around an unmagnetized
s ec necalc the needle will be magnetized. If wires from
the two coatings of a charged condenser be placed in a solu-
t.on of a salt under suitable conditions, it may be shown that
the discharge produces electrolysis (Art. 194). It has also
been proved that an electrostatic charge on a conductor
that was rotated at great speed would deflect a magnetic
needle. When the terminals of a voltaic battery are exam-med with the aid of a sensitive electroscope, the copper orcarbon terminal ,s found to be positively charged and the
z.nc terminal to be negatively charged. All these facts goprove that static electricity is not different in its nature
fmnelectnctty obtained from batteries and dynamos

The discharge of a condenser, however, differs consider-
ably from the current of a battery in the way it acts It ismuch more sudden and violent.-more powerful because its

highTate
'" '° '''°'' ^ "'"'• ^"^ ^^"^^ ^' '^'^^

Joseph Henry, who discovered that the electrostatic dis-
charge will magnetize a needle, found that the needle was

the'oThl?
^'"^^•'"^«, •" one direction and sometimes in

h other; and since this result is what would be expected

St mH "7T '^"""l^^
'^' "magnetizing coil were alternating

of a cnnH a'
^' ^^' '^ *° ^^''^^^ *h^* the discharge

ot a condenser does not go in one direction only, like that of
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; 1

a battery, but that It oscillates rapidly back and forth.

The idea of an oscillating or alternating discharge may l)e

understood by comparing electricity with water, as we have

so often done.

If the level of the water in A were conside»-ably higher

than that in B (Fig. 188), the water would tend to tlow

with great pressure through the

opening at C from the hii^'ht r

level to the lower. Now if the

valve at C were opened viry

gradually the water would llnw

in a continuous stream frDiii ,1

to B until the pressures wcro

equalized; but if the valve w -re

opened suddenly the water on

account of its inertia would rise in B to a level almost as

high as that at / from which it had descended. It would

then flow back into A, then into B, and so on, until its

oscillations were gradually stopped by friction.

That similar oscillations of electricity back and forth

take place when a condenser is discharged, has been dine tly

proved by viewing the spark in a rapidly rotating mirror

FtG. 188 The Water May OsaLLATE

Fig. 1S9 The Spark Oscillates

'
I

in the manner described for the vibrating flame in Art. 228.

Fig. 189 is a copy of a photograph made by reflectinj; the

spark into a camera by means of a rotating mirror. The

spark which was vibrating vertically up and down was drawn

out into a horizontal band by the rotating mirror, and so

made the zigzag trace here shown. The oscillations have

an exceedingly short period

—

i. e., from one-thousandth to
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one ten-millionth of a second, and are therefore rapid enough
to start waves in the ether (Art. 283). These waves are
similar to hght waves and radiant heat waves but of much
lower frequency. It is these waves that carry the messages
in wireless telegraphy. Their existence was inferred
from theory by Maxwell (England, 1831-1879) and
experimentally proved by Hertz (Germany, 1857-1894)
The discharge of a condenser consists in a very rapid vibration
of electrtctty, back and forth between two conductors; cid such
vibrations start the waves that are utilized in wireless telegraphy.

330. Lightning. It was long suspected that lightning
and thunder are electric spark discharges with their accom-
panying "crackle" on a huge scale. In order to test the
matter the famous philosopher and statesman Benjamin
Franklin, made a silk kite and placed at the top of it a
pointed wire which he connected with the string. He then
i'leu' this kite in a thunderstorm, and found, as he expected
that he could charge a Leyden jar with the electricity
which was conducted from the clouds to the jar along the
pointed wire and ^he wet string. This famous experi-
ment of Franklin's proved that a lightning discharge is the
discharge of a condenser, of which a cloud is one coating and
the earth the other coating; and the air between them is the
dielectric.

331. Capacity and Self-induction. When a Leyden jar
of given size is discharged, the period of oscillation of its dis-
charge depends on its capacity, which in turn is determined
by the areas of the coatings, and the kind and thickness of
the glass or other dielectric that separates the coatings. Be-
sides depending on the capacity of the jar, the period of
oscillation of the discharge depends on the circuit of wire
by which the electricity travels from one coating to the
other. If the wire in this circuit is wound into coils of many
turns close together the alternating current in each turn
induces alternating currents in every neighboring turn.
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These induced currents in the neighboring turns oppose the
changes in the original current (Art. 183), and introduce
what may be called an electrical inertia (Art. 11), wliiih
makes the alternating discharge oscillate more slowly. This
property of a circuit which retards the electrical oscillations
because of induced currents, is called the self-induction of

the circui:.

/NSULATOR

Fig. 190 Electric Resonance

We can get an idea of the effect of capacity and self-in-

duction on the period of oscillation of the spark by con-
sidering the analogous case of the vibrating meter stick

(Art. 220). The longer the vibrating end of the stick, the
more slowly it vibrates; so the larger the Leyden jar, tho
greater its capacity, and the slower the oscillations of the
discharge. If a block be fastened to the end of the im ter

stick, its inertia is increased and it vibrates more slowly.
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bo With the Lcydcn jar circuit, the greater the self-induction
o the c.rcu.t the greater the electrical inertia, and the slower
tl.e penod of the electric oscillations. Thus, the period ofan eectnc oscMaHon depends on the capacity and the self-il
auction of the circuit.

'

332 Resonance. In Art. 220 we found that one „,eter
st.ck w;

1 respond by resonance to the vibrations of another
.f both have the same pciod of vibration. In like mannerwe may arrange two Le>den jar circuits so that they havehe same capacity and the same self-induction, and therefore

fiv'^l^'l"^
^^ °"'"''^'""- '^'^"^ '^^^ ^he two jars A and

T! 1
" r'^^^''

"'^^ ^•^^'^^'>' ^^^-^ circuits rad pqr; then the electricity in the one circuit will be capa-
ble ot surgmg baclc and forth in exactly the same period as tiatn he other. When we connect the jar A with an induction
00.1 as shown, and send a spark across the gap m, a sparka^o jumps across the gap p; i. c. some of the energy of

e snark'thl %'"" "T^'i"^' ^" ^'^^ ^^^ ^' -^ -"-
Wen thl '^r '' "" <^onducting connection

Litted bv .1
'7' ^'" "",' "^' ''^"^ '''' '^'^'^y --^ trans-

mitted by electnc waves (Art. 222). which were started bythe electnc oscdiat.ons at m. Thus an electric spark sends
out electric UHives of definite period.
An electric circuit tuned to the same period as that of the

spark, may be set into electric vibration by resonance.

333. Wireless Telegraphy. The fact that e/ectric sparks-Kl out electric waves whose effects can be detected "ad stance suggests the idea of using them to send signal.

Mgnaiing is called vnreless telegraphy.
The sparks for starting the waves are produced by apower ul induction coil. The sparking of the coil is controLdby the operator by means of an ordinary telegraph kev
.ch opens and closes the circuit of the ^imary^oiKF^m. One side of the spark gap is connected by a single wire

s^i^^^H
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to a "grid" of parallel wires (Fig. 191), which is suspend
on insulating supports from a tall mast or tower. '11

grid and single wire make up the aerial system or anteun
The other side of the spark gap (i. c., the one that is ii

connected with the antenna) is connected with the cart

K/NSULATOffS

KEY
= 397, r^ T

- ^^^'" BATTERY
Fig. 191 Wireless Sending Apparatus

so the antenna and the earth act something like the t\vc

coatings of a condenser of which the air between forms the

dielectric.

When the key is pressed down, the coil begins to work as

described in Art. 191, and sparks occur between the terminals.

The electric surgings thus started flow up and down the an-

i (
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tenna, which extends wdl up above the earth and gives them
a chance to make a lar^t- distmhanoe in the surroundinjj ether
The electric wave vibrates on the antenna, in much the same
manner as the stationary air wave in an organ pipe that is
closed at one end. The latter is a stationarv air wave in a
pipe, the former a stationary electric wave on a wire In
the organ pipe there is a node at the closed c:u\ and a loop
at the open end; on the antenna there is a node at the upper

llG. 192. TELEORAI'U Ki -.AY

end and a loop at the spark gap. The air wave from the
organ pipe is four times as lonj as the pipe; and the electric
wave from the antenna is four times as Iolj; as the antenna.

334. The Coherer. Tiie sensitixe portion of the receiving

%^7T\t!^'''
''''"''^'''

'^''^•S''^^'''^ '''''^''' "f ^ «'»all tube
(A i

,
l^ig. 194) containing a pair of slender metal rods whose

ends almost meet but are separated by a small quantitv of
a mixture of -

-Vkel and silver filings. In the best form of
coherer the ai. . pumped from the tube, which is then sealed
up so as to bfc lir tight. The mass of loose metal filings
conducts electricity very poorI> , so that a battery can send
almost no current through it but when an electric wave has
passed through the tube, the loose filin<,^s seem to get welded
together at the points where they touch each other; for they

m
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then constitute a very good conductor. When in this ro
dition, the metal tilings in the tube are said to "cohori'
and the tube of filings is called a coherer. After the filin

have been caused to cohere by an electric wave, they mc
be separated by jarring the tube; and the mass of filings

then changed back from a good conductor into a very p()(

conductor. The device usee! f.

automatically jarring or"tappiii

back" the filings so as to 'Wvci

here" them is called a decohere,

336. The Relay. Anoihc
important part of the rcccivin

apparatus is the relay (Figs. 19

and 193). The relay consists c

an electromagnet Rm (Fig. 192)

wound with many turns of fiiii

wire, and a small, light, soft iror

armature Ra. When even a vcn
weak current is passed througf

the coils of such a magnet, it

attracts the delicately mounted
armature. The armature is con

nected with one terminal of a

^ "local circuit" containing a "local

^jt^r// battery" Lb (Fig. 193) aiul the

'^*'"'
TESoRA^^^rNE'^'"^''"^ "lag^et Sm of a sounder or an

electric bell (Bm, Fig. 194). The
contact screw Re, against which the relay armature strikes

when it is attracted by the magnet Rm is connected with
the other terminal of the local circuit.

In ordinary telegraphy over long distances, a relay is

always placed at each station in circuit with a main bat-

tery and a key in the main line that leads from station to

station. At each station (Fig. 193) there is a local cir-

cuit whose terminals are connected with the relay arma-
ture and its contact screw, and which contains only a local
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battery and a sounder in series with it \Vh<.,. ti,,. .„ •

line circuit is alternatdy „p..,u-d and clo^-d. ^^rda .";':
euro at each station i.s alternately attracted to co' ascrew and re eased h thus .Iternatdy o.^ns and clo"" elocal e.rcu.t through the local battery and the soundc^a dcauses the sou.ler lever to bo alternately attracted and

'
leased. Fne necessity for the relay on an ordinar- lon«distance telegraph arises fn.n. the fact th.- . the c.^rin onhe hue .s very weak because of the great resistance of thelong hne wire Although the relay cannot itself make enoughno.se to be d.stmctly heard, it can open and close th short

tAHTh

Fw. 194 V/iRELEss Receiving Apparatus

local circuit, and so operate a sounder which is placed in the

L d i":r-
'""^ ^'" ^"""^^'^ '^''^ ^ '^'^ annaturc and

1. dnven by a strong current from the local battery, it re-prodiKcs the signals received by the relay and give^ themw.th sufficient loudness so that they may ife hearer For t"anie reasons tne relay is a necessary part of a wireless
telegraph outfit.

wirticss

336. How the Wireless Message is Received. At the re-

.W stt If" \" ^"'''""^' ^"^' '•'^^ ^^^^ °f the send-

.ng s at.on. The other end Y is connected with the ground.The two ends X and Y of the coherer are also connected to

iP
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the relay circuit, which contains t'.u- in lin battery Mh ar

the rehiy magnet Bin. When the operator at the sendir

station closes his key, the coil there begins to spark ;ii

sends out electric waves from its antenna through the etln

to the reciiving station. When these waves arrive, thev v

brate up and down the receiving antenna, and pass throug

the coherer, causing the filings at F to cohere. Their r

sistancc is thus reduced, so that the current from the niai

battery Mb increases enough to make the relay magnet Ri

attract the relay armature Ra and close the local circui

The current from the local battery Lb then flows throug

the local circuit, and makes the armature Ba of the bell vihral

back and forth, making the clapper strike the bell B and th

coherer tulje alternately. The clapper thus alternately ring

the bell and decoheres the filings.

When the operator at the sending station opens his kc)

the coil ceases to spark, and the electric waves stop cmiiin

to the receiving station. Then, since the filings are decohere

by the last tap from the clapper of the bell, the current cease

to flow through the relay magnet Rm, the relay armatur

Ra is drawn away from tlic contact screw Re, the loca

circuit is broken, and the bell ceases to ring.

Since the bell jingles whenever the operator at the send

ing station depresses his key, and ceases to jingle whenevei

he releases his key, he is able to send any desired combina

tions of long and short jingles corresponding to the letter;

of the telegraph aljihabct.

An ordinary sounder may be used instead of a bell, or il

one of the types of coherer is used which does not retjuirc

tapping back, a telephone may be used as a receiving instru-

ment.

In this case the operator hears the familiar crackling

noise that one hears in the telephone when the circuit is

alternately made and broken. There is always both a send-

ing and a receiving apparatus at each station, either of which

can be connected to the antenna or disconnected from it

as the operator may wish.



ELKdKKlTy
351

337. Tuninfir for Resonaiice. For Iohr distance and
comu,erc.aI w<,rlc the t.rnunals of the t«„ sicks <,f the ni.arkgap ol he send.nK coil are al.ay. ronncxted with the twounmna s of an oscdlat.n, circuit nuuh hke those- described inArt 332 This oscillating circuit consiMs of Levden iirs
an a cod of variable self-inducti... Since more'o fc^^"
of the turns of w.rc of the .self-induction coil may l,e includecln the oscdlating circuit, the ci -uits at the send! gatcm.ng station may be ttuicd to the same period. Then in-
s ruments of the receiving station will be more sensitive tohe waves frcmi the .sending station; and if two or more sta

ladon'^vin r'"'
"^'^^ ""' ''"^ "'''"^ *''"^' ^^e rcceivt,

tun. Vr""'^^
"'"'" •'"'•'>' ''' the station that in tune Lnless the receiving instruments are tunelthey pick up all the messages that are being sent at agiven time. ** " '^^ "^ 1 L

I 'I

DEFIXITIOXS AND PRINTIPLES

1. A substance may be charged with electricity bv rub-bing .t with another substance. Its electrical potentia sthen higher than that of the earth.

and' neg?tre.'"
''''' ''"'^ "' ^'^'^^'^"^'^^'^ ^'^'^-' '-^'^-e

like attrict.

''''''°^'"^'^' '^^'^"-^^ '"^I-^l -ch other and un-

4. Any two dissimilar substances, when brought into

rCnSi^Tnl"'"
""" -"''''''' "''""•- "'"^•'^---

-„l.'l
'\'''^""' "^'""^g^ of a polarize! conductor be|,.".n<lcJ, and ,f first the ground connection and then the^fluc,,c,„g body be rcnoved. the conductor remain, charged
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7. A condenser consists of two plates of metal wiih a

thin layer of dielectric between them. It has a very large

capacity for holding electric charges.

8, The spark discharge of a condenser oscillates very

rapidly and is capable of starting the ether waves used in

wireless telegraphy.

J- 1 .1

1

QUESTIONS AND PROBLEMS

1. How could you tell by mcafls of a suspended pith bali whctiura
piece of paper becomes electrified by rubbing it with an eraser?

2. Would your experiment be more likely to succeed if you handled

the paper (question 1) by sticking it to a pane of dry glass? Why?
3. Will the eraser (question 1) become electrified also?

4. What can you say of the kinds and amounts of the electric chirgci

developed by rubbing together two insulated disks, one of fur and the

other of metal?

5. Could you electrify one of your classmates if you placed him on

a board supported by 4 battery jars and stroked him with a fur cap?

6. In the experiment (question 5) why would it be better to have the

jars hotter than the air in the room?

7. Why will an electrostatic charge escape along moist wood or j;l.i.-s

when the electricity from a battery will not send a percept'iblc current

through it?

8. If you test the inside of an electrified tin fruit can by means of a

proof plane and electroscope you get no charge from the inside. Can

you explain this by the law of electrostatic repulsion?

9. If an electroscope be completely surrounded by wire gaii/i ihe

gauze may Ik: highly charged and the electroscope will not be alkcted

at all. Explain.

10. Does the self-repulsive tendency of an electrostatic ciiar,s;e lulp

to explain why it collects more densely at the corners or edges of a < uliical

conductor tiian on its flat surfaces?

11. If a tack be dropped point up on the pl.ite of an electron npe,

the leaves ([iiickly collap' -. What effect have sharp points on chari^ed

conductors? \V!iy?

12. If a pointed wire be attached to either terminal of a g(" il rlw-

trostatic machine and the machine is rapidly worked, a current tf air

streams off the point swiftly enough to blow out a small candle. Can

you explain this air stream by electrical attraction and repulsion.^
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K Would a liBh,„i„B di^harge aff^t a wWe» reiver?

18. Trace the main line current thrnnirh i.- • . .

^5S
I:

si

Pi



m\^

1

i :
f

i;*
{I

I ;

CHAPTER XIX

OPTICAL INSTRUMENTS

838. Convex Lens. Bule for Construction of Image. Ir

Chapter XIII, the image formed when the light from a

luminous or illuminated object passes through a small h(jle

in an opaque screen, with and without a lens, was dcscrihcd,

and its general relations were set forth. It may hv\p the

student to get more definite notions concerning the char.ic-

teristics of an image and their relations to the corresponding

characteristics of the object, if a general rvile is given Ur

constructing the image when the conditions with respect to

the object are known. The following construction (Fig. 195)

will illustrate a rule which is very simple and very general

in its application.

Let 0(y be an object placed on the axis of a convex Kru

LL' whose principal foci are F and F\ Since all the ra\ s in

a beam of light that spreads out from the point Oandpassts

through the lens are brought by it to a conjugate focal

point / somewhere on the opposite side of the lens (Art.

253), all the rays in the beam must intersect one another

at this point. Hence if we know definitely the paths of two

of these rays we can then draw tliem and extend thein till

they meet in a point ; and this point in which the two known

rays meet must be the point of meeting of all the other rays

that come to the lens from O; i. e., it must be the conjugate

focus of the point O.

Now there are two rays whose paths we do know. The

first one is that which passes through the center c of tlir Kns

This one Oc is not changed when it passes through tin lens,

but continues on in the same straight line Ocz in which it

was going before it reached the lens. The second ra\' whose

path is known is the one OL that is parallel to the |jriiicii ai

354
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pa. roc. (An. ./O). weirrrLnL^'-P;;"",

F.C.19S CoNv«L««. C0-TOCCT.OM «,« xa. !«*«

p.i^s through this point F. The nath of ft,

I'e OLy Since tho / ,^ P^^*^ ^^ the ray then mu«tv^y. since the two known rays Ocz ;,nH nr

O'ot and CKL'x (mm
P?'"'"' The two characteristic ravs

drawn in asfmUarran^er'tdTh''™"'-''' "' "'"-'• ^-
point o- i. f„u„, torThei:r„tfrL:rr ^ -rth""^("re the image of 00"

. We mav stat7 rZ
"""

i" the following rule:
' P™'""* """=«'y

lenl^mThi' ™T °' "" "'''«' P'^"'' ^°'<' a convex

onc^nd
^^,7^^*"acteris,ic point of the object (lay

.i.oJAeSnt^TtheLr'.tT.i::;: "^"^' •'^-'

line n\ Fr^rr, *i, .

continues on in a straight

is -he'i;: iti-f^s-of tha™ 'plrrir' "-
i't'as rmnv c.^i, L . .

HO«nt. (5) Locate sum arlv

-lorramc the size and position of the object.

r^^m 'f«'
<" Okl'-^DWanc. .. Image. Case I. I„'•. 1J= the object was at a considerable distance from the

If*
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lens; and the image was found to be nearer to the lens thar

the object was. It was also smaller than the object.

Fig. 195 represents the relative positions of the objici

and its image as they are in the eye, the view camera, aiic

the object glass of the telescope.

From the diagram (Fig. 195) it will be seen that LI'

the lens angle of the image, is always equal to OcC, the h ii;

angle of the object (Art. 251). Hence if OC/ be moxid

nearer to the lens, the rays Ocz and O'cw open out like a i)ait

of scissors, and the lens angle OcC/ of the object becomes

larger; so the lens angle Id' of the image becomes- larger

also; and the image must increase in size. But this is not

all. Since the object docs not change its size, the parallel

rays OLy and O'L'x do not change their positions at all.

Therefore when the rays cz and cw open out as the lens angle

Id' increases, their intersections / and /' with Ly ami L'x

respectively, will be farther away from c. From this con-

struction therefore we reach the same conclusion that was

reached by other reasoning in Art. 253; i. c,

The nearer the object is to the lens, the larger and more

distant the image is from the lens.

Case II. If we use the same construction as in Fijj. 195,

and keep moving the object nearer to the lens, wc soon

reach a point where the image has the exact size of the

object, and also is at exactly the same distance from the lens

(Fig. 196).

When this is

true, it is found

by measure
ment that the

distance of

either the ob-

ject or the
F,C. 199 0.,«Cr A«D IXAG. EQUAL

j^^g^ j^ ^^ j^^

lens is twice the focal length of the lens, and therefore that

the distance between the image and the object is four times

the focal length of the lens.
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The knowledge of this fact leads to a convenient way ofmeasuring focal length; for if we keep moving the object
toward the lens and the screen away from the lens, until thedearly focused image has the same size as the object, andthen dmde the measured distance between the object and itsimage by 4, the result is the focal length of the lens

Another important way in which this case is applied ism makmg a photographic copy of a drawing, when the copy
.s to be exactly the same size as the object. The object mustthen be placed at twice the focal distance from the ens; and

otheHde
^' '""'"" '^' ^°"'' ^'^*^"" °" 'h^

Case III If we wish to make an enlarged copy of a

lens. If this case be drawn according to the same rule thatwas used to get Figs. 195 and 196. a similar analysis of the
resulting figure will show that the nearer we bring the objecto the camera the larger the image and the more distant /ttfrom the lens. Hence, if making enlarged photographs of an
object, a camera with a long bellows is necessary?. Other
applications of this case are the projection lantern and the
object glass of the compound microscope. These will bedescribed m later paragraphs.

.t.?>-'^'
.^" *^\^^^ of the "spotlight" used on thestage It IS desired to throw on the performers, not an image

the flame but a flood of parallel beams. For this purpoL
the light IS placed in a box behind a lens and just at its princl^

(fL mi t?": ''k 'T ^"^^ '°^ construction it is found
(l^ig. 197) that when the object
is placed at the principal focus,
the rays from each point, as Oor
(y, of the object.are parallel after
passing through the lens, and no
"mage is formed. This principle
»s also applied in bull's-eye lan-
terns, automobile lamps, and in
lighthouses. '''«• "' Objkt at F: No Imacb

!'

..,A
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If the object be moved nearer to the lens than the principal

focus, the same construction shows that no image can lu'

formed, since the rays from every point will remain divergent,

although less so than before passing the lens.

340. Projecting Lantern. Fig. 198 shows the arrange-

ment of the light and lenses in an ordinary projecting lantern.

PW. IM. PiojxcTiNo Lantbkn

The light is placed in a metal box just at the principal

focus of a large thick convex lens a of short focal length,

which causes the rays to become parallel. It then pasMs

through a second lens b of somewhat greater focal len>;th,

which bends it into a rather sshurt cone. This pair of kii>t

s

ab constitutes the condenser; and its purpose is to gather as

much of the light as possible from the lamp and concentrato

it on the "slide" or transparent picture. After the light has

passed through the slide, a beam from each point of the slide

goes on through the central part of the object glass and is

focused on the screen. In the diagram only two such beams

are shown. The object glass is made up of two lenses. It

is placed at a little more than its focal distance from the

slide; and the image is formed at more than twice the focal

distance from it.
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341. Componnd BlicnMcope. The
compound microscope (Fig. 199) diflfers
from the telescope (Art. 260) in that
It is used in examining very small ob-
jects that are near at hand. The object
i^lass, or objective LU has a very siior,^
focal length, and the object is placed
mar the principal focus, like the slide
in the projecting lantern. The image
IS formed in the tube of the microscope
farther away from the objective than
twice its princijial focal length. Unlike
the image of the moon in the telescope
tube, the image of the small object is
much larger than the object itself.
Tliis image is further enlarged by the
aid of the eyepiece EE' , which is so
placed that the image //' in the micro-
scope tube is very nearly at its principal
focus. Therefore the rays that diverge
from the image are parallel after pass-
ing the eyepiece and are focused on
the retina RR' by lens YY' of the eye ..r.

whh"th!;V" "f l^"
''^'''°^" ^^''- 2^^0)' the eyepiece formsuith the lens of the e>e a combination of lenses whose foe-gth IS short enough to focus the image on the retinrwhen

1- object IS nearer to the e>e than the limit of disdnctsion. The angle RcR^ is the lens angle of the image a
.

Since the lens angles of the image and object are equalthe object seems to subtend the visual angle EcE^ The"ugiufication is caused by the fact that the visual angle EcE^
^ very much greater than the visual angle of the ott^fKcause the imago itsc-lf //' is larger than the object 'and

f ''''TV^"
'""^" ^^' '-^ ^•'^"^'ht very near to the evxus the object is magnified by two different means. Sincetl object IS so much magnified, the light from it is spreadover a large area, and would become very faint unless it wc e

_ Fic. 199
Compound Microscopb
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intense to start with. In order to avoid this difficulty the
microscope is provided with a mirror to reflect light on the
object from the sky or a lamp. The beam from the mirror
is condensed into a cone by a condensing lens which acts
exactly like the condenser of the projecting lantern (Fiir

198).

342. Index of Refraction. In Art. 284 it was shown
that when a parallel beam of light strikes a plane surface of
water obliquely it is bent, or refracted, because its speed is

less in the water than in the air. The same is true for glass
and other transparent substances.

Let ah (Fig. 200) represent

a section of one of the plane

wave fronts of a beam of

light included between the two
rays ob and pa. The perpen-

dicular nn' to the common sur-

face ac of the two media (i.

e., in this case, air and glass)

is called the normal. The angle

brn which the direction be of

the incident beam makes with
the normal is called the angle of incidence; and the aiiK'lc

n'ce that the direction ce of the refracted beam makes with
the normal is called the angle of refraction. The wave front

is always perpendicular to the direction in which the wave
is going, hence cd, perpendicular to ce represents the wave
front in the glass. If be represents the actual distance
traveled by the beam in air in a certain time, erf represents
the distance traveled by it in the glass in the same time.

Hence the ratio of be to cd is the same as the ratio of the

speed of light in air to its speed in the glass. Since this

ratio measures the amount of the bending for any two
media when light passes from the one medium (air) ima
another (glass) it is called the index ofrefraction of the second
with respect to the first—i. e.,

Fig. 200 Inobx of Rbpxaction^
Ratio or bc to ad
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Speed^f li^ht in air

Speed of light in the^second medium^ ^"'^^^ of refraction

of the second medium with resiH-ct to air
343. L.W, of Eeftaction. Since other ,hi„g» being e.|ual,

%Tf
of the ,gh, in any n,ediu„, is independent o

the ans e at wh.eh .t enters „r leaves that me,li„,n, ,his ratio
, fcjund o l» constant for any angle of incidence provided
the lijiht be of one color.

Also, as the speed of ab in the glass is slower than itsspeed m the a.r. the d.agram shows that the angleof refraction«r. IS smaller than the an^le of incidence ben, and so I.egh ,s ber.t toward the normal when it passes fron. air into
glass. Conversely .f the direction of the li^ht wave were
reversed so that .t was coming out of the glass into the air
Its speed m the second medium (air) would then be greate;
Han .ts speed m the first (glass) ; and the angle of refraction
(n.>w neb) would be greater than the angle of'incide e n^w
ecn'U so that the light would be bent awav from the pe -

penchcular when .t passed from glass into air. These factsmay be summanzed in the following statements, which are
often called the /cii.5 o/r^/rac/wn.

n„!'r ^^'/"t"^
of refraction is constant for any two mediaand for light of a given color.

2 When the light passes from one medium into another inMt tts speed ts simmer, it is bent t:noardthe lorm.il; and when
tt Mses into a medium in which its speed is faster, it i, bentaway from th: mnmal.

344. Light Traced Through a Plane ParaUel Plate The
pnnaples explained in the preceding paragraph enable us toce the path of a beam of light through a piece of plateglass Gwli.so index of refraction is known. That of plate

i Ttn H
^'' '•

•/
"'"/'""'^^ '" "•' ""^ ^'^- ^--^ '•^•'-tedas ^ to 2. Hence .t we draw oc, pa, and ab (Fig. 201) iustas we drew them in Fig. 200. and if with . as a ct-nter and arad.us equal to I of be we de-cribe an arc. then the li'

"
c^^vh.ch passes through c and just touches chis arc will repre-
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F. 201 Plane Pa«a*_lkl Plate

sent the (xisition of the n( w
wave front at the inst uit

when the wave has pas>i<I

entire!) out of tht- air into

the glass. Hence ce ami

adf i)erpcndicular to tlif

wave front cd rcpnsdu
the (lirection in which the

beam is traveling in the

glass.

When the beam cone-!

out of the glass its spud in

the air is | of what it w as

in the glasfe; so, prtxtcd-

ing exactly as befoii' ix-

cept that we take the radius fh equal to | of f^e, wc fiiul

that eh is the direction of the new wave front at the instant

when the wave has passed entirely out of the gla.-,- into

the air; and therefore ei and fhj, perpendicular to eh, repre-

sent the direction of the beam after emerging from the pi is..

It will be seen from the figure that the angle of rcfra. tion

n'ei on coming out of the glass is equal to the angle of iici-

dence ocn in going in; -o the deviation or bending toward

the normal nc in going in is exactly offset by the deviation

from the normal en' in coming out. This is found to In !ruc

no matter what the plate is made of, so long as its two f tcs

are plane and parallel to each other; i. e.,

After passing through a plane parallel plate a beam of

light passes on in the same direction that it had ivhen it ctitired.

345. Deviation by a

Prism. When a beam of

light passes through a

prism (Fig. 202) its path in

and out may be found just

as it was in the case of the

plane parallel plate. Since
6 ^

Fiii. 202 Deviation by a Prism
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the hght .s bent toward the normal „e on entering and awayrc,m the normal of on leaving, and since in the 'case ofThepns,n the two normals arc not parallel to each other a beamon cntcnng obliquely at one side ab of the prrm fs ben^

2r rr' ','' r^ "'^'*^^"* ^^'^ '^' ^-^ ^^^^^^ p'h
dfg. The angle ghi is called the angle of deviation, because
.t measures the ..rr.unt by which the l>eam de is turn^ o"of Its path by passing through thr prism.

346. Explanation of the Spectrum. For two mediasuch as glass and air. it is found by measurement th^t tLe'

re.1 that of yd ow greater than that of orange, a.ul so on
^or green, blue, indigo, and violet; i. e.. .he latter col "aredovated more than the former. This enables us to under!tand why the white light is separated into various colorsTnNew on s experiment (Art. 270). White light is a mixtu e

LfZl vt"; ''r'^*"^
"'"^^ '*^ ^-^^ *'«^^— cZsmore than U bends others, the mixed beam is spread out like afan and makes on the screen the succession of colored bandswhich we call the spectrum.

347. Total Internal Reflection. Oriucal Angle OnS in^A^/^^"
''-'' ^"" ''' '' ''' ~--- -

344 it will be
seen (Fig. 203)
that if the angle
of incidence be
made larger the

corresponding
anglo of refrac-

tion will increase

much faster. Fio. 203 Total Reflection: Critical Asglk

Hence there will be found a certain value of the angle of

^:-' S ^ "''-l
^'^ corresponding angle of ^f.a^«on . .. will be a right angle and the direction of the
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refracted .earn will coincide with the surface. But the
angle of refraction can never exceed a right angle; and so
if the angle of incidence be further increased as pen the
beam does not emerge from the glass at all, but is turned
back into it, so that its path is pcq. This phenomenon is

called total internal reflection. Hence when a beam of light
is passing from a denser medium like glass into a less dense
medium like air, the angle of incidence cannot exceed a
certain value without causing total internal reflection. This
particular angle of incidence is called the critical angle.

The great brilliancy of diamonds is due to total internal
reflection. These gems are cut with their faces at such
angles that nearly all the incident light that is not reflected
by the front faces is totally reflected from the rear faces and
so is flashed back through the diamond into the room.

348. The Rainbow. When the sun shines through a
rift in the clouds while rain is falling, we may see a rainbow
if we stand with our backs to the sun. If sb (Fig. 204) repre-
sents a beam of light from the sun, then since thousands of
raindrops are falling all the time, this beam will strike some
one drop b at such an angle of incidence that after entering
and being refracted downward it will strike the back of the
drop at an angle that is greater than the critical angle.
Therefore it will be totally reflected and will pass out of the
drop, bending slightly upward as it goes, and will be per-
ceived by an observer whose eye happens to be at e. Since
the violet of the white light is bent more than the red, the
emergent violet beam will be higher than the red, as in-

dicated. So an observer at e would see only the red from the
drop b. He would, however, see the violet that came from a
drop a, that was lower down than b, and the other colors from
drops that happened to be in the right positions between the
two. Furthermore, since a raindrop 6 is so sitnated that
its direction from the observer's eye, eb makes a certain angle
beo with the horizontal line eo drawn forward from this ob-
server's eye, and is therefore capable of sending only red
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hght into that eye. it follows that all other drops whose
directions make an equal angle with eo at e will also send
only red hght to that eye. Such drops wiU all be situated

Fig. 204 FoRKAnoN or thb Rainbow

on the circular arc mbn, whose center is o and whose r^^dius
IS Ob; and the red light from them makes up the red band
in the bow.
The violet band is .nade by other drops like a, whose
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directions make a little smaller angle oea with eo; and so c

for the other colors, which would lie between the red an
violet in the order of the spectrum. The rainbow sec

by another observer would be caused by other dro{
that happened at each instant to be similarly situated wit
reference to his eye. The experiment described in Art. 2C
illustrates the action of a single raindrop. Sometimes
second bow is seen above the first, with the colors reversec
i. e., violet above and red beneath. This second bow
caused by light that has been twice totally reflected fror

the inside of the drop, as represented at c and d Fig. 20-;

349. Concave Lens. Sometimes a concave lens whos
cross section is shaped like LL' in Fig. 205 is used to loo

at a drawing in order to se

how it will look when copiei

photographically and reducei

in size. When any object i

looked at through such a len

it seems to come nearer anc

become smaller, but remain

right side up. In other word:

an erect and diminished imag(

is formed between the objeci

and the lens. Such an image cannot be caught on a screen
because the light rays do not really come from it as they

seem to do. A slight modification of the construction em-
ployed in Art. 338 shows what happens.

The ray from O to c passes on in a straight line Ocz just

as it did with the convex lens; but the ray OL, parallel to

the principal axis, is bent toward the thicker part of the lens

{which is now at the rim, not at the center). Its path ay

on leaving the lens is that which it would have had if it had
come straight from the principal focus F in the direction

Fy. Since the rays ay and cz are divergent, they cannot
meet and make a real image after passing the lens, but they

appear to diverge from the point / where they would inter-

FIG.20S Trb Concave Lens Spuads
TRB Beam
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sect if thsy were extended backward Tt,:= . r •

image of O, and the ooint r7f 2 u .
P°'"' ^ '« **»«

imaL of O^ I. .^
P°'"^ ^ <fo"nd by the same rule) is the

"cfScC^T; equarto theT' ''^f ^^ *^"^ ^^^^ °' '^^e ob!

the case ^^th'th conVt leT^the ^^^ T'^ '''' ^ '^

in spectacles for near-slhti^ 1 ^ °' '^""^^^^ *«"^s

256. They a" aTs^ u^'d ft ?^^^^^^^
^^^ ^-'--d in Art.

In both caL their utilTty ^du^^oZT^L^'^u' '''^'
parallel rays to diverge "^ by el.s^! tn ' ^'^ ''"^'"«^

become paraJ'el, thev a^i/t Si ,^
convergent rays to

^"^ '"' *^" ^* construction (Art. 338) alr^dy Trfte^

FlG. 200 OpBKA Glass

afferent
»y'P'«^^« the two mstruments are quite

beam from the ^i« O 7, he ob^'o^MT^r- •

""^^

would converge to a conjugate f«r^trp^i«:^ar'y'^;

and render it St' U tL T°T "* ""^eigence

and pa^e, th^^^flhe LfSr^f^.Sl' tZ^-tconvergent, and focuses it on the retina
^ "
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The eyepiece just neutralizes the converging power
the lens of the eye. Hence the image that otherwise woi
be formed near £' is really formed on the retina of the e^

The lens angle of this image at q is Iql', so the obji
appears to subtend the angle sqs\ Since this angle is larj

than the visual angle OqC/ of the object when the glass

/ not used, objects a

pear larger when so

through the ope

glass than when o

served by the' unai

ed eye. They al

look right side u

since their images a

inverted on the retin

just as those of all right-side-up objects are.

Fig. 207 Plain Mirror Divergent Beams

351. Concave Mirrors. In Art. 262 we learned that
plane mirror reflects the light so that the angle of reflectic

equals the angle of incidence. A beam of light from a poii

O of an object near a plane

mirrorMM' (Fig. 207) is always
divergent when it strikes the

mirror, and has the same di-

vergence when it leaves the

mirror. The divergences before

and after reflection are meas-
ured by the angles DOB and
DIB respectively. If the sur-

face of the mirror is curved so

as to be concave, as in Fig. 208,

the angles of incidence and of

reflection are still equal, but fig.208 a concave mirror focusj

the rays of the reflected part "^ ""^

of the beam from O are brought nearer together, so that i

they are very divergent they are made less so, and if the;

are not so very dr. ergent they become parallel or even con
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verge to a real focus and form a real image I in front of themirror mstead of a virtual image (as /. Fig. 207 behind ,tThe point c, which is the cente- of the sphere of whose

r. o7 th
"• "°' -a portion, is called the Center of cuZture of the m.rror. The straight line from the center Pofthe mirror through its center of curvature . is ca led th.

ZTL:.''''
^'^ ^"^'^ ^^^' ^^ -"^^ thev;r.t

Provided that the aperture of the mirror is small it m.vbe shown ,hat since the rays are so reflect datTa'hpSthat the angle of reflection equals the angle of inddence

focus ^ '"
'^''^^°'' "^"^d the principal

362. Construction for Image With Concave Mirror Ofthe many rays m a beam that starts from a poinTo of anob;-ctandreachesthe ^"

mirror MM', (Fig.

209), the one that
is parallel to the
principal axis cP
will, after reflection

pass through the
principal focus F.
Its path, therefore
is OaFx. Another,
which passes from
O through the center
of curvature c, strikes -.«..„„„ .„, ,«. ,^,.
the surface of the mirror perpendicularly at a point vand IS reflected directly back along its former oa^h if'path after reflectio.1 is ycO. The point / inThl^h^I

'

r^Iy^^th^T ''"r4 ^^-^° "J^e^lTtt^^^^^^^
ray, of the beam from O to the mirror meet after reflectionIt IS therefore the conjugate focus of the point a The

X
Fig 209Concave Mirror Construction kor the Imacb

iji

.-'it
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conjugate focus of the point O' may be found by the same
rule; and the image of OC is therefore //'. The rule for

finding the image with a concave mirror is therefore very
similar to that for the convex lens:

(1). From a characteristic point of the object draw the

ray through the center of curvature. After reflection it

passes back along the path by which it came. (2). From
the same point draw the ray that is parallel to the prin-

cipal axis of the mirror. After reflection it passes through
the principal focus. (3). The intersection of these two re-

flected rays from the same point is the conjugate focus of

that point. (4). In exactly the same way, locate the

conjugate foci of as many other characteristic points as may
be necessary.

363. Characteristics of the Image. By constructing
different cases, such as were described for the convex lens,

and noting the characteristics of the image, the following

facts may be noted. They all may be verified in any dark
room with a candle for r'n object, a white paper on the wall

for a screen, and an ordinary concave lamp reflector for a

mirror.

Ca^e I. When the object is beyond the center of curvature,

the image is near the principal focus, smaller than the object,

inverted, and real.

This case is sometimes applied in making a reflecting

telescope, the image being viewed through a convex eyepiece

placed at its own focal distance from the image. The magni-
fication results from the fact that the visual angle of the

image is larger than that of the object just as with the refract-

ing telescope (Art. 260).

Case II. When the object is at the center of curvature

the image is there also, is the same size as the object, inverted,

and real. This suggests a common method of finding the

foca! distance of the mirror. The object is moved gradually

up toward the mirror until the image coincides with it in

position and size, and its distance from the mirror is then
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Case HI \\7u t ' '^ ^^^ Principal focal Icnirth

to be parallel; hence no image
IS formed. Concave mirrors are
thus used as reflectors for
carriage lamps and bicycle"
lanterns, the source of light be-
ing placed at the principal focus.

Case V. When the object.
Js between the principal focus
and the mirror, as in Fij. 210
the rays from each po^nt of
the object are still more diver-
gent. They do not meet in v.ktual image

from which they seem to di-
verge, and is therefore a vir-
tual image of the point from
which they really come. The
image is found to be behind
the mirror, ar.d to be larger
than the object, right side up,
and virtual. The image of

roncave shaving mirror and ^t'h?''^
'^^'

!
'"^^ '"^' '" ^

dentist sees in his Ht^I' u
•"'''^^ ^^ ^ ^^^^J^ that a

this way.
"'" mouth-mirror are formed in just

vex'^;J^hTar^^de to^'d'^"
^^^^"^' '^'^ ^^" ^ ^—tney are made to diverge as in Fig. 211, and they

„ Fig. 210
Concave Mirror. Virtual Image

Of
kiK

r- Fig. 211Cox^^x Mirror. V.ktual Image

'H, \
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seem to diverge from a point behind the n\irror which ii

its principal focus. The image may be constructed in ac
cordance with the same rule as for the concave mirror ex
cept that the center of curvature and the principal focui

are behind the mirror, and the reflected rays have to be ex
tended behind the mirror in order to determine their direc

tions by drawing them through these points. The image is

found to be always behind the mirror, smaller than the ob
ject, right side up, and virtual. There are no important
practical applications of the convex mirror.

366. Distorted Images. In places of amusement, mirrors

are sometimes found which furnish very grotesque and ludi

crous virtual images of the spectators. Their surfaces arc

more like cylindrical, than spherical, si'rfaces. Some are con-

vx, others concave, and still others have the upper half

concave and the lower half convex or vice versa. Usually
their surfaces are shaped something like the shell of an egg,

i. e., having one radius of curvature for the up and down
direction of the surface and another for the sidewise direc-

tion. Such a mirror if concave would give an inverted real

image of a person at a distance, but an enlarged, virtual, erect

one of a person standing close to it. The convex surfaces

would always give a virtual image smaller than the person.

The image in each case would be distorted as to breadth and
height. If the long curvature were up and down it would
make the person look very slim, and if it were sidev.ise it

would make him look very fat. If the surface were curved like

a letter S the image would be part too large and part too

small.

DEFINITIONS AND PRINCIPLES

1. When an image is formed by a convex lens the ratio

of the size of the object to the size of the image is the same
as the ratio of the distance of the object from the lens to the

distance of the image from the lens.

2. When an object and its real image are of equal size.
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3. Index of refraction ggggj of light in air

s Tu^ • ^ r r
^P«^ of light in second medium'

4. The mdex for refraction of light of a given color is
constant for any two given media.

5. When the index of refraction is greater than 1 theangle o refraction ,s less than the angle of incidence.
6. Lights of different colors travel at different speeds intransparent media.

^

7. Real images may be formed by reflection with con-cave mirrors.
"

virttal.^^'
''"^^'' ^""'""^^ ^^ """''"'^ '"•''°" ^'^ ^'^«y«

QUESTIONS AND PROBLEXfS

im/;, W "**

!?u''''
**''^"''"* "**' ^ *" '^« ''^«ti"" '^f an object whoseirnag,- is formed by a convex lens?

' ^

given in your answer to question 1.

«-""^ex lens as

-' e
^" ''•!;'? ^'"°''!"" '^ ^^^"*^ ^''^ charactepstics of the image• e..
.

t,on, size, position, and character (real or virtual)
4. Name as many practical applications as you can for each case
5. In general, how do your diagrams

,, .lem 2) show the effect onthe size and distance of the imaee caused «, • !u I

.

the lens or farther away from hf ' '""""^ ''" °'j^^^ "^--^^

6. The focal length of a camera lens is 24 inches. Where must th,.

ace'> H 'T ?' P'^rV" °"'^^ '"^ ^'' - P-*"- just asTarge a he

Ir^r to^u^Ihe ilgeV^"'
""^^ ^^^ ^""^ ^'^^^

" ^^ -veV-^

7 Given a candle, an ordinary magnifying . "ass, and a white wallTell how you could prove experimentally all the sutements a to thl'formation of images included under Art 338
'^^^"'^''^^ as to the

1-;
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tlensing lens and placing a projertinK lens at the proper distance between
it and the screen. Make a diaKrum to show the direction of the con-
denser beanj and the direction of the beams from the picture through the
lens to the screen.

10. Just how must a lantern slide be placed in order that the picture
on the screen shall not be upside down, and left-hand to right?

11.^ In projectlns! opaque olijects, why is a large condenser necessary?
Why is a projecting "ns of large diameter necessary?

12 In projecting Lp.>que objects, why is it necessary to use a very
strong light and not tr>' to magnify the picture very much?

13. In projecting a picture post card with light, condenser, and pro-
jecting lens, the picture is icvcrsed from right to left. What addi.ion
to the apparatus is necessary to get a correct picture instead of a reversed
one?

14. To get the best results with a compound microscope, why must
the condenser used with an object glass of very short focal length ha\c
a shorter fetal length than one that is to be used with a long focus object
lens?

15. Show how two prisms may be so arranged as to produce double
the deviation that is produced by one.

16 Which has the greater index of refraction from air to glass, red
light or violet light?

17. With an ordinary glass lens will the principal focus for red light
be exactly the same as that for violet light? If not the same, which
focus will be nearer to the lens? '

18. How can you prove your answer to question 17 with an ordinary
lens, a beam of white light, a.id a white card? T.ie phenomenon is

known as chromatic aberration.

19. Draw a right triangle abc with the sides ab and cb about the
right angle equal. Let this right isosceles triangle represent • section
of a flint glass prism. The critical angle of the flint glass is about 38°.

Show that if a parallel beam enters perpendicular to the face ab it will

leave perpendicular to cb.

20. Show that if a parallel beam enters the prisTi abc (problem 19)
near a, and perpendicular to the face ac, it will '

. ^ near c and per-
pendicular to the same face.

21. If a projecting lantern whose object glass has a certain focal
length cannot be moved farther away from the screen without makiiis'
the picture too large for th- screen, suggest a way m which a long focus
concave lens may be used so as to enable this to be done.

22. The critical angle for water is 48i°. Show by a diagram how
much of the sky you would be able to see if y-u were to dive down under
clear water, open your eyes, and look up.
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23. If the bottom (problem 22) wore rnv*r^ «,i.u
what would the border o'f the .,y paLh thT;:^ZISll^e"'

'"""'

Jnin,;- l'trJ.Z ''' ""-' -" '-^ ^" -- ^ -'"'-- "• ^He

25. How could you make a rainbow with a lawn spray?
26. How do the rules for constructing an imace with a ron.»v iw.th a concave mirror, and with a convex mirr^ cu^re whh t

„''

structioi. fur a convex leauf
'•"•"pare wun tlie jn-

0'\
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CHAPTER XX

ENERGY OF MOTION

356. Bodies in Motion Possess Energy. In Chapter II
we learned how to measure the work done in lifting heavy
bodies and in pushing or pulling them against resistances of
various kinds. Nothing was said, however, about the work
that must be done in putting a body into motion or about
that done in bringing a body to a state of rest. Yet every
one knows that when a baseball is thrown, work has to be
done in overcoming the inertia of the ball and giving it a
velocity; and also that the energy thus put into the ball
remains with it during its flight and is expended on the
catcher who stops it.

In like manner, if you invert a bicycle and start the front
wheel to spinning on its axle, you have to push on the tire

or spokes to accomplish this, thereby doing work. When
once spinning rapidly, the wheel continues to spin for a
Jong time unless you apply some force to stop it. The
energy put into it in giving it a rotary motion stays in the
wheel, and does work on anything that acts to stop it. Thus
energy is required to set bodies into motion, and is given up
by bodies in motion when they are stopped; i. e.,

Moving bodies possess energy because of their motion.
Since bodies in motion possess energy, an accurate treat-

ment of such problems as that of finding how much work
must be done in hauling a train from one station to the next
makes it necessary to take account both of the work ddiio
against friction and of that done in overcoming inertia when
getting up speed.

357. Potential and Kinetic Energy. When a child is

pushed in a swing, work has to be done in starting the swing,
376
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because the center of gravity of the child and swing has to behfted to a h.gher level. When the swing has been lifted to ahigher level, .t .s stored with the energy that was expendedm hftmg .t; a ^s therefore in a position to descend and dowork. The energy which a body possesses because of its
position .s called potential energy. Since in this case thepotential energy is measured by the product of the weight
of the child and swing and the difference in level, and sincehe weight of the child and swing does not change and s nee

tV\T:ff'°"' ""•'' ^°'' "" °^^^^ '^^'^ I'ke this, we con'
elude that the greater the difference in lez.el through which the
center̂ of grav^ty of a body is lifted, the greater is its potential

When the swing has been lifted and let go, its center ofgravity descends to the level fron. which it was lifted, and
theoretically rises on the other side to the level from which
it fell. Its potential energy is then as great as it was at the
beginning, showing that no energy has been lost. Therefore
at he middle of the swing it still possesses all the energy
that was put into it at the beginning. Since it then has noenergy of position, but is in rapid motion, its energy at themiddle of the swing, must be energy of motion. Energy ofmotion IS called kinetic energy. When a body falls, potLal
energy ts transformed into kinetic energy; ignoring friction,
the gam tn ktnettc energy is equal to the loss in potential energy.

358. Factors on Which Kinetic Energy Depends. With a
gjiven child and swing, the greater the difference in level
through which the center of gravity has been lifted, the
greater the potential energy at the beginning, and the greater
the difference m level through which the center of gravitymay fall. But the greater the distance through which it
alls, the greater the velocity which it acquires in falling and

7f 'n
^^^'''' ^^^ '°^''' P"'"' °f •*« P^th. Thus when

a body falls, kinetic energy increases at the expense of potentialenergy and velocity is acquired at the expense of differencem level; and since difference in level is one of the factors by

J-i
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which potential energy is measured, ve/oa/^f is one oj the

factors by which kinetic energy is measured.
If we put two children into the swing, more work must

be done in lifting their common center of gravity through a

given difference in level than was done before in lifting one
child through the same difference in level. Hence the poten-
tial energy of the two at the higher level is greater than that
of one at the same level. Therefore, the kinetic energy of
the two at the middle of the swing is greater also.

But at the middle of the swing the center of gravity if

the children and swing is directly beneath the point of sup-
port; therefore their weight is counterbalanced by the roi)es
of the swing; so weight cannot be one of the factors of kinetic
energy. The children continue to move past the middle of
the swing and rise to the higher level on the other side, be-
cause of their inertia or mass; i. e., mass is one of thefactors
by which kinetic energy is measured.

Potential energy is measured by force and distance;
kinetic energy is measured by mass and velocity.

In order to find out more definitely how kinetic energ> >
measured by mass and velocity, we must study more closely
the way in which forces and distances vary when various
velocities are imparted to different masses.

359. Force and Mass. An ounce of powder will give
a small steel bullet a high velocity, but it takes several hun-
dred pounds of powder to give a large steel shell the same
velocity as the bullet. An empty sled can be set into mo-
tion quickly by a small pull; but when the sled is loaded,
a much greater pull is required to give it the same vclority
in the same time. An empty freight train gets up speed
much more easily and quickly than a loaded one. In all

of these cases greater force is required to give the larger body
the required speed in the required time because the larger body
has the greater inertia or mass.

A lar-^e cannon ball can do more damaging work than a
small bullet, when both are traveling at the same speed.
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oj the Railway spikes are not driven home with a carpenter's ham-
mer, but with the more bulky sledge, which strikes the
sp.kes with more force. So, conversely, when a body ismomng vnth a given speed, the greater the mass of the body
the greater the force required to bring it to rest in a given timeThe impressions derived from everyday experience in
setting bodies into motion have been tested by careful
rneasurements in the laboratory-. For example, we find that
twice as much force is required to give two cubic feet of
water a velocity of 1 foot per second, as is recjuired to give
oiie cubic foot of water the same velocity in the same time-
three times as much force is required to give three cubic
feet of water a given velocity as is required to give one cubic
foot of water the same velocity in the same time; and so on-
1. e., the force required to produce a certain change in velocity
VI a certain ttme is proportional to the mass of the body
moved.

' ^

360. Force and (Jhange in Velocity. When you are
nding m a train that is moving with a uniform velocity you
sit as comfortably in your seat as when the train is at' rest
But when the train suddenly begins to slow down, you have to
brace your feet against the floor and push backward in order
to decrease your own velocity as that of the train decreases
1 he greater the change in velocity in a given time, the harder
you have to push. When the train starts quickly, you feel
a for^v^rd push, which increases your velocity as that of the
train mcreases. The greater the change in velocity in a
given tinie, the greater the force with which you are pushed
When a body that is free to move is either at rest or moving
uniformily, i. e., when there is no change in its velocity we
infer that no force is acting; but when the velocity changes
we infer that a force is acting. So change in velocity indicates
that force ts acting, and the greater the change in velocity in a
given time, the greater the force.

In like manner, when you jump from the porch step to
the ground you are in no danger of being hurt by the shock.

I. fq
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Your velocity is not large, and a relatively small force is

sufficient to reduce it to zero in a short time. But when
you jump from the porch railing, the shock of landing is

much greater. No one can jump from a fourth story window
without serious results. In falling through the greater
height, the velocity acquired is so great that the force that
can reduce the velocity to zero in the brief time in which
it is done, is large enough to break your bones. Similarly
a man may jump from a slowly moving train without hurt-
ing himself. A relatively small force is sufficient to re-
duce his velocity to zero in a brief time. Any one who jumps
from a train running at a velocity of 50 or 60 miles an hour
is almost sure to be seriously injured. If he stops quickly,
the force required to reduce to zero the greater velocity
which he has when he lands is great enough to cause disaster.
Careful measurements show that the force required to produce
in a fiiven mass and in a given time a change in velocity is

proportional to the degree of the change in velocity.

361. Force and Time. Firemen carry with them to fires
strong nets, which may be stretched near the ground to
catch people who may jump from the windows of a burning
building. Acrobats at the circus often jump from a great
height into a stretched net without injury. We say the net
"breaks the fall"; and this means that the velocity acquired
by the acrobat in falling is not reduced to zero as quickly
as it is when he lands on the ground. A less force acting for
a longer time brings him safely to rest.

A sick man does not jump quickly out of bed, but rises
slowly. Less force is required to put his body into motion
slowly than to do it quickly. When a man starts for a
nde on a bicycle he may break the bicycle chain if he
tries to get up speed too quickly. The driving wheels of
a locomotive slip on the track when the train is starting
from rest if the engineer tries to get up speed too quickly.
Measurements confirm these general conclusions and show
that the force required to produce a given change in the vehcUy
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Of a body is inversely proportional to the time in which thechange m velocity is accomplished.

362. Force, Momentum, and Time. In the three pre-ceding articles we have learned that when the velocity of a

n^Ly 7r\'^' ^^'^^ ^ '^^' P'-^^"^^^ the change isproportional to the mass (m), proportional to the change invelocity (V), and inversely proportional to the time (/); i!i.
fnrrA (A n, "^ass (fw) X change in velocity («)

time (/)
•

""^

, m V

^'^T- (4)

a bI5v """tZTY "''°"'^ '' '""^^ '^' ntomentum ofa body. Therefore for a given body when m is constanthe mass X change m velocity {m v) is the change in mo^.
turn. So when the velocity of a body is changed thef^i.
proportional to the change in momentum. ^ '

363. Action and Reaction. The cordusion just reached

Td 49)"' tU"'''
""^"'^ ™^^ ^- °f M-'ion (Arts.1and 49). The compressed spring (Fig. 14) pushes withequal force on each of the blocks. When allowed to acT itimparts momentum to each. Since the force that acts oneach IS of the same magnitude, and since it necessarily acts

tor the same time, the momenta imparted to the blocksmust be equal. By measuring the masses of the bbcks andthe velocities imparted to them, we can thus verify Newton's

thP ; \ u^
been done with great care in many cases, andthe law has been verified with a great degree of accuracy.The fact that m every case of action and reaction themomenta are equal enables us to understand why it is diffi-cult to dive from a canoe. The mass of the diver gets ayeloaty in one direction, and the mass of the canoe a velocityn the opposite direction. Since the two momenta are equal.

It the mass of the canoe is less than that of the man thecanoe acquires the greater velocity. When a man iivesfrom a large steamer, or from a pier, the mass of the man is h\
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much less than that of the other body, and so the velocity

of the man is proportionally greater. In most cases of

action and reaction the earth is one of the bodies concerned;
and since the mass of the earth is very great, the velocity

it acquires when objects on its surface act on it is extrenitiy

small. Whenever there is action and reaction,

The momenta are equal and opposite in direction.

364. Velocity at a Point. While considering force and
momentum in the preceding articles, frequent mention has

been made of change in velocity. Be-

fore we can accurately measure mo-
menta, we must find out how change in

velocity is measured.

When a stone is dropped, its velocity

increases as it falls. When dropped from

a third story window, it has, at the

instant when it passes the top of the

second stor>' window, a smaller velocity

than that which it has when it passes

the top of the first story window.
The way in which the speed of a

falling body increases as the bod> de-

scends may be studied if we drop a

vibrating tuning fork (Fig. 212) and

allow it to trace a wavy line showing

its vibrations on a plate of smoked
glass. Since each vibration of the fork

takes phx.^e in the same time—nam '

,

the period of the fork—the length of the

wave traced by each vibration indicates

the distance traversed by the fork in

that time. At the top of the glass, where

the fork was moving slowly, the waves
traced on the glass are short. They grow longer the farther

they are from the starting point, showing that the farther

the fork falls, the greater the distance passed over in the

time of one vibration of the fork.

Fig. 212
Falling Tuning Fork
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Since the velocity is not uniform, but is changing atevery instant, we cannot measure the velocity with which
.tpassesapomtd.rectly. If we assume that the fork travel^

Then th Tf'.^"''"^ '' "^^ *'-^^'"« -^ P-t-"l- wav^then the velocity with which it was traveling at that time is

of the fork. This quotient gives the value of the uniform
velocity that would take it over the same distance bth^same time Th.s uniform velocity is a little greater than thevelocity of the lork at the beginning
of the small time interval, and a little
smaller than the velocity of the fork
at the end of the small time interval.
If the time interval is small, we make
no serious error if we say the value
of the velocity at the middle of the
time interval is found by dividing the
distance passed over in the time inter-
val by ike time interval.

In order to find the velocity with
which the falling fork passed any
point, say one a that is 10 centi-
meters below the starting point, we
measure 10 centimeters along the
trace of the waves and mark a line
across the trace at a (Fig. 213). Then
mark off half a wave on each side of
this mark, as at b and c, n-.easure the length be of the wave
thus marked off, and divide by the period of the fork. The
resuk will be the velocity with which the fork was traveling
at the middle of the time interval when it passed the point

L ff ! ^Tf" °^ '^^ ^"'^ '^ '"^^"' '^ ^^"l be better to
lay off two whole waves on each side of the point, as at d and
c, and to measure the greater distance de and divide by the
corresponding time interval (four vibrations of the fork).

^.^'^' ?**f ,.** ^*'^ ^®**»"*y C^a°ffe«- Acceleration.
5iuppose the falling tuning fork has a period of ^ second.

_ Fic. 213
Track of thb Falling Fo«*

F -

i
^

ill

If
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On measuring oflF on the trace two wave lengths on each sic

of the point 10 centimeters distant from the starting poir
we find the distance de (Fig. 213) between the end mar
to be 4 centimeters. The velocity at the point 10 centimetc

r ^ ^. ... 4 (centimeters) cfrom startmg pomt is then -r—; r = 140 -

Ttir (second) s

(i. e., centimeters per second). In falling 10 centim

ters the velocity of the fork increased from to 140 ~
sc

By counting the number of wave lengths from the sta
down to the 10-centimeter mark, we find the time in whic
this increase in velocity took place. Suppose there are 2

waves in this distance. The time is then WV = 4^ secon(

Since the velocity thus increased 140 -^ in | second, i

t>ec

1 second it would have increased - = 980 -^. Th
I sec

velocity was therefore increasing at the rate of 980 cent
meters per second each second.

Rate of change of velocity is called acceleration.
If we mark off two wave lengths on each side of anothe

point on the trace 40 centimeters from the starting poin
we find the distance between the outsido marks to be
centimeters. The velocity of the fork at this point wa
therefore

o (cm) ^ 230^
ihs (sec) sec'

The velocity has changed between the 10 and the 40 centi

meter marks 280- 140= 140 —. Between these two mark
sec

there are again 20 waves, showing that the time in whici
this change in velocity took place is | second as be
fore. So the rate of change of velocity—i. e., the accelera

tion-of the falling fork is li^^ = 980 Si? (i. e., centi
I (sec)

meters per second per second).

sec*
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Time required for change (/)
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or

366.

that

'
(5)

Force, Mags, Acceleration. In Art. 362 we found

m V

We now find that -~ is called the acceleration a. There-

fore, substituting a for — , we get

f '^ m a.
In our discussions thus far we have used as units of forcethe gram-we.ght and the pound-weight. These units Ireconvement for ordinary use, but they are not perfectly satisactory for accurate scientific work, because'^hey are nab^lutey constant^ U the standard pound avoirdupJs

(Art. 15) ,s carried down to the equator, it weighs less on aspnng balance than it does in London, because the earth isnot a sphere, and points on the equator are farther from thecenter of gravity of the earth than the city of LondonThe relation oi f o. ma enables us to frame a more satis-fac ory definition of a unit force. The mass of a cub c centi-meter of water IS the same the world over. We thereforetake the masc of a cubic centimeter of water as the unl ofmass, the centimeter per second per second as the unit oacceleration, and define the unit of force as tkat force Zl^k^M groe to umt mass unit acceleration (£i^. This unit of
force IS called the dyne. Because of this definition, the re-ation f^ma becomes / (dynos) = m (grams) X a (centi-imeters per second per second) ; i. e..

/= ma.
ff^^

The acceleration of a freely falling body is 980
^"^

sec^

(,:,l

B'
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Therefore the weight in dynes of a cubic centimeter of water

(gram mass) is

/ (dynes) = 1 (gm) X 980 i^ - 980 dynes.
sed

So the relation between the old unit of force (gram-weight)

and the new unit (dyne) is

1 grar -weight = 980 djmes.

S67. Distance and Velocity. Having thus found the

relations between force on the one hand and mass and ve-

locity on the other, we must next find the relation between

distance and velocity (Art. 358). In Art. 365 we found that

cin
the falling tuning fork acquired a velocity of 140 ~ in

falling a distance of 10 cm. While passing over the 10 cm,

cm
the velocity changed from to 140 This change in

SvC

velocity was accomplished in \ second; so the distance

traversed (10 cm) in this time was the same as if the fork

had moved with a uniform speed of 70-^. But 70—"- is
' sec B«'

the average of the initial velocity (0) and the final velocity

(140); i. e., z ^- 70-^. Hence the conclusion: When

a body starts from rest and moves with uniformly accel-

erated motion, the distance traversed (s) is equal to the

product of the average velocity (—j—) ^"^ the time (/) ; i. e.,

5 = /.

2

The d ition of acceleration was a =

t =

V

T from which

If w-e substitute this value of t in the preceding equation wc

(7)
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gives the same result. The velocitv t? ^
''"'"^ ^°'^

ne velocity at a distance of 10 cm
from the start was 140 ^ At ^ a- .^- ^* ^ ''•^^^"ce 4 times as

great (40 .m) it was 280 S!}} u .u^ ^ , -, .

sec'
**'*' velocity ,s measured

at a distance of 90 cm frnm *u^ ^

c . err
'*^'^'"« P°'"t' '*t Will be

found to be 420 - and SO on; i.e.....^,.„,,
,,,,,,

Artf366!!rdl6?trrvV t^ "1 ^^ ^'^ ^'^^ -"'^^ <>'

of motion. Sttpos^ The bob „T ^n' '"^'^"""^ ^"^^^

32) weighs /dyTs^aid^s' ft l^ fd^f" ^rcm: the work done is fXs (dyneXcm^ T^lT- °^ '

let fall. When it reachp^ VI • • . ' J''^ bob is now
quired a velociV^r^nd reta n^!^^^

'°"^""
J'

^'^^ -
J' Ki') ana retams all the energy that was put

into it when it was lifted. Since / = ma. and . = ^,

square of the velocity acquired bylaJHng i e
"' ^"' '""^

Kinetic energy= -^^
(8)

motion," which are here briefly1,«edUT "'rt'"'"^
venience of .hose who may wisVto ut Zl "' '"^ "' """

.ion^'wtte"""
*^"- **'*• " -,^-' '^-•*-ngoffn«.

ioi. /. for a Wy L4 'ao« r«/ ^Uh a unijo.
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acceleration, the velocity acquired in a given time is numerically

equal to the product of the acceleration and the time.

From Art. 367, * - -r-; i. c,

Law II. For a body starting from rest with uniform

cuceleration, the distance traversed while the velocity changes a

given amount is numerically equal to the square of the change

in velocity divided by twice the acceleration.

By clearing this equa''.on of fractions and extracting the

square root of both members, Law II may be reduced to the

following alternative form:

V =* \/ 2 as; i. e..

For a body stav'ing from rest with uniform acceleration,

the change in velocity in a given distance is numerically equal

to the square root of twice the product of the acceleration and

the distance. ^
By substituting for v

at

"T" '• or

From Art. 367 we have 5 = -r- /.

its equal at (Law I), this equation becomes s

at* .

* - -y ; i. t.,

Law III. For a body starting from rest vnth uniform ac-

celeration, the distance traversed in a given time is numerically

equal to half the product of the acceleration and the square of

the time.

Since freely falling bodies move with uniformly accelerated

motion, these laws are often called the laws of freely falling

bodies.

370. Absolute Units. Ik Art. 366 a new unit of force,

the dyne, has been defined. Since the magnitude of this

unit does not depend on the position on the surface of the

earth where it is used, the dyne is called the absolute untt of

force.

When a force of 1 dyne acts through a distance of 1 c enti-

meter, 1 absolute unit of work is done. This absoltUe unit of

work is called the erg.
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Since 1 gram-weight - 980 dynes,

1 gnm^^entimeter - 980 ergi.

The erg ,8 a very small amount of work. A larger unit
called the joule is, therefore, often used.

1 joule - 10,000,000 ergs.
In this system the unit of power is the erg per second.

Smce this also is a very small unit, the joule , ?r second is
generally used. This unit is called the watt. It is the same
unit used for electric power (Art. 205) ; i. e..

1 watt
Mcosd.

joale per leoond - lO.OOO.OCO ergi per

371. Meainrement of BlaM. When we wish to compare

ITu"" c .J""'
°^ ^"y substance, for example brass,

with that of 1000 cm' of the same substance, we may doS
by cotupanng the respective volumes. Evidently 1000 cm'
of bras3 CO.. ains 1000 times as much brass as 1 cm» When
bodies are made of the same substance, their masses are f-o-
porttonal to their volumes.

When we wish to compare two masses of diflferent sub-
stances, for example, a mass of sugar with a mass of iron
the process is not so simple. We then use equation (6)'
Since force (dynes) » mass (grams) x acceleration (^j
mass (grams) = force (dynes)_

•~''

acceleration(?2i-)

'

Mass may be measured by dividing a measured force by the
acceleration produced by it.

The process of comparing tw j masses may be simplified
If we can measure the forces that give the two masses the
same acceleration. Thus if m and m' represent the two
masses, and / and / the two forces required to give m and
fn respectively the same acceleration a, then, for the first
J -ma. Similarly for the second /'= w'a. Hence

/ _ ma _ m .

/' ~ m'a ~
m*'

'' ^•'

I. c.

if

T 'I
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The masses are proportional to the forces that give the
same acceleration. Therefore we may compare masses by
comparing the forces that give the masses the same acceleration.

This melhod of comparing masses makes it necessary to

find some convenient means of giving diflferent bodies the
same acceleration. From time immemorial masses have been
compared by means of the ordinary equal arm balance; but
it was reserved for Galileo and Newton to find the complete
justification of this method.

372. Galileo's Experiment. Mass and Weight. By his

celebrated experiment of dropping at the same instant a
small bullet and a large bombshell from the top of the lean-

ing tower of Pisa, Galileo was the first to show that two
heavy bodies, when dropped at the same instant from the
same height and allowed to fall freely, reach the ground at
the same time.

Galileo attributed the fact that a body of large size in

proportion to its mass, like a feather, falls more slowly than
a small heavy body, like a penny, to the resistance of the
air. After the invention of the air pump, it was shown that
a coin and a feather, when dropped at the same instant from
the top of a long glass tube from which the air has been
pumped, f vll side by side and rearli the bottom at the same
instant. This experiment has been repeated carefully in

many different ways, so that we now know that

At a given place all freely falling bodies have the same
acceleration.

So, because weight gives all bodies the same acceleration,

we may compare the masses of bodies by comparing their weights;

I e.,

Mass is proportional to weignt.

373. Variations of the Acceleration Due to Gravity. In

Art. 366 it was stated that the acceleration of a freely falling

cm
body is 980

sec*
This is not strictly true for all places
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on the earths surface. At places near the equator, bodies
weigh less (Art. 366) than they do at places farther northA given mass weighs most at the pole. Since the force of
gravity (weight) of a given mass varies, the acceleration due
to that force varies. The variation is not very large-
between about 984 at the pole and 977 at the equator. In
all calculations where great accuracy is not required, the
value 980 may be used. The acceleration due to gravity isone of the important constants of Nature. It is usually de-
noted by g. For all ordinary calculations,

g= 980 centimeters per second per second, or

g= 32.2 feet per second per second.

374. Mass in the British System of Units. In the Brit-
ish system of units, forces are measured in pounds-weight,
and work in foot-pounds. Since the weight of a body = mass
X g, the mass = '^[^!^. i ^^ ^^^ ^^^^ ^^ ^ ^^^^ .^ ^^^^^

by dividing the weight in pounds by the value of g in feet ter
second per second.

i> j t-

Thus tho kinetic energy of a wagon that weighs 644 pounds
and IS moving with a velocity of 10 feet per second is

mass X velocity'

2

644 (pounds-weight)

32.2 (ft. per sec. per sec.)

pounds.

X 100 (ft. per sec.)'
= 1000 foot-

375. Energy of Rotation. Ply Wheels. Gas, steam, and
gasoline engines generally have heavy wheels caWedJly wheels
mounted on their shafts. The rim of a fly wheel is usually
made thick and broad, so that it contains a large portion of
the iron in the wheel. When such a wheel is rotating rapidly,
it has kinetic energy, just as it would have if moving in a
straight path. So work must be done in starting it when
>t is at rest, and in stopping it when it is in motion; there-

h

(i

i I
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tore, it acts to prevent sudden jerks or changes in the motion
of the engine.

When the wheel is rotating those points of the wheel
that are on the axis have no velocity; while points on the

wheel but not in the axis are moving with velocities which
are greater in proportion as the distance of the point from
the axis is greater. Thus when a wheel makes 1 revolution

per second, a point 10 cm from the axis travels over a cir-

cumference of 10 cm radius in 1 second. A point 20 cm from
the axis travels over a circumference of 20 cm radius in a

second; it goes twice as far in the same time and there-

fore has twice the linear speed— i.e., when the wheel is

turning.

The velocity of a point on a rotating wheJ is proportional

to the distance of the point from the axis of rotation.

The kinetic energy of a mass m moving with a velocity

V is measured by the product . If this mass w is a small

part of a rotating wheel, and if it lies near the axis, its velocity

V is relatively small; and so its kinetic energy is small. But
if the small mass m is twice as far from the axis of the rotating

wheel, its velocity is twice as great, because the velocity

increases in proportion to the distanc • r from the axis. Since

the velocity of the mass m is proportional to r, the kinetic

energy of a small mass m rotating about an axis is proportional

to the square of its distance r from the axis.

This fact explains why fly wheels have such massive rims.

A given mass when placed at a distance from the axis has

much more kinetic energy than the same mass when placed

near the axis and rotating at the same speed.

376. Centrifugal Force. Since the kinetic energy of a

small mass m on the rim of a wheel is greater the greater its

distance r from the center, we can increase the rotary energy

of a fiy wheel of given mass by making it of larger diametti

.

There is a limit, however, beyond which we cannot go, as

the following considerations will show.
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When a wet grindstone is rotating, the water flies oflF

from the rim. Mud ilies off from the wheels of bicycles and
automobiles when they are running fast on a muddy road.
Drops of water may be shaken out of bottles by swinging
them quickly in a circle at arms length. A pail of water can
be swung around in a vertical circle without spilling any
water, notwithstanding the fact that the pail is upside down
at the top of the circle. In a loop-the-loop, the car does not
fall from the track when it is inverted at the top of the loop.
Wet clothes are dried by placing them in a large metal cylin-
der with perforated sides, and rotating the cylinder rapidly.

All of these experiences are illustrations of the fact that
every body has inertia r> id tends to move in a straight line;
therefore, when a body is compelled to move in a curved
path it apr ^rs to be pulling away from the center about
which it is .rning. This pull away from the center of ro-
tation is called centrifugal force.

When a wheel is making a certain number of revolutions
per second, the centrifugal force of a small mass m on the
rim of the wheel is twice as great as the centrifugal force of
an equal mass m that is located in a spoke halfway between
the rim and the axle. In other words, for a given number
of revolutions per second, ' z centrifugal force is directly pro-
portional to the distance from the axis of rotation. Every fly
wheel is designed to make a certain number of revolutions
per second. If the radius of the wheel is too large, the cen-
trifugal force may cause the rim to burst when the wheel
is making the required number of revolutions per second.

For a wheel of given size, the centrifugal force increases
as the speed of rotation increases, being four times as great
when the nurber of revolutions per second is doubled; i. e.

it is proportional to the square of the number of revolutions
per second. Hence fly wheels that have to rotate rapidly
must have small diameters or they are liable to burst.

The cream separator makes use of centrifugal force in
skimming milk. Since skimmed milk is denser than cream
it has greater mass per cm' ; and so, whea rapidly rotated in

fii
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a suitable vessel, the centrifugal force causes the milk to

gather at the circumference of the vessel, thereby pushing

the less dense cream toward the center, very much as colder

air settles down and pushes hot air up a chimney (Art. 101).

DEFINITIONS AND PRINCIPLES

k

mv

1. Moving bodies possess energy because of their motion.

2. The force required to give a mass m a velocity v in

t seconds is proportional to the mass and to the velocity

and inversely proportional to the time; i. e.

3. Momentum is measured by the product of the mass
and the velocity, i. e., momentum = mv.

4. In every case of action and reaction, the momenta
are equal and opposite in direction; i. e., mv = wV.

5. When a body is moving with uniform Velocity, the

velocity at every instant is the same.

6. When a body is moving with varying velocity the

change in its velocity is the difference between its velocity

at one instant and its velocity at some other instant.

7. By dividing the distance traversed in a small time

interval by the time interval, we find the value of the velocity

of a body at the middle instant of the time interval.

8. Acceleration is the rate at which the velocity changes.

9. Acceleration a is measured by dividing the change in

velocity v by the time / in which the change took place; i. e.,

V

10. A body has uniformly accelerated motion v;nen its

acceleration is constant.

11. Force (J) = mass (w) X acceleration (a); i. e.,

/= ma.

12. The dyne is the force that gives a gram-mass an

acceleration of 1 centimeter per second per second.
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13. A constant force imparts to a given mass a uni-
tormly accelerated motion.

14. The numerical value of the acceleration ot gravity
IS 980 centimeters per second per second.

15. 1 gram-weight = 980 dynes.
16. Masses are compared by comparing their weights
17. The distance passed over by a body moving with

uniformly accelerated motion is found by dividing the square
of the change in velocity by twice the acceleration ;i e

2a

18. Kinetic energy is measured by half the product of
the mass and the square of the velocity; i. o., kinetic

energy = -p.

19. When a force / acts through a distance s and pro-

duces in a mass m a change in velocity v, fs = —

.

20. All bodies falling freely at the same place have thesame acceleration.

21. The kinetic energy of a mass m rotating about an
axis IS greater the greater its distance from the axis.

22. When a body is rotating about an axis its inertia
gives rise to centrifugal force.

fU^^' f^"'r^^T'
^"'"^ '" «''^^*^' ^^^ ^--^^ter the mass,

the greater the distance from the axis, and the greater th^number of revolutions per second.

QUESTIONS

2. Why .s ,t hard work to swim through the breakers?
3. Will the water motor (Fig. 57) be able to do more work if the

oTpotirsidfofTe^rtr c^^^^^

^''- - ''-' ''' -- -^^- ^^e

fast'?

"^^^ "' '^' '^"^""^ "^ ^ ^^* '""'"^ '^^^'"^ 'f 't i« runr.:ng too

If

)!
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5. A heavy man is usually preferable to a light-weight for a foot<

ball team. Is this because of his greater mass or his greater weight?

6. Why does the fuse blow on a trolley car if the motorman tries to

get up speed too suddenly?

7. Why do automobiles have different sets of gears between the
engine and the driving wheel?

8. Which set of gears does a chauffeur use when getting up speed in

a large auto?

9. Does the weight of the auto of question 8 make it necessary to

start it gradually?

10. Why does the catcher of a baseball team wear a padded glove
when playing?

11. Which stings your hand the more, a swift baseball or a equally
swift tennis ball? Why?

12. Is it possible to catch a swift baseball without a glove and not

get stung? How?
13. 'iVhen a man chops wood why does he swing the ax high when

he is trying to chop a knotty piece?

14. Why is it that you can drive an ax-head on by striking on the
other end of the handle?

15. If there were no air resistance, would a bullet fired vertically

upward return to the earth with the same velocity with which it left the
muzzle of the gun?

16. Raindrops often fall from a great height. Why is not their

velocity when they strike the earth great enough to make them dangerous?

17. Why do they put heavy springs on the bumpers on cars and at

the ends of railroad tracks?

18. Why is it more comfortable to ride in a carriage with pneumatic
tires and springs than in a farm wagon with neither?

19. Why is it easier to dive from a spring board than from a pier?

20. When you buy candy do you pay for its mass or its weight?

21. Why is it dangerous for a diver to fall flat on the water, hut
all right for him to strike the water head first?

22. If originally moving at the same speed, which shoots farther

after the power is turned off, a 20-foot motor boat or a 200-foot steamer?
Why?

23. Why do you refrain from punching brick walls but enjoy hicting

a punching-bag?

24. Wny do they stretch nete under acrobats when performing dif-

ficult feats at a circus?

25. Why are earthworks better than masonry walls for fortifications?
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26 If sugar were always weighed on the same spring balance, would

rs.^rY^iTwhir'"^^^*"^"''"^^"^^^^"^"-^^^^
27. The mouth of the Mississippi river is some 2 miles farther fromthe center of the earth than its source. Do its waters flow up hill ? Why^

cJL '^''a^'^ia ^ *^^*«»8«°"8 to a grocer who bought grods inChicago and sold them at the top of Pike's peak to use a spring bdaniem buymg and selling? Why? *^ ^ oaiance

29. If you drop a brick and a bullet at the same instant from a thirdstory Window, which will strike the ground first? Why?

the'Lof ?fl7wheeT?"'""''^^"
''' "^"^ ^°'^ *° ^ '" ^-^^''-^

makiit ofLtif ?1? thyl ' ""^^" ^'^= ^°"'^ '' "^ ^"^ -
32. The rims of two fly wheels have the same amount of iron in them

S;: wh"il?"
'"'" ''' '"'"^*^^ °^ ''•^ "*''"• ^'^•'^•^ » t''^ better as"

whi^'hntr''''
°

u**"" u^
"^^"^^^ °^ 'l""''"" ^2 is more likely to burstwhen both are makmg the same number of revolutions per second? Why'

• ^^ ?^*'? ^°" ^"^'"^ * P*" °' ^*ter rapidly around in a vertical
circle, why doesn't the water fall out?

hap'^ns" 7h;7'"'
''' "*" °' "^^" ^^""^•°" ''' "-"^ ^'-'y -»>«'

in a v.r/iT" '?"^/" ^ '''**^°''"' ""'" *"^ '*'"«^ * P«" °f ^«ter around

TenTirdW^'XT "^^ " ^^'«' ""-' -'^^ ''^ '^' - "P ^^-

37. When you play snap the whip, why does the end man get thrown'

outfrsurfa°:?'Xr '" ' ""^ '''"'''''' '"^ " ''' "^^""^ ^' ^"^^

39. How does a centrifugal dryer succeed in drying clothes'

afte?'takTn7.h^ f
°''°" ''''''' ?°''" '^' " '^""'^ '" ^''"•'^^' thermometers

alter takmg the temperature of a patient?

41. Why do automobiles "skid" if they run too fast around a corner?

PROBLEMS

1. The hammer of a pile driver weighs 2500 pounds. It is lifted IS
feet and dropped on the head of a pile. How many foot-pounds of kineticenergy has it when it strikes?

2. A boy whose mass is 60 kilograms jumps from a boat with a
velocity of 100 .£2?.

;7,

if

sec
How much momentum does the boat get ?
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3. A baseball that has a mass of ISO grams is thrown with

I

if

LSla 1 >

<%s^i '

iW I

'

•*
1

1: 1

!

J]
^

!

^ ii 1 . ^ !t-

"1

4 iftk

velocity of SOO
cm

sec
How much momentum is given to the thrower?

How much to the earth?

4. If the baseball (problem 3) is struck by a bat and sent back with

a velocity of ISO .£!!? what is its change in momentum?
sec

5. If the baseball (problem 3) strikes a house with a velocity of 130

— and bounces back with the same velocity how much momentum is

sec

given to the house?

6. What becomes of the momentum given to the house in problem 5?

7. A train starts from rest and at the end of 13 seconds has a

velocity of SOO
cm

sec
What is its acceleration?

8. How far did the train of problem 7 go in the 10 seconds?

9. What was the velocity of the train of problem 7 at the middle of

the 10 seconds?

cm
10. A trolley car, starting from rest, acquires a velocity of 2S0 _

Sl'C

in a distance of 12S0 cm. What was its acceleration?

11. A box that weighs 10,000 grams is hung from a spring balance in

an elevator at rest. ' When the elevator starts upward with an accelera-

tion of 10 SHL how much does the spring balance read?
sec'

12. When the elevator (problem 11) is moving uniformly upward,

what does the spring balance read?

13. If the cable that pulls the elevator up (problem 11) should break

and the elevator should fall freely, how much would the spring balance

read during the descent?

14. A man whose mass is 75 kilograms is riding in a train that is

moving uniformly at the rate of 2500 E^. When brakes are applied

sec

so that the train slows down with a negative acceleration of 100 *^'."_

sec'

with what force must the man push against the seat in front in order ta

keep his place?

15. How long must the man keep pushing (problem 14) before he

comes to rest ?

16. A man jumps from a height of 200 cm- With wh::t velocity doci

he land?
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J^ic :iZ IZ^'ltnZV::^''"'
^^> - " ^"— -Hat i, HU

ve.^;^^rhVrer z'::l:r'
- '''-- ^^ ^ ^-- ^-^ *h-

hisrumpf
^^ '''"' ''' ' '^'^ ^"^ '^"^ <P-^'- ^«) to reach the top of

20 If a^ boy when making a running broad jump is running at the
rate of 800 __ when he jumps, and if he rises two feet vertically during
the jump, how far can he go before landing?

21. A train weighs 1000 tons and is moving at the rate of 40 111,

How many foot-pounds of kinetic energy has it'
'^
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CHAPTER XXI

MOLKCULAR PHYSICS

377. Surface Tension. If an ordinary sewing needle be

laid carefully on the surface of the water in a basin, the

needle will float, notwithstanding the fact that the density

of steel is greater than that of water. Small insects called

"skippers" move about on the surface of water as safely as

other insects move on land. Small drops of mercury or

water on a dusty floor are spherical in shape and roll about

like solid shot. Raindrops, while freely falling in the air are

nearly spherical. When a raindrop strikes against a window

pane, it clings to the glass, the outer surface of the drop

forming against the glass a tiny bag which holds the water.

When such a drop is clinging to the window of a railway

train, you may often see small cinders bouncing around in-

side the drop, unable to break through the surface of the

drop and escape.

When a small soap bubble has been blown in a pipe, if the

blowing ceases, the bubble contracts, always retaining its

spherical form, until it moves back into the pipe and forms

a flat film across the mouth. If a bubble is blown on the

end of a small funnel, and allowed to contract, it will not

only return to the funnel, but will creep up the funnel to

the stem.

All of these phenomena show that the surface of a liquid

acts as if it were covered with an elastic film like a thin

rubber membrane, which always contracts as far as is possible.

The needle floats because it is not heavy enough to break

through this film. Drops become spherical because the free

400
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surface of a liquid always tends to contract to the least oossi

j~«>ioi<; area, it i» aaid lo have surface tension.

378. Difference in Snrtace Tendon tf a c™,ii •

gum camphor l« placed „„ ,ho sXe o war tTabout in an irregular path. Similarly a .maU pic^'e ^fZI?sod-um or of po.a»siun,. when placd on .hclre „/w,":'jumps about and often burns, A few dron., of e°he7wiri«.use considerable commotion on the surface o '"J;

'

A drop of water, when placed on the surface of oil remarnsas a drop,- but a drop of oil, when placed on wato spTeads

TJl'r »? P°-il"->. '"ning a layer thin enough to ptduce colors hke those in a soap bubble (Art. 286)
^

face Sio^n rr" '"Y
'"' '''"^'^ '° "'""'^•"^^ >" 'ur-lace tension. The camphor, the sodium, and the ether dis

Xr.h "T"' " *""'"'^'' '"'''' "" o"- -de than on 'he

"he olher antthJ'-'"'"^"
'"'"''^ °" "''^ ^'''^ "«'- •'•an o„

^^ca°er tenSl''"'
''""""" '^ """^^ '" '"^ "--t-n of the

,u '".f"^
?""," ""^ ^'"•'«« '^"sio" of water is creator

379. Capillarity. If one corner of a piece of bl„fti„,

par '^^r"
"""'"'• '"^ '"• ^P-"' "Pward it !

!r tt; 1,^
" !!'"' 'T° ^ '"'"P °f '"8" '"'"=" one cornero the lump IS dipped in the water. Lamp wicks condT,

0.1 fronr, the reservoir of the lamp up to the burner Thesame phenomenon is .seen when one end of a glartubJoJfine bore ,s dipped into water. The water rises in tl^e tube
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Fic. 214 Water Rises
I.N THE TVUB

iM

On the other hand, when one cnil of a glass tube of fin<

bore is dipped into mercury, the mercury stands at a lowei

level inside the tulM; than outside. If we examine the upiMi

surfaces of the water column and the mercury column in

side the tubes, we find that the top of the water column i;

concave (Fig. 214), while that of thi

mercury column is convex (Fig. 215).

Because the water clings to or "wets'

the glass, the edges of the surface filir

inside the tube arc supported by tht

glass, and the surface tension pulls th(

watrr r.p the tube. The mercury, how
ever, does not wet the glass, so the sur

face film on the mercury is not supported, and the mercury i>

pulled down by the surface tension. Since this phenomenor
of surface tension is most striking in tubes of fine bort

(i. e., capillary tubes) it is called capillarity.

The ink rises in the blott t, then, because there are many
fine pores and ducts between the fibers, and when the \nV

wets the blotter, the surface tension pulls the ink up intc

these ducts. The same is true of the sugar and water, and

of the lamp wick and oil. 1 1 is capillarity

that causes sap to rise in trees and
plants and water to sjjread through soils.

380.- Diffusion of Gases. If illum-

inating gas be allowed to escape for a few

minutes from a gas fixture, in a short Fig.215 Merci-ry Sinks

, ,, r II ,
'-"^ "'ME Tube

time the smell of gas may be detected

in any part of the room. In like manner the smill

of fresh paint or of a newly varnished floor soon filb

the whole house.

Phenomena like these show that gases expand until they

are evenly distributed throughout the space in which they

are enclosed, even though this space contains other gases

as well. This process by which one gas spreads through

and mixes with another gas is called di^usion.
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881. Difrniion in Liauidi ?f n „u - • u . -

.h. water a„/.h. ^c^TlUlZt^iJ^Z:^" t''

phate, and a la>cr of water he
IMJurcd carefully on top of tlu>
solution and the whole be al-
lowed to stand several weeks,
the blue solution will be found'
to have worked its way up irto
the clear water.

Liquids diffuse through each
other just as gases do, onh more
slrru'Iy.

A lump of sugar dropped
into hot tea soon disappears.
If allowed to stand for several
Jays, the sugar can be tasted
in every part of the tea. T!i(«
same is true of .salt in v.;Ucr

Dll-KISION OF GASiiS

be^au eo

m

"Tr '"'"''' "" "^"P ''^^ '""easedoecause ot the presence of the gas
If the glass jar full of gas is removed, the water at oncPbegins to nse in the tube /. showing that'the .^^^urc In the
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cup / diminishes wb-^ l!.< ^ 's outside is removed. Be-
cause the cup is pore 1- Iioh ir and gas can pass slowly

through it, but the gas p^ \.^ tn.ough more easily and quickly
than the air. When the cup is inside the glass jar full of

gas, the gas diffuses through the cup into the air, and the air

diffuses through the cup out into the gas. But since gas
gets through porous earthenware faster than air does, more
gas gets into the cup than air gets out of it. Hence the
pressure in the cup rises.

When the glass jar is removed, the cup is surrounded with
air only. Then the gas inside diffuses out faster than the
air from the outside diffuses in; so the pressure in the cup
is temporarily decreased, and the water rises in the tube /.

Tke gas continues to diffuse until the gas pressure inside and
out is the same, and the air continues to

diffuse until the air pressure inside and out

is the same.

383. Osmosis. If the large end of a
thistle tube T (Fig. 217) is carefully

fitted with a plug made from a fresh radish

or carrot, filled to the point a with a
solution of sugar or salt, and immersed in

a jar of water, the liciuid will rise in ihe

upright tube A suitable animal mem-
brane, like ox-bladder or wet parchment,
may be used instead of a carrot.

If the carrot is tightly fastened in the tube, the water
will rise in time to a considerable height in the tube, until

its weight produces a large pressure on the top of the carrot.

In this experiment, the water passes through the plug at

the bottom of the thistle tube, while the sugar solution does
not. If the tube T is closed with a thin rubber membrane,
filled with water, and immersed in alcohol, the water rises

in the tube. In this case alcohol passes through the mem-
brane and water does not.

A membrane through which one substance passes more

Fig. 217 Osmosis
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eas.Iy than another .s called a semi-penneahle membraneThe process by- wh.ch one lu,uid passes through a semi-permeable membrane faster than another is called ..,„«v/vMany membranes in the bodies of h. rT-an beinirs andanunals as wellas in plants and ve,etab' . are.J^^^
membranes. Osmosis plays an impo.ian-: pa>t •

the c

an!m::;"i^
'''''"'' '"' other fluids t.„ :i.,in

, lant and

thisde^'tubcT"' ^iT"' ''" '"'^ '"'-'' ^'^^ -^^- - the
h. tie tube (F.,.. 21/) nses to a higher level in opposition

to the action o gravty has led to the supposition that thesugar contamed .n the water in the tube acts verv much

ttter TndT rV" ' '''^"- '' ^"^^'^^^ ^ ^'^-'

- ^heuater and tends to expand and occupy as large a volumeof water as possible. The sugar cannot pass 'through thesemi-permeable membrane and expand into the water out-

b: nit i th^
'"'^' '"^ ^^'"^^ '' ''^- ''^^^^^ ^he mem-brane as .f the sugar attracted it so as to have a larger vol-ume m which to expand. Water continues to pass fhrough

rrieht'bV"' ""J"
^'^ ^"'^ ""^" ^•^^^ '^^--- due tons weight balances the pressure of the dissolved sugarThe pressure which is exerted by a substance in a solutionand which tends to increase the N-olume of the solution iscalled osmotic pressure.

Careful studies of osmotic pressure have shown that itfollows the la.vs of Charles and C^ay Lussac (Art. 307) andBoyle (Art^ 77) for gases. At constant volume it is propor
.onal to the absolute temperature, and it increases as thev.lume occupied by the dissolved substance decreasesHence we may think of a substance in a solution-like saltor sugar m water-much as we think of a gas confined in

385 Molecules and Atoms. Centuries before mankind
learned to study Nature in the modern scientific wav, men
spe.:ulated concerning the "nature of things" and the mechan-
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isms by which they conceived that physical phenomena were
produced. Thus we find the Greek philosopher Democritus
telHng us that matter consists of atoms, an atom being the
smallest conceivable particle of any substance. Democritus
even insists that atoms are hard, all alike, and spherical in

form;—he omits, hcnvever, to tell us how he discovered this.

The great French philosopher Descartes assures us that
atoms are not solid, hard, spheres, but "vortices," like tiny

smoke rings, twirling about themselves. After Helmholtz
proved mathematically that if a vortex were once started in

a weightless and frictionless fluid, it would continue to ro-

tate forever, the idea became widespread that the atom
must somehow be a twirling vortex of something or other.

Notwithstanding the fact that speculations of these sorts

have never been of any help at all in advancing science,

hypotheses which lead to conclusions that can be verified

by experiment are a very important element in scientific

progress.

Without attempting to define an atom more definitely

than to say it is a minute particle of matter, having mass
and weight, and cajiable of acciuiring velocity, we may
suppose a molecule to he a small mass made up of several

atoms. We may say matter is made up of molecules.

We may then try . / imagine how the molecules act

in order that the phenomena <>f diffusion, evaporation,

osmosis, gas pressure, and so on, may take place in the way
in which they actually do take place. In other words, we
may imagine a mechanical model made in such a way that

it should produce the observed phenomena. The attempt
to imagine a consistent model of this sort has led to the

kinetic theory of matter.

1" I

386. The Kinetic Theory of Matter. The fact that va-

pors occupy larger vohimes tiian the solids or liquids from
which they evaporate, together with the fact that vapors
and gases diffuse more rapidly than liquids, makes it reason-

able to suppose that oU molecules are in motion and the
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molecules of a vapor or a i-as arc farther apart than those of a
solid or a liquid.

The facts of gas pressure ma> then be ascribed to the im-pacts of the moving molecules against the walls of the c.ntaming vessel. Since the force exerted at impact by each
molecule depends on its momentum mv (Art. 362) and
S-. ;e heating a gas at a constant volume increases its pressurewe infer that heating increases the velocity of the molectiles

'

bince heating a gas increases the velocity of the mole-
cules, it increases their kinetic energy ^ (Art. 368).

IST ^'""^'"^ " ^''' increases the kinetic energy of the

When a gas is compressed in a cylinder, it grows warmer.V\e may conceive that each molecule that strikes against themovmg piston bounces back with a higher velocity than thatwith which It approached; very much as a baseball bouncesfrom a moving bat with an increased velocity. The increase
in the velocity means an increase in the kinetic energy ofthe molecule. Since the gas is heated when compressed, itappears that tncreasing the kinetic e. . ./ the molecules has
the same effect as adding heat.

Conversely, when a gas is expand,
.., and doing the work

of pushing a piston, it cools. We may conceive that each
molecule that strikes the moving piston under these conditions
bounces back with a smaller velocity than that wuh which
It struck. Since a molecule thus loses velocity when it
strikes against a piston which is running away from it,
t loses kinetic energy, and the loss appears as a fall in
temperature; u c., decreasing the kinetic en..,y of the molecules
has the same effect as cooling. On the basis of observations
and arguments like the preceding, many feel justified in
concluding that heat is kinetic energy of molecules.

The principal postulates of the kinetic theory are:
1. Every substance consists of a great number of verv

small particles, each of a definite mass. These particles are
called molecules.
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2. These molecules are constantly in rapid motion.

3. Heat is kinetic energy of the molecules.

Because this theory has not only given us a simpler system

for description, but has also enabled us to predict what

should happen under a given -^ct of conditions; and since

such predictions have in many cases been verified, the theory

is the most probable one yet advanced to describe the

mechanism by which the observed phenomena of matter

are produced.

387. Electrolysis Ions. In Art. 193 we learned that

when an electric current is sent through a salt solution, like

one of copper sulphate, the solution is decomposed and metal

is deposited on the negative electrode. In Art. 322 we learned

that like electric charges rtpel, and unlike charges attract.

We also know by testing them with a suitably sensitive

electroscope that the electrodes of a battery are electrically

charged, the coi)per or carbon with a + charge, and the

zinc with a — charge.

These facts make it dcsirabl<' to expand the molecular

hypothesis. When a current is flowing through a copper

sulphate solution, the atoms of copper are taken from

the solution and deposited on the negative electrode; but

when no current is flowing, copper is not so deposited.

Hence it seems plausible to infer that there are in the solu-

tion free atoms of copper charged with + electricity.

When the copper plates in the solution are charged by

connecting them with the terminals of a battery, the posi-

tively charged atoms of copper are attracted toward

the plate that is charged negatively; and so they wander

through the solution, give up their charges to the — elec-

trode and are deposited there.

In like manner the remaining portion of the copper sul-

phate molecule, which is composed of sulphur and oxygen,

is thought of as negatively charged. So it wanders toward

the + electrode, takes from it a new + charged copper atom

and unites with this atom to form a new neutral molecule
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of copper sulphate. These electrically charged particles in
a solution arc called ions; i. e., an ion is an electrically
charged atom or group of atoms.

388. Dissociation. Ionic Theory. In order that the
process of electrolysis may begin, it is necessary that some
of the copper sulphate molecules be already separated into
their two component ions. Hence it seems necessary to
assume that this separation has already taken place in a
solution even before the electric current is sent through it.

This spontaneous separation of a molecule into a + and a —
charged ion is called dissociation.

Since the phenomena of electrolysis may be observed in
a solution of any salt, we may conclude that at least some of
the molecules in every solution are dissociated into ions.

389. Radiation. In Chapter XV we learned how the
heat of the sun is brought to us by waves in the ether, and
in Chapter XI the fact that waves originate at vibrating
bodies was illustrated. If bodies consist of moving particles,
and if heat is the kinetic energy of the molecules, we can
imagine that these moving particles are really vibrating and
are then in some way the source of the waves called heat
waves.

For example, when a piece of iron is heated in a fire, and
then held near the hand, its radiations may be felt. When
the temperature reaches about 520 °C, the iron begins to
glow with red light. As it is heated to a higher temperature,
the iron gets first yellow and then white. The red light waves
of the visible spectrum have the least frequency, the yel-
low waves have a greater frequency, and white Mght in-

cludes all waves from red to violet. The white hot iron
radiates more intensely to your hand than cooler iron does.
So as the temperature increases, both the intensity and the
frequency of the waves sent out increase. Since heating in-

creases the velocity and the kinetic energy of the mo! cules
(Art. 386), and also increases the frequency and the intensity

KJ
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of the radiation, we may conceive that vibrating ions or

molecules are directly connected with the starting of the

heat and light waves.

390, Absorption. When the radiation from the iron

falls on your hand, you feel the warmth. If it falls on any

cold object, the temperature of the object rises. But rise

in temperature means increased velocity of the molecules.

So we may conceive that the energy of the waves from the

hot body is used up in increasing the kinetic energy of the

molecules of the cooler body. The cooler body is

then said to absorb the radiation from the hot

body, and the process is called absorption.

391. Prevost's Theory of Exchanges. When

the hot iron has cooled to the temperature of

your hand, you no longer feel warmth from the

iron. If a piece of ice is brought near the iron and

the hand, you feel the chill, and some of the ice

melts because of the energy radiated to it from

the iron and the hand. The simplest method of

accounting for these facts is to suppose that the

molecules of all bodies are vibrating, so that all

b^d!oLTe"r" bodies are radiating energy in the form of long heat

waves at all temperatures, and that all bodies are

also absorbing these heat waves at all temperatures. When

a body absorbs faster than it radiates, its temperature rises;

but when it radiates faster than it absorbs, its temperature falls.

This theory is known as Prevost's Theory of Exchanges.

392. The Radiometer. The radiometer (Fig. 218) con-

sists of four light vanes fastened to the ends of the arms of a

delicate cross made of aluminum wire. This sy tem of vanes

is then mounted so that it can rotate easily about a vertical

axis inside a glass bulb from which most of the air has been

pumped. When the instrument is set in a beam of sunlight,

or when it is brought near a gas jet, the vanes revolve rapidly.
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On exammmg the vanes, we find that one side of each isb ack, and the other side shiny like a mirror. The direction
o the rotation when the instrument is exposed to a source
of heat IS always such that the black sides of the vanes moveaway from the source of heat. When the vanes are exposed
to a source of heat, the black surfaces absorb more of the
radiant heat than do the shiny sides. On this account theblack sides become slightly warmer than the shiny sides.When one of the freely flying molecules inside the bulb
strikes one of the warmer black sides, it takes up some heat
1. e.. Its kinetic energy is increased. This means that iteaves the black side of the vane with a higher velocity thanhad when it .truck, and in acquiring this higher velocity
must have given the black side a slightly greater push than

If It rebounded with the same velocity with which it ap-
proachcd. ^

rr.,1"'''' lu^ ut'7
"''^''^ ""^ '^"^ ^^"^^ ^'^ "°t warmed asmuch as the black sides, the velocity of the flying particles

IS no increased by the impact on them. The pressure onthe black surfaces is therefore slightly greater than that onthe shiny surfaces, and the vanes rotate in the direction ofthe greater pressure. If a cake of ice is placed near the radio-

section
"""" ""^ ^" "'^' '° ''"'"^^ •" '^'"^ "J^P-'te

393. The Velocity of Electric Waves. In Art. 329 we

tThl '
'^l''u 't 'P"'"'^ '' ""* ^ ^'"^'^ ^^'^' but that

t vibrates rapidly back and forth a number of times, start-
ing the waves that are used in wireless telegraphy. Wealso learned that these electric waves may form stationarywaves on wires, and that these are analogous to stationary
sound waves in organ pipes. The number of vibrations ofthe spark per second can be determined bv photographinc
It m a mirror revolving at a known speed. 'But the velocity

nutZf •r'^''
"^'^'^ '' '^"^^ '° '^' P'-^^"^^ oi thenuniber of vibrations per second and the wave length (Art

^^^); so It has been possible to measure the velocity of
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electric waves, and the result shows that the velocity of

electric waves is the same as that of light waves.

But the spark consists of vibrating electrically charged

particles. Hence electrically charged particles in vibration

start waves that travel with the velocity of light.

This fact suggests the idea that light waves may be pro-

duced by the vibrations of electrically charged particles.

Because the light waves are so very short (Art. 287), the

vibrations that start them must be extraordinarily rapid

—

some six hundred million million vibrations per second.

The molecules themselves and the ions in electrolysis are

probably too large to vibrate so rapidly. Another kind of

electrically charged particle—one that seems more suited to

produce light waves—has

recently been discovered.

394. Cathode Rays. An
electric spark that is just

able to pass between the ter-

minals of an induction coil

when they are an inch or so

apart, will pafis with ease

Fig. 219 Catbodb Raw Cast Shadows through a tube several feet

long if the air be partially removed from it. In such a

vacuum tube the appearance of the spark is very different

from its appearance in air. The appearance changes very

markedly as the amount of air in the tube changes.

When the air in the tube has a pressure of about tV of

an atmosphere (1 cm of mercury) the tube is filled with a

pinkish glow. As more air is pumped out, the glow becomes

bluish, and finally disappears. When this happens, the walls

of the tube begin to shine in spots with a greenish yellow light.

These spots are usually opposite the negative electrode of

the tube.

If some obstacle like a metal cross b (Fig. 219) be inserted

between the negative electrode, or cathode, and the glass wall

of the tube, a shadow of the cross is cast at the end of the
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tube d. If a piece of mica with a slit in it be placed at a
(Fig. 220) in front of the cathode, and another screen cd coated
with a suitable mineral be placed lengthwise in the tube a
streamer appears on the screen eh when the tube is electric-
ally excitCL These experiments show that some sort of
rays are streaming from the cathode. When these rays
strike on some substance like quinine and
certain kinds of glass, they cause it to
shine with a soft light. Such shining of
substances is called fluorescence, and the
rays that produce fluorescence in a vacuum
tube, since they proceed from the cathode,
are called cathode rays.

i

396. Nature of Cathode Rays. Elec
trons. If a magnet M (Fig. 220) be
brought near the tube while it is in oper-
ation, the streamer is deflected from its

path, bending to one side when the north
pole of the magnet is near, and to the
opposite side when the south pole is near;
i e., cathode rays are deflected by a magnet. c\

Bodies on which cathode rays strike
become negatively charged. Since an elec-

trically charged particle in motion j ro-^

duces a magnetic field, both these prip-
erties lead to the idea that cathode rays
are negatively charged particles shot out with ^ Magnet bends

high speed from the cathode.
"""""""^ ^''

It has been possible to measure the velocity of these
particles, and it is found to be about 20,000 miles per second.
It has also been possible to estimate the probable size of a
cathode particle, the result showing that the mass of a cathode
particle is less than nrinr of the mass of a hydrogen atom.

Since the same kind of cathode rays are obtained in any
tube, no matter what gas it contains, and no matter of what
material the electrodes are composed, it is possible that

Fig. 220
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the cathode particles may be the ultimate particles of which

atoms and molecules are composed.

The cathode particles have been named electrons.

The electron in a negatively charged particle whose mass

is about a thousandth part of the mass of a hydrogen atom.

396. The Electron Theory of Atomic Structure. If in the

cathode rays we have discovered a new ty[)e of particle,

the electron, and if the electron is so very much smaller than

the hydrogen atom, it is easy to imagine that atoms may be

made up of large swarms of electrons. Sir J. J. Thomson,

Professor of Physics at the University of Cambridge, has

recently advanced such a hypothesis of atomic structure.

According to this ' "pothesis, we may imagine that an atom

is composed of a central nucleus which is positively charged,

about which large numbers of electrons are revolving. An
atom would then resemble on a very tiny scale a planetary

system, with a positively charged p." -tide as the sun . nd

the negatively charged electrons r? th' planets, each re-

volving around the central particle in an orbit of its own.

According to this hypothesis heat and light waves are

started by the revolutions of the electrons in their orbits.

While electrons are surely small enough to vibrate with a

rapidity sufficient to start light waves, we must not forget

that however attractive the hypothesis may be, it is still

in its infancy, and much further verification will be required

to raise it to the rank of a theory. Since the elections are so

minute, we may never be able to verify the hypothesis by ex-

periment.

397. X-Rays. In 1895 while experimenting with vacuum

tubes, William C. Roentgen, Professor of Physics at the

University of Wiirzburg, discovered another kind of rays,

called Roentgen or X-rays. These rays originate at the

surface of any obstacle on which the cathode rays strike.

They produce fluorescence in certain chemicals, affect photo-

graphic plates, are not deflected by a magnet, and pene-
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trate many substances that are opaque to ordinary light.
The X-rays have attracted wide attention because they

penetrate flesh more easily than they do bone. Hence if a
human hand is held before a screen covered with a fluore-
scent s?lt, the X-rays enable one to see on the screen a shadow
of the bones of the hand. They are very valuable for surgi-
cal work, as they enable us to see something of the condi-
tions inside the human body.

Since X-rays originate when cathode rays strike some
obstacle, they are conceived to consist of irregular pulses
in ether, analogous to the irregular pulses produced in air
by the hammers of several men when shingling a roof.

398. Becquerel Rayi. Perhaps the most wonderful of
the recent discoveries in Physics is that made by Henri
Becquerel in Paris in 1896. Becquerel wrapped a photo-
graphic plate in opaque paper, laid a coin on the paper, and
suspended a small quantity of the mineral uranium above
th^ coin. After the plate had remained several days under
the uranium, he developed it, and found an outline of the
coin on it. He concluded that the uranium must be the
source of some sort of rays that aflfect photographic plates.
The rays that are sent out by uranium are railed Becquerel
rays and the ph .lenon is called radio-activity.

In searching for other minerals that would produce the
same effect, Professor and Madam Curie, in Paris, discov-
ered that a certain mineral called pitchblende is even more
strongly radio-active than uranium. They therefore went
to work to separate from the pitchblende the substance that
was responsible for the action; and finally succeeded in
isolating a small amount of a hitherto unknown substance,
which emitted Becquerel rays more strongly than uranium.
This new substance is called radium.

399. Radium. Since its discovery, radium has been the
subject of very searching study among scientists all over the
world. Its chief characteristics seem to be these:
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Its atom is the heaviest atom known.

It is constantly emitting several distinct kinds or rays,

called alpha, beta, and gamma rays.

The rays affect photographic plates, discharge a charged

electroscope, cause fluorescence, are deflected by a magnetic

field, (except the gamma rays,) and impart electric charges

to bodies on which they fall.

The alpha rays are not as penetrating as the others,

they are deflected by a magnet in the opposite direction

from the beta rays, and they travel at the rate of about

20,000 miles per second.

The beta rays are much like cathode rays, but they travel

at velocities that vary from 50,000 to 180,000 miles a second.

The gamma rays are not deflected by a magnet and arc

more penetrating than the others.

Betcause of these properties the alpha rays are conceived

to consist of streams of positively charged particles; the beta

rays of streams of negatively charged particles— i. e., elec-

trons, and the gamma rays of irregular pulses like X-rays.

400. Subatomic Energy. The di:.covery of radio-ac-

tivity has opened up a vast new field of exploration and

speculation. Perhaps the most important phase of the dis-

covery is that radium seems to suggest the possibility of

finding a new and more powerful source of energy. The
phenomena of radio-activity are interpreted to mean that

the atoms of ratlium are comp)osed of positively charged par-

ticles, and electrons, and that these atoms are constantly ex-

ploding and shooting out the fragments in the alpha and beta

rays.

Measurements show that the energy liberated by these

explosions in a gram of radium amounts to about 100 gram-

calories per hour. Still no one has yet been able to detect

any diminution in the weight of radium on account of its

losses. Sir J. J. Thomson has estimated that if we could

cause one gram of hydrogen to disintegrate, the energy

liberated would be enough to raise a million tons 300 feet.
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Who knows but that wc may some day find out how to
taj) th.s vast store of subatomic energy? It would be con-
venient if we could heat a house in winter with 2 grams of
hydrogen instead of 20 tons of coal. In the light of recent
discoveries this does not seem to lie beyond the realm of the
possible.

The scientific researches of Watt and Faraday have given
to the world the knowledge that led to the perfection of the
modern engines and dynamos. Other devoted explorers in
the field of physical science have made the telegraph and
telephone possible. These men are not always mentioned
among those who have made history, yet they have done
more for the real benefit of mankind than all the great con-
querors Perhaps sometime, long before our supplies of
coal and other fuel are exhausted, some other great experi-
menter, searching diligently for the truth about Nature will
learn how to control and use the lockcd-up energy of
atoms, and thus prepare the way for another great advance
toward better conditions for all mankind.
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Absolute Temperature, 822; relation

to pressure and volume of gaa,

322; unit!), .188

Absorption, selective, 270 ; and radia-

tion, 410
Accelerated motion, laws of, 387

Acceleration, 383 ; and taaaa, 385 ; of

gravity (g), 385, 390

Accommodation of eye, 262

Action and reaction, 24, 382

Aeroplane, 313; stability of, 314

After-image, 287

Air, weight of, 77 ; cushion, 83 ; ex-

pansion of, 111 ; sound travels in,

222 ; coefficient of expansion of,

320 ; increase of pressure by

beating, 321 : thermometer, 323

Alpha, rays, 416
Alternating cur- 't' 193

Ammeter, 169, .oo

Ampere, unit of current strength,

203
Amplitude, of wave, 227
Angle, visual, 263 ; of incidence, 267,

360 ; of reflection, 267 ; of re-

fraction, 360 ; critical, 363 ; lens,

250, 356, 357, 359, 368
Anode, in electrolysis, 202
Antenna, 346
Aperture, of mirror, 369
Apparent size, 251, 263
Archimedes', principle, 87
Aristotle, 77, 112
Arm of force, 45
Armature, 163 ; motor, 177 ; dynamo,

102
Atmospheric pressure, 78, 85 ; cal-

culation of, 86
Atomic structure, 414
Atoms, 405
Axis, of a beam of light, 254; of a

'.ens, 258; principal of mirror,

868

Ball bearings, 308
Barometer, 85 : normal pressure, 119
Balloons, 89
Becquerei, rays, 415
Beta rays, 416
Beats, of tones, 243
Bell, electric, 157, 163, 166, 348
Biplanes, 315
Boats, 89
Boiler, flash, 325
Boiling, 121 ; point, 121, 129 ; point

and pressure, 120
Boyle, Robert, law of, 84, 231. 323,

405
Brake, tes't, 104 ; horsepower, 105 ; of

electric motor, 211
British Thermal Unit, 124 ; equiva-

lent in foot pounds, 151 ; In

watt-seconds, 213 ; In kilowatt-

hours, 214
Burners, relative efficiency, 141

Calorie, gram, 124 ; equivalent in

gram-centimeters, 151 ; relation

to watt-second, 213
Camera, pin-hole, 253 ; photographic,

356
Candlo-power, 269
Capacity, of condenser, 340; efTect

on oscillation, 343
Capillarity. 401
Cathode, in electrolysis, 202 ; rays,

412
Cell, simple voltaic, 158; gravity,

100 ; Lcclanche. 160 ; dry. 101 ;

in series, 172 ; in parallel, 20!»

Center of gravity, 18, 49, 91. 112
Centrigrade thermometer, 119 ; rela-

tion to absolute. 322
Centrifugal force, 302
Charges, electrostatic, 335 ; opposltt?

arc equal, 337; Induced, 338;

418
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resides on outside of conductor.
352

Charles, law of, 320, 323, 40."

Clrcult, electric. 161; local in tele-
graph, 348

Chimney, draft in, 110
Climatp, 132, 134
Clouds, formation of, 321
Coal, licnt of combustion of, 143

;

meciianlcnl equivalent of, ir>l ;

cost of energy of. 215
Coefficient, of friction. 30S ; of ex-

pansion of air. ;H2n; of Increase
In pressure of gases, Sl'l ; of
expiinslon of metals, 331'

Cog wheels, 306
Coherer, 347
Coll, current bearing points north

and south, 164; magnetic field
about, 166; Induction, 194

Cold storage, 126
Color, 277; of transparent bodies,

279 ; of opaque bodies, 280

;

mixtures. 281; top, 282: photo-
graphs, 283; vision. 286; com-
plementary, 287; of soap bub-
bles, 294 ; and wave length, 21t5

Combustion, heat of, 142
Commutator, motor, 177; dynamo,

193
Compass, 164
Component, motion. 58; force, 63
Compound engine, 326
Concave, lens, 366; mirror, 368
Condensation, 122
Condenser, steam engine, 14!?, 325;

electric, 105, 340; in lantern,
358 ; In microscope, 360

Conduction, of heat, 116
Conductors, electric, 162; good nnd

poor, 172, 334
Conjugate focus, of lenses, 354 ; of

concave mirror, 369
Conservation of energy, principle of.

215
Convection, 116
Core, iron, 168, 190
Crane, traveling, 61
Cream separator, 393
Critical angle, 363
Curie, Pierre and Madame, 416
Current, electric, 157: direction of,

159, 167 : and resistance, 171,
119; Induced, 187, 189; alter.

nnting, 103 ; strensth, 203
Curvature, of mirror, 3U0
Cut-o«r, 147

Decoherer, 348
Degrees. Fahrenheit and Centigrade,

Ho
Democrltua, 400
Density, 70; relative, 90
Descartes, 400
Deviation, angle of, .^63
Dew, 127; point, 127
Dielectric, 310
Mffuslon, of gases, 402, 403- of

II<|uUls, 403
Discharge, electric, 333; of conden-

ser, 341 : oscillatory, 342 ; irom
points, 352

Discord, reason for, 245
Displacement, 34
r)lssocIatIon, of Ions, 409
I»iatance and velocity la accelerated

motion, 387, 388
Distilling, 123
Door boll, 157
Dyes, 280
Dynamo, alternating current, 191;

direct current. 103; source of
energy of, 103

Dyne, 388

Kar, sensitiveness of, 234
Kfflelency, 37; water motor, 105;

thermal, 142: of steam engine,
151 : of electric motor, 210; of
compound engine, 327; of gas
engine, 329

Rffort, 35
Klectric, current, 157; conductors

and insulators, ]02; cost of
energy, 215; charge, 333; con-
denser, 340; oscillations, 342;
waves, velocity of, 411

Electrlflcadon. by contact, 334; by
influence, 338
sis, 202

Electrolysis, 202; ions in, 408
Electro-magnet, IOC; 168
Electromotive forces (E. M. F.), 161'

addition of, 172 : comparison of)
173 : unit of. 174 ; Induced, 187 :

principles of Induced, 191 ; of
Electrodes, of cell, 159; In electroly-

dynamo, 193
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Electrona, 41S ; theory of matter, 414
Electroplating, 201
Electroscope, 336
Electrostatic, charges, 335 ; polariza-

tion, 338
Energy, 151, 178, 194, 214; cost of,

214 ; conservation of, 215 ; sound

transmits, 224 ; waves transmit,

227 ; amount from sun, 289 ; and
temperature, 324 ; of motion,

377; potential and Idnetlc, 377,

387 ; of rotation, 392 ; subato-

mic, 416
Engine, steam, 143; double acting,

145 ; horsepower, 147 ; cost of

energy of, 215 ; heat, 324 ; com-
pound, 326; gas, 328

Equtlibrant, 64
Equilibrium, stable and unstable, 21

;

translatory, 44 ; rotary, 45
Erg, 388
Ether. 292, 409
Fvaporation, 125, 406
Expansion, of air. 111, 320 ; of

liquids. 115; of solids. 119; of

water. 120; coefficient of, 320;
cooling by, 320

Eye, 253 ; how focused, 261 ; near-

sighted and far-sighted. 262;
color vision, 280; sensitiveness

of, 297, 356

Fahrenheit, 119
Falling bodies, acceleration of, sr" ;

laws of, 388 ; in vacuo, 390

Faraday, Michael, 184. 202, 417

Field, magnetic. 165
Flreless coolter. 117
Fireplaces, 110
Flotation, principle of. 91

Fluid resistance, 309
Fluids, work by, 100
Fluorescence, 413
Fly wheels. 391
Focal length, principal, 257 ; conju-

gate, 260 ; measurement of, 357,

370
Focus, principal, 268; conjugate,

259; of lens, 294, 354; of con-

cave mirror. 369
Foot-pound, 33

Force, definition, 19 ; units of, 32

;

arm of, 45 ; moment of, 46 : com-
position and resolution of, 62;

parallelogram of, 63 ; pump, 79 ;

and mass, 378, 385 ; and change
in velocity, 379, 380; and ac-

celeration, 385 ; and time. 380

;

unit of, dyne, 385
Force, magnetic lines of. 185
Franklin, Benjamin, 343
Freezing, 131 ; heat of, 132
Frequency, of vibration, 222; and

speed of wave, 230 ; and num-
ber of loops, 240; and length

of string, 240
Friction, 307; laws of, 308; coeffi-

cient of, 308 ; electricity by, 333
Frost, 127
Fulcrum, 40 ; force at, 43
Fundamental tone, 241
Furnace, hot nir, 113
Fusion, heat of, 132
Galileo. 48, 77, 118, 390

Galvanometer, 169
Gamma rays, 416
Gases, diffusion of, 402, 403
Gas. heat of combustion of. 142;

cost of energy of, 215 ; engine.

328
Gay Lussac. law of, 320, 323, 405
Gram caloric, 124 ; equivalent in

gram centimeters, lol

Gram calorie, 124 ; equivalent in

gram-centimeters, 151

Gram force, 33 ; cubic cm. of water
weighs, 60; equivalent in dynes,

386
Gravitation, universal, 26
Gravity, force of, 17; center of, 18,

49, 91, 112; action of, 24; sys-

tem of water supply, 68 ; ac-

celeration of (g), 385, 391; con-

stancy of (g), 388, 391
Gray, Stephen, 334
Guericke, Otto von, 86

Hand glass, 87
Harmonics, 241
Heat, convection, 116; conduction,

116; of vaporization, 122; unit

quantity, 124 ; of fusion, 132

:

specific, 132 ; and work. 140 ; of

combustion of gas, 142 ; mechan-
ical equivalent of, 150 ; waves,

296; radiation, 296; specific, of

gases, 331 ; waves, origin of,

409 ; and molecular motion, 410,

411
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Selmholtz, Hermann Ton, 244, 406
Henry, Joseph, 167, 841
Hero of Alexandria, 328
Herfc, Heinrlclj, 343
Horgepower, 103 ; bralie. 105 ; of an

engine, 147; indicated, 148;
liour, 148 ; relation to watt, 213

Hot water heating, 115
Hour, horsepower, 148
Hues, primary, 281
Humidity, relative, 131
Hydraulic press, 82

Ice, manufacture- of, 126; heat
fusion of, 132 : and climate.

Illumination, intensity of, 260;
of, 271

Index of refraction, 860
Image, 253; real, 261; In mirror,

267; virtual. 268, 366; after,
286 ; virtual in mirrors, 371

;

construction of, 354, 366, 369,
371 ; distance and object dis-
tance, 335 ; for mirrors, 870

;

distorted. 372
Incidence, angle of, 267, 360, 364
Inclined piano, 31 ; law of, 36
Indicator, 148
Induction, coll, 104; self, 343; coil

in wireless, 346
Induced. E. M. F., 187; current, di-

rection of, 188 ; principles of E.
M. P., 191; energy of current,
194; electrostatic charge, 339

Inertia, 25, 378 ; electrical, 344
Influence, charging by, 338
Insulators, electric, 162
Inverse squares, law of, 270
Ions, 408

Joule. James P., 149, 212; principle
of, 150

Joule, absolute unit of worit, 389

Kilowatt, 214; hour, 214; relation
to horsepower, 214

Kinetic energy, 377 ; measuremont ^f,

378, 387 ; of rotating mass, 302
Kinetic theory of matter, 406
Kites, 311; stability of, 312

Labor, human, cost of, 215
Lens, crystalline of eye, 256 ; opera-

tion of a, 266 ; convergiog, 258

;

angles, 250, 356, 339. 367, 368

:

refraction by. 293; construction
of Image. 355 ; concave, 366

Lens, law of, 180
Level, center of gravity seeks lowest

20, 49, 91, 112
Lever, equal arm. 40; unequal arm.

41 ; second cinss, 43 ; law of,
42

; fulcrum, 40 ; compound, 304
Leyden Jar, 340
Light, travels in straight lines, 231

;

[

white, composed of colors, 279;
speed of, 290; a wave motion,
292; waves, origin of, 292;
oeed reduced In glass, 293
Jing, 343; rod, 353

i-lqulds, diffusion of, 403
Longitudinal wave, 233
Loops, 239, 347

Machines, law of. 4.3. 82 ; amplified,
132; perpetual motion, 49;
hydraulic, 81 ; composite, 303

Magdeburg hemispheres, 86
Magnet, 163 ; electro, 166 ; 168 ; field

of, 177; lines of force about.
185

Magnetic needle, 164; poles, 164;
field, 163 ; lines of force, 185

Manometer, mercury, 73
Mass, 24; and kinetic energy, 387,

301 ; and force. 385. 389 ; and
acceleration. 385: measurement
of, 389; and weight, 390; in
British units, 391; of electron,
413

Matter, kinetic theory of, 406
Maxwell, James C, 343
Mechanical advantage, 303
Membrane, semi-permeable. 405
Microscope, simple. 204; compound.

357, 359
•

Mirror, plane, 266; concave, 368;
convex, 371

Molecule, 405, 400
Moments, principle of, 46
Momentum, 381; change of. 381;

equality of in action and reac-
tion, 382

Monoplanes, 315
Motor, water, eflJclency of, 105 : elec-

tric, 176 ; electric, efllclency of.
210

Motion, Newton's third law of, 24,
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65; Npwton'fi first law, 26, 65.

381 ; translatory, 45 ; rotary, 45

;

perpetual, 40 ; characteristics of,

S5 ; composition of, 57 ; paral-

lelogram of, 60; resolution of,

61 ; Newton's second law of, 63,

65; periodic, 220; accelerated,

laws of, 387
Musical scale, 242

Nature, regularity of, 17, 66
Needle, magnetic, 164
Newcomer, 143
Newton, third law of motion, 24, 65,

381 ; first law of motion, 26, 65

;

law of universal gravitation, 26

;

second law of motion, 63 ; spec-

trum, 278; falling bodies, 381,

390
Niagara, power plant, 98
Nodes, 239, 347

Normal, barometer pressure, 119

;

temperature of human body, 119

Object distance and Image, 3r>*', 370

Octave, 240
Oersted, 167
Ohm, George Simon, law of, 205

Ohm, unit of resistance, 204

Opera glass, 367
Organ pipes, 246
Origin, of motion, 66
Oscillation, electric, 342; and ca-

pacity and self-induction, 345

Osmosis, 404
Osmotic pressure, 405
Overtones, 241

Page, Charles G., 194
Paint, 280
Parallel, lamps in, 208 ; cells in, 200 ;

beam of light, 258 ; plate, 301

Pascal, principle, 80

I'enduliim, Galileo's, 48
Period, of vibration, 220
Photometer, 270
Wano, 237
Pigments, 280
IMn-bole camera, 263
Pitch, of sound, 222 ; standard, 243

Pitchblende, 415
Polarization, of cell, 150; electro-

static, 338

PqIcs, magnetic, 164

Porous partition, diffusion through,

403
Potential difference (P. D.) 206;

334
Potential energy, 377
Pound force, 32
I'ower, water, 96, 101 ; units of, 102 ;

horsepower, 103; electric, 201,

210 ; candle, 269
Pressure, 68 ; gauges, 73 ; calculation

of, 72 ; variation of due to (low,

74 ; atmospheric, 78 ; normal
barometer, 119 ; osmotic, 40.j

Prevost, thi'ory of exchanges, 410
I'rimary coil, 190, 105
I'rism, 278, 362
Projecting lantern, 358
Proof plane, 336
Pulley, single fixed, 36 ; movable, 38

;

law of, 39
Pump, lift, 76 ; force, 79 ; air, 390
Pupil, of eye, 255

Radiation, of heat, 296 ; by electrons;

412, 414 ; and absorption, 410
nadlntor, 116, 117
Radioactivity, 415
Radiometer, 410
Radium, 415
Rain, 125
Rainbow, 277, 364
Reaction and action, 24
Receiver, telephone, 196 ; use io

wireless, 350
Refiection, at plane surface, law of,

267 ; angle of, 267, 368 ; diffuse,

268 ; total, 363 ; telescope, 370
Refraction, 202 ; index of, 360 ; angle

of, 360 ; laws of, 361 ; telescope,

265, 356
Refrigerator, 117
Resinous electrification, 335
Resistance, 35 ; electric, 171 ; inter-

nal. 178; unit of electric, 204:

measurement of electric, 207

:

parallel circuit, 209 ; fiuld, 309

Resultant, motion. 58 ; force, 62
Retina, 256, 350. 367
Resolution, of motions, 61 ; of forces.

62
Resonance. 225 ; electric, 345, 351
Roemer, 209
Roentgen, Wm. C. 314
Rotation, 45 ; energy of, 391
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Knmford, Count, ir.5; photometer.

270

Saturation, conditions of, 128
Screw, 46
Secondary coll, 190, 105
Self-induction, 843
Series, cells in, 172 ; lamps In, 205
Shape, of wave, 227
Siphon, 04
Siren, 221, 240
Slide, valve, 147
Soap bubble, colors of, 204; surface

tension in, 400
Sound, origin of, 220; pitch, 222;

speed in air, 223; vibrations
made visible, 232; transmitted
by longitudinal waves, 233

Sounder, telegraph, 168, 348
Sounding board. 237
Specific gravity, 90; heat, 132; Ik at

of gases, 331
Spectrum, 278; heat, 296; ultra-

violet, 297 ; explanation of, 363
Speed, uniform or average, 56; of

sound. 223; of light, 298; of
electric waves. 411

Stability, 20; conditions of, 22; of
kites, 312; of aeroplane. 314

Stationary waves. 238 ; electric, 347
Steam, heat of vaporization, 124;

engine, 143; Jacket, 146
Stoves. 112
Strings, vibrating, 237; stationary

waves on, 238; laws of vibrat-
ing, 240

Subatomic energy, 416
Submarine. 80
Sun, source of energy. 153 ; amount

of energy from. 289
Surface tension, 400

Teakettle, efficiency of. 141
Tel,.graph, electric, 168; sounder,

168: wireless, 345; relay, 348;
long distance, 348

Telephone, 196
Telescope, astronomical, 265, 356, 370
Temperature. 118; absolute. 322;

and energy of a gas, 324 ; range
of and work, 324

Thermometer. 118; air, S''3
Thermos bottle, 117
Thomson, sir J. j., 414, 416

Three-color printing, 285
Torrlceili, 78
Transmitter, telephone, 196
Transverse wave, 229
Triad, Major, 241
Trip scale, 41
Turbine, water, 98; steam, 3^7

Uranium, 415

Vacuum, "nature abhors," 77; fall-
ing bodies In, 300; tubes! 412,
414

Vapor, saturated, 126; pressure and
temperature of, 129 ; water, and
climate, 125

Vaporization, heat of, 122; and cli-
mate. 134

Velocity, change in and force, 380;
nt a point. 382; and distance
in accelerated motion, 386 ; aver-
age. 386

Ventilation. 114
Vibration, natural period of, 220
Virtual, Image. 268. 3C«, .169, 371
Visual angle. 2*" <>, 368
Vision, limit of ... 264; color.

286
Vitreous electrlflcatlc

, 35
Volt, unit E. M. F., 174; deflnltioo

of, 207
Volta, Alessandro, 158
Voltmeter, 174

Water, pressure in, 69; density of,
60 ; power, 96 ; wheels. 97 ; tur-
bine. 98; work done liy, 09;
motor, 105; expansion of. 120;
boiling. 121: heat of vaporiza-
tion, 124; evaporation, 125;
saturated vapor, 129 ; freezing!
131

; heat of fusion, 132 ; and
climate, 132, 134 ; waves, 226.

Watt, James, 103, 144, 417
Watt, unit of electric power, 210;

relation to horsepower, 213 ; to
B- T. V. per second. 213; sec-
ond. 214 ; per candle power. 271

;

relation to ergs per second, 272
Wave front. 292, 360, 362
Wave length, 227; and apeed, 230;

and color, 295
Wave motion, mechanism of, 227
Waves, water, 226, carry energy,
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22T; characterJitlc* of, 227:

peed of, 230; tramverse, 220;

longitudinal, 233; heat, 200;

speed and elasticity and denalty,

230; stationary, 288; electric,

343
Weight, definition, 19 ; and mass, 300

Wheel and axle, 44

Wind Instruments, 240

Windlass, 305

Winds, 114
Wireless telegraphy, 848

Work, 81 ; units of, 38 ; useless, SI

principle, 80; conservation «

47; fluid, 100; and heat. 14(

and induced currents, 104 ; eU

trlcal, 214 ; by expanding al

3:!0; absolute unit of, 38a

X-Rays, 414
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