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PREFACE

In offering this work to my fellow teachers, a word of explana
tion is due.

The book was undertaken some years ago when the writer
felt the want of a text-book adapted to the needs of students
taking the general first year course in college. Ai> the work has
slowly progressed several text-books of very similar aim have
appeared, and it must be admitted that the call is not so impera
tive now as formerly; and yet it is hoped that the treatment here
presented may meet some still existing demand and so justify
its existence.

What may be called the physical rather than the mathematical
method has been preferred in giving definitions and explana
tions, because it is believed that the ideas presented are more
easily grasped and more tenaciously held when the mind forms
for itself a sort of picture of the conditions, instead of merely
associating them with the symbols of a formula.

There are many minds that do not easily grasp mathematical
reasoning even of a simple sortj and it is often the case also that a
student who may be able to follow an algebraic deduction step by
step has very little idea of the significance of the whole when he
reaches the end. Algebra is not his native tongue and it takes
considerable time and experience for him to learn to think in it.
And while all will agree that for the more advanced study of
physics, mathematics is quite indispensable, many will grant
that in a general course, which is to furnish to most of those taking
it all that they will ever know of physics as a science, the ideas
and reasonings should be presented as directly as possible and
in the most simple and familiar terms.

This then has been the central aim in the preparation of this
book; to give the student clear and distinct conceptions of the
various ideas and phenomena of physics, and to aid him in think
ing through the relations between them, to the end that he may
see something of the underlying unity of the subject; and to
carry out this aim in such a manner that students may not be
repelled by any unnecessary prominence ·of symbolic methods,
and yet that the treatment may have all the exactness and
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precision in statement and deduction which the subject demands.
This is a large ambition and I cannot hope to have been wholly

successful, but I shall be grateful if my attempt is found in any
degree to have subserved its purpose.

My grateful acknowledgements are due to Dr. G. S. Fulcher
of the University of Wisconsin, who has read nearly all the
manuscript with great care, and to whom I am indebted for
important suggestions, and to my colleague Professor J. O.
Thompson whose criticism at all stages of the work and pains~

taking correction of the proof has been most helpful.
AMHERST, A. L. K.

March, 1911.

PREFACE TO REVISED EDITION

Recent advances in physical science having made it necessary
to rewrite some paragraphs of the earlier edition, especially those
relating to X-rays and the electron theory of matter, advantage
has been taken of the opportunity to make a few additional
changes which class-room experience has shown to be desirable.
Certain paragraphs relating to force and motion, which had been
introduced before the section on statics, are now placed among the
introductory paragraphs to kinetics, where they fall in better
with the logical development of the subject. The electro
magnetic units, volt, ampere and ohm, are defined and introduced
earlier than before. The sections on wireless telegraphy have
been made more complete and wireless telephony is touched
upon. A section also has been added treating of the flicker
photometer. At the end of the volume a short discussion of
Carnot's cycle and the thermodynamic basis of the absolute
scale of temperature has been introduced as an appendix, also a
proof is given of Newton's wave formula. Quite a number of new
problems have been added, but the old problems have been found
to serve their purpose well and are for the most part retained.

The author gratefully acknowledges his indebtedness to Dr.
G. S. Fulcher,and to Professors W. E. McElfresh and D. C.
Miller, for valuable suggestions and criticisms.

AMHERST, MASS. A. L. K.
July, 1917.
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INTRODUCTION

AIM: AND METHOD OF PHYBICAL SCIENCES

1. Physical Sclences.-The study of nature includes two
great divisions, biological and physical sciences. The former
includes those that involve the complex phenomena of life, while
the latter are concerned with the investigation of the fundamental
phenomena of matrer. Physics and Chemistry are the funda
mental physical8ciences and form the basis upon which Astron
omy. Geology and Meteorology rest in investigating their special
realms in the world of nature. Formerly Physics was called
Natural Philosophy, in distinction from Natural History which
described the world of plants and animals.

Physics deals with the properties and phenomena of inani
mate matter as affected by forccs, and is expecially concerned
with the properties common to all kinds of matter and those
changes of form and state which matter undergoes without being
changed in kind! as well as such general phenomena as sound!
heat, electricity and magnetism. Chemistry is distinguished
from Ph)'Rics in that it is chiefly concerned with the phenomena
that result when different kinds of matter are brought together
and enter into combination. It deals largely with the qualities in
which one kind of matter differs from another. There are! how
ever, many points where these sciences merge into each other, and
the domain of physical chemulry lies largely in this borderland.

2. The Aim of Physical Selence.-lt is the aim of physical
science so to systematize our knowledge of the material world
that aU its phenomena shall be seen as special instances under a
few far-reaching and more inclusive generalizations called laws.
And when a given phenomenon is analyzed in this way into sepa
rate parts or phases each of which is but a special case under some
general law, the phenomenon is said to be explained.

In seeking an explanation we determine the cauu.s of the
I
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phenomenon in question; that is, the essential circumstances or
those circumstances without which the given event does not
occur; and then we seek to determine the effect of each of these
circumstances separately, and exhibit, jf possible, each such
effect as a special instance under some general law.

For example, the complex motion of a ball struck by a bat
is found to be dependent on the motion given to it by the blow of
the bat, on the presence of the earth, and on air resistance.

We first try and determine how a body moves when set free
in the presence of the earth without any initial blow or impulse
and in a vacuum. We find in this wayan unvarying rule of
motion that applies to all bodies of whatever size or shape, and
we call it the law of falling bodies. That part of the motion of
the ball which depends only on the nearness of the earth is but a.
special instance under this law. Now, making allowance for the
motion due to the earth, we seek to determine that part of the
motion due to the initial blow, and here again we find that
the actual motion seems to be exactly according to a general rule
which is found to hold whenever an impulsive force acts on a
mass. And finally we investigate the effect of air resistance, de
termining how it affects a body at rest and how it modifies the
motion of a body moving through it, and here again certain gen
eral rules are found which apply not only to the special case under
consideration, but to all cases of bodies moving through air.
When the effects of all three circumstances are taken into account,
the motion is found to be exactly accounted for, and is then said
to be explained.

Leverrier and Adams, in analyzing the motion of the planet
Uranus, found that after taking account of all the known circum
stances, such as the attractions of the sun and other planets upon
it, there still remained a. part of its motion which was not ac-'
counted for, and assuming it to be due to an unknown planet they
computed its position and mass, and thus the planet Neptune was
discovered.

But in analyzing our problem we may go deeper and show that
the motion of the ball near the earth is such as would result from
a force urging the two bodies together, and we may then discover
that it is merely a. special instance of the law that aU bodies are
infiuflnced by" fQrClil~ ure;ins: tllem together or, in other words, that
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all bodies attract each other. When we can show aiso that the
forces between the air and the moving body are due to the motion
given to the air and so are simply particular exhibitions of the
general rule which holds whenever matter is set in motioo l we feel

. that a still higher degree of understanding is reached.
By such a process all the complex facts of nature are assigned

their places in an orderly system. But a limit is soon reached
beyond which the mind cannot go, because thinking is conditioned
by experience, and even in its profoundest theories and specula
tions the mind must employ those conceptions which it has
obtained from the.world about it.

3. EIperlment.-Physics is an experimental science, its gen
eralizations rest 80Iely upon experiment, and although reason
ing upon established facts hss often Jed to the discovery of
new truths o( great importance, the final appeal must always
be to experiment. l( the deduction is thus disproved, it appears
either that the reasoning was wrong or that there are certain
elements entering into the problem that were neglected. In
seeking (or the causes of such discrepancies new truths have often
been discovered.

An experiment is a combination of circumstances brought about
for the purpose of testing the truth of some deduction or for the
discovery of new effects. The usual course of an experimental
inquiry is to modify the circumstances one by one, noting the
corresponding cffect until the influence of each is thoroughly
understood.

•• Necessary A8sumptlons.-!n every experimental science
it is assumed that the same causes always produce the same
effects and that the position of the event as a whole in either time
or space only affect! the abSolute time and position of the result,
provided there is no change in the relative time or space relations
of the various circumstances involved. For example, if all the
other circumstances are the same, a stone will fall in exactly the
Bamc manner next week as it does to-day, or if the solar system be
changing its place in space no change in the manner of the stone's
falling will take place from that cause alone.

Experience up to this time has justified these assumptions,
and without them progress in physical science would be
impossible.
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FuNDAMENTAL CoNCEPTIONS

5. Foree.-Qur ideas of force are derived primarily (rom
muscular effort. It requires aD effort to lift a weight, to throw
a ball, or to compress a spring. The upward pull upon a weight
at any instant while it is being lifted is a force acting on it, and
the downward tendency of the weight which the pull opposes is
also a force.

Anything that serves to accomplish what would require mus
cular exertion to bring about exerts a force. Thus a support
exerts a force on the weight which rests upon it, and the weight
exerts an equal and opposite force on the support, compressing it.
A bat exerts a force against a ball in giving it motion, a clock
spring exerts a force against the stop that prevents it from
unwinding.

o. Matter.-Through our muscular sense and sense of touch
we are made conscious of bodies around us which resist compres
sion, and may, therefore, be said to occupy space. Such bodies
are said to be material8ub8tance8 or made of matter.

Every object that we know of possesses weight; that is, it re
quires some muscular effort to support it, or if it is hung on a
spring the spring is stretched. What we call its weight is a force
urging it toward the ground, and sa the weight of two quarts of
water is twice that of one quart we are led to think of the ~eight

of a body as a proper measure of the quantity of matter which it
contains.

But besides weight all bodies have inertia; that is, to produce a
definite change per second in the motion of a body a certain force
is required.

If a given body is isolated from other portions of matter, it may
be heated or cooled or bent or twisted or compressed into small
volume or allowed to expand into a large one, but in all these
changes its weight and its inertia remain unchanged.

It will be seen later that if the body is taken from one place
on the earth to another its weighl alao may change, so that the
only general property of a given portion of matter that cannot
be changed is its inertia.

It is this property, therefore, by which quantities of matter are
defined, and two bodies which have equal inertias are said to have
e<Jual ma88e8 or to contain equal quantities of matter.
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The actual comparison of two ffi88l!eS, however, is lliIua,lIy
made by weighing, since under the ordinary circumstances of
weighing, bodies which have equal weights have equal inertias.

7. Conservation of Matter.-The mass of a given portion of
matter as measured by its inertia cannot be changed by any
process known to man. Not only maya piece of wood be bent
and twisted or compressed without changing its mass, but it may
be burned in the fire, and chemistry shows that if the ashes and
vapors and gases that have come from it are collected and sepa
rated from the gases of the air with which they may have united,
it will be found that tbe united mass of the ash and the gases and
vapors is the same as the mass of the original piece of wood.

This principle is hown as the C0118t1'1IGtion of matter, and is
established by innumerable experiments, both physical and
chemical.

8. States of Matter.-Different kinds of matter differ greatly
in the power of preserving their shape. Some, such as steel or
copper, offer very great resistance to any attempt to change their
forms. Such bodies are said to be rigid or solid bodies. Others,
like water or air, have no permanent shape, but flow under the
action of the weakest forces and take the shapes of the vessels
containing them; they are calledjluids. There are no substances
that are either perfectly rigid or that are perfect fluids, for the
most rigid bodies may be distorted, and those substances that
flow most freely offer some resistance to change of form. .

In some cases it is difficult to say whether a substance is to be
regarded as solid or fluid.

FluUk are again divided into liquUk and gases. Liquid8 are
those fluids that can have a free surface and do not change much
in volume under great changes in pressure. A mass of liquid has
a nearh definite bulk though no permanent shape. Water is an
exampl- of a liquid.

Gase8, on the other hand, are Ouids that do Dot have a free sur
face, but completely fill the containing vessel, however much it
may be enlarged.

A mass of gas may be regarded as having neither permanent
shape nor size, since both of these are entirely determined by the
vessel which contains it. Air is a familiar example of a gas.
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UNITS AND MEASURE¥ENTS

9. Measurements.-The exact measurement of all the quan
tities involved in any phenomenon is a very important part of its
study. It is largely owing to the recognition of this that such
great advances have been made in physics during the last two
hundred years.

Every measurement is essentially a. comparison. A quantity
to be measured is compared with another quantity of the same
kind called the unit. Thus to measure a length it is necessary
to find how many times the unit of length is contained in the given
length.

The unit must be of the same nature 88 the quantity which is to
be measured, since only like things can be compared. There
must, therefore, be as many different kinds of units as there are
kindS of quantities to be measured.

10. Absolute Mcuurements.-Each of the units employed
might be arbitrarily chosen witbout reference to any other; the
inch might be taken B8 the unit of length, the square foot as the
unit of surfacc, and the quart as the unit of volume; but such a
practice would lead to endless complications, especially when
several different units are used in the same calculation, for it
would be necessary in such a case to keep constantly in mind the
number of square inches in a square foot, the number of cubic
inches "in a quart, etc. It is far simpler after choosing the inch
as the unit of length to take the square inch as the unit of surface
and the cubic inch as that of volume. The same principle
applies in the case of all other units; none should be cboeen arbi
tra.rily which can be directly derived from those which have been
previously selected.

A system such as this in which there are a. few ar1)itrarily
chosen fundamental units, between which no known oo.anection
exists and from which all other units are derived without intro
ducing any new arbitrary factors, is known as an absolute system
of units.

. 11. Fundamental Unlts.-All the phenomena of nature are
manifested to us in time and in space, through the agency of
matter. It is natural, then, that the fundamental units adopted
8.8 the basis of the system of measurement used in physics, should
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be the units of time, length, and mass. These are also convenient
units, for lengths, times, and masses may be compared with great
ease and precision, and all units that relate only to mass, motion
and force or that depend on these by definition may be derived
directly from them.

Physicists usually employ what is called the centimeter
gram-second (C. G. S.) system of absolute units in which the
centimeter, gram, and second are taken as the units of length,
mass, and time, respectively.

This system has the advantage of being in use by physicists
all over the world, and therefore results expressed in its units are
intelligible everywhere. But an absolute system might be based
on any three units of length, mass, and time whatever. Thus a
foot-pound-second system is used extensively in English-speak
ing countries.

12. Unit of Length.-The unit of length in the C. G. S. system
of absolute measurement is the centimeter, or one-hundredth part
of a meter. The meter is the distance between the ends of a bar
of platinum which.is kept in Paris and known as the Metre des
Archives, the bar being measured when at the temperature of
melting ice. This bar was constructed by Borda for the French
Government, and was adopted by them in 1799 with the view to
its becoming a universal standard of length; it was intended to be
exactly one ten-millionth part of the distance from the equator
to the pole measured along a meridian on the earth.

It is now known that the earth's quadrant is about 10,000,856
meters in length, but as distances can be more easily and accur
ately compared with the length of the bar at Paris than with the
length of the earth's quadrant, the former still continues to be
the standard of length.

The English standard of length from which the foot and inch
are determined is the standard yard, which is the" distance be
tween the centers of the transverse lines in the two gold plugs in
the bronze bar deposited in the office of the Exchequer" measured
at the temperature of 62°F. This standard yard represents
about the average length of the early yard measures that were in
use, which were probably adopted as being half the distance which
a man can stretch with his arms.
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1 yard = 91.43835 em.
I foot = 30.47945 em.

13. Unit of MlUJlJ.-The unit of mass in the C. G. S. system
is the gram, or on~thousandth part of the standard kilogram,
which is a mass of platinum kept at Paris and known as the
Kilogramme dea Archive8. The standard kilogram was intended
to represent the exact mass of a. cubic decimeter of distilled water
at its greatest density or at the temperature 4°C.

The gram is, therefore, equal to the mass of a cubic centimeter
of pure water at (Oe. This relation between the cubic centimeter
and the gram is exceedingly convenient, for it enables U8 to de
termine the volume of an irregular vessel from the weight of water
which it can contain. But it is not a direct relation like that
between the unit of length &Ild unit of volume. Aside {rom con
venience, there ~ no reason why a cubic centimeter of copper or
mercury or of anything else might Dot have been taken as the
unit of mass.

Since two masses may be compared with A far higher degree
of accuracy than that with which the weight of a cubic centi
meter of water can be determined, the Kilogramme des Archives
is the real standard on which all metric weights are based.

14. Unit or Tlme.-Intervals of time are always compared
by the motions of bodies. Two intervals of time are defined as
equal when a body, moving under exactly the same circumstances
in both cases, moves as far in the one time as in the other. The
heavenly bodies have in their motions always furnished measures
of time. One of the simplest natural units of time is the period of
rotation of the earth, which is the interval of time between two
succesive meridian passages of the same star. This is known as
the sidereal day, and time reckoned in this way is called sidereal
time. By considering the possible effect of tidal friction in re
tarding the earth's motion, Adams concludes that the period of
rotation of the earth has not changed by more than one-thirtieth
of a second in 3000 years.

The ordinary day is determined not by the rising and setting
of the stars, but by the motion of the sun. When the sun is on the
meridian it is said to be 80lar or apparent noon. The interval
of time between two successive apparent noons is called the appar-
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ent or solarday. Itis this t.ime which is indicated by the SUD dial.
By means of clocks, which are machines constructed to run with
great uniformity, one solar day may be compared with another,
and it is thus found that they are not of equal length. The
average length of the solar days in a year is known as the mean
solar day.

The ordinary standard time used in everyday life is mean solar
time.

The unit of time in the C. G. S. system is the mean solar second
or the SMOOth part of a mean solar day.



MECHANICS

I. GENERAL PRINCIPLES

15. Defl.nftions.-MechaniC8 treats of the motions of masses
and of the effect of forces in causing or modifying those motions.
It includes those cases where forces cause relative motions of the
the different parts of an elastic body causing it to change its shape
or size, as when a gas is compressed or a spring bent. Such
changes in size or shape of different portions of a body are called
strains. Bodies which do not suffer strain when acted on by
forces are said to be rigid.

All known bodies yield more or less to distorting or compressing forces,
but when considering the motion of II. body as 8 whole, all bodies in which
the strains are small may be regarded as prncticaJly rigid. Thus we may
treat the motion of a grindskme or of a shell from a rifled gun as though
these bodies were rigid, though we know that they are slightly strained by
the forces acting.

Mechanics is usually subdivided into kinematics and dynamics.
Kinematics treats of the characteristics of different kinds of

motion, and of the modes of strain in elastic bodies without refer
ence to th~ forces involved.

Dynamics treats of the effect of forces in causing or modifying
the motions of -masses and in producing strains in elastic bodies.

It is usual to treat dynamics under the heads statics and kinetics.
Statics is that part of dynamics which deals with bodies in

equilibrium or when the several forces that may be involved are
so related as to balance or neutralize each other, so far as giving
motion to the body as a whole is concerned.

Kinetics is that part of dynamics which treats of the effect of
forces in changing the motions of bodies.

IDEAS AND DEFINITIONS OF KINEMATICS

16. Motion Relative.-When a body is changing its position
it is said to be in motiOn. There is nO way of fixing the position

10
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of a body except by its distance from surrounding objects. When
it is said, therefore, that&. body basmoved,it is always meant that
there h88 been a cha.nge in its position with reference to some other
objeets regarded 88 fixed, or in other words, there has been relative
motion. Thus we know only relative motion, and when we
speak of an object as at rest we usually mean with reference to
that part of the earth's surface in our vicinity.

17. D18placement.-The distance in a straight line (rom ODe

position of the body to another is called its displacement from
the first position. To completely describe any displacement, its
amount and direction must both be given.

I( an extended rigid body is displaced, as when a book is moved
on a table, it may be moved in such a way that its edges will re
main paralIel to their original directions, in which case the dis
placements of all points in the body will be the same both in
amount and direction. The motion is said to be ODe of simple
translation without rotation. But in general when a rigid body is
moved there is rotation as well as translation, so that to bring it
into the second position from the first we may first imagine it to
be translated till some point in the object is brought into its
second position. Then by a rotation about a suitable axis
through that point the whole body may be brought into the sec
ond position.

18. Vectors and Their Representatlon.-All quantities wnich
involve the idea. of direction as well as amount are said to be
vector quamitiu or rectors. Such are displacements, velocities,
forces, etc. While quantities having magnitude only, without
any reference to direction, are known as scalar quantities. Vol
ume, density, mass, and energy are scalar magnitudes. A vector
quantity is represented by a straight line which indicates by its
direction the direction or the vector, and by its length the
magnitude of the vector, the length being measured in any con
venient units, provided the same scale is used throughout any
one diagram or construction.

It must be remembered, however, that a vector represented by
a line AB is not the same as that represented by EA, one is the
opposite of the other, or AB - -BA. This will be evident if
AB represent a displacement from A to B. A displacement BA
will exactly undo what the other accomplished, and bring the
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body back to its starting point. The straight line representing
a vector is, therefore, commonly represented with an arrow-head
indicating its positive direction.

19. Composition or Displacements.-!£ a. man in a railway
car were to go directly across from one side to the other, say from

A to B (Fig. I), then the line AB
.',--------:::"'ID will represent both in amount and

direction his displacement con
sidered only with respect to the
car. But if the car is in motion

,k::::..-------..J,e and in the meantime has advanced
through the distance AC, the man
will evidently come to D instead

of to B. The displacement of the car with reference to the earth
is AC and the displacement of the man relative to the earth is
AD. This is called the resuUant displacement of the man, of
which AB and AC are the components. ,

Another way of stating this is that the man received simulta
neously two displacements AB and
AC, for if he had not been displaced
in the direction AC he would have
gone to B, while if he had not had the
displacement AB he would have been
carried to C.

From the above it is evident that
the resultant of any number of simul~
taneous displacements may be found
just as if they had been taken suc
cessively.

For example, let it be required
to find the resultant of four displace
ments represented in amount and
direction by the vectors A, B, C, D.
If A were the only displa~ment, the
body would be brought from 0 to a, but B is also a component
displacement, therefore draw B' equal and parallel to B, and the
result of the two displacements will be represented by the distance
ob. Then in like manner draw C' and D' equal and parallel, re
spectively, to C and D, and it is clear that the result ('f the four
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displacements on a body originally at 0 would be to transfer it to 0'.
Therefore the resultant of the four displacements is the single dis
placement R. and this is;SO whether the component displacements
occur simultaneously or successively. The particular order in
which the several components are taken is quite immaterial.

This construction by which the resultant is found is called the
diagram of displacements, it is perfectly general and applies
whether the components are in the same plane or not.

20. CompOsition of Vectors.-The above construction is a. par
ticular instance "of the addition or composition of vectors. By a.
precisely similar process the resultant of any set of vectors may
be obtained whether they represent forces, velocities, momenta.
or any other quantities having direction as well as magnitude.

21. Resolution or DIs- I
placements.- Therei 8

only one resultant displace
ment that can be found
when the oomponents are
given, in whatever order
they may be taken. If it
is required, however, to re
80lve a given displacement
into its components, there
are an infinite number of d

ways in which it may be
done. Forexample, the displacementAB (Fig. 3) may be regarded
as having A~ and cB as its oomponents, or Ad and dB or Ae and
eB, or it may be oonsidered the resultant of the three displacements
Ag, gh, hE. Or if any broken line whatever be taken starting at
A and terminating at B, AB will evidently be the resultant of the
displacements which are represented in amount and direction by
the several parts of the broken line.

22. Re80lvlng or Veetor8.-What has been just said of the
resolving of a displacement into components is equally true of
the resolving of any other vectors whatever into component vec
tors, and applies to the resolution of velocities, forces, etc.k' 23. Veloelty.-The velocity of a body is the rate at which it

-"asses over distance in time. It is a vector quantity, its direc
tion being as important as its amount. The term speed is famil~
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ilary used to express the amount of velocity without reference to
ita direetion. Two bodies may be moving with the same speed,
but if they are not going in the same direction their velocities
are different. .

This is the strict use of the word velocity; it is often somewhat
10000ly used to express merely the speed of motion.

24. Constant Velocltr.-When a body moves in a straight
line always passing over equal distances in equal times it is said
to have constant or uniform velocity. It is evident that the
motion must be in a straight line, otherwise the diredion of the
velocity would Dot be CODstant.

In this case of motion if the length of any part of the path be
divided by the time taken for the body to traverse that portion,
the result is what is called the rate of motion, or the distance
passed over per qnit time, and is the same whatever part of the
path may be ctl08cn. It is this quantity which is the speed or
the amount of the velocity.

Thus when a train iB moving with constant velocity, the number of miles
run in" a given time divided by that time expresaed in houl1l, i. the Bpeed
in miles per hour.

25. Variable Veloclty.-When either the rate or direction of
___.,....~:-....,:- motion of a particle is changing, it

j G' C is said to be moving with variable
FlO. 4. velocity. Thus the velocity is vary-

ing in case of a fallmg body which constantly gains in speed or
in case of a railway train rounding a curve where the direction of
motion is changing.

To understand what.is meant by the speed of motion at a par
ticular point when the velocity is constantly changing we m'l.y
consider a short portion b c (Fig. 4) of the path of the body having
at ita middle the point a at which the speed is to be determined.
Divide the length of b c by the time taken by the J;>ody in travers
ing it. The result will be what may be called the average speed
over that part of the path. If, now, the part chosen is taken .......
smaller and smaller, always ha.ving the given point at its center,
the average velocities thus found will approximate more and more
nearly to the true velocity at the given point, and that valu~..,t
which these successive approxima.tions continually appro&Ch as a
limit, as the distanoe b c approaches zero, is the speed of motion at
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the point a. At each instant a body has & certain speed, but it
may not be constant even for the shortest interval of time that
can be conceived.

So also with regard to the diredion of motion. If the body
moves in a curved path, its directioD of motion at any point is the
direction of the tangent to the curve at that point, and 88 the
direction of the tangent constantly changes as we pass along the
curve, 80 the direction of the velocity in such 8. case may be differ
ent at one point from what it is at a neighboring onc, however
near together the two points may be.

26. Composition of Velocltlcs.-I£ 8. body has at any instant
several component velocities, the re6ultant velocity may be
found by the vector diagram as in the case of the composition of
displacements.

For instance, suppose a ball is
thrown in a moving railway c~r,

it is required to find the velocity
of the ball with reference to the
earth. Let AB represent the
velocity of the railway eM, say
50 ft. per second, and let AC be A

the velocity of the ball &8 thrown
obliquely across the car with & velocity of, say, 40 ft. per second.
Then, laying off the vectors AB and BD with the proper relative
direction and length, the resultant velocity is represented by the
vector AD, which is found by measurement (using the same
scale as in laying off AB and BD) to be 76 ft. per second, and this
is the resultant speed of the ball relative to the earth. If tbe angle
between AB and AC is given, the side AD of tbe triangle ABD
may be calculated by trigonometry, using tbe formula

AD2 = AW + AC2 + 2AB. AC. cos CAB.

27. Resolution or Velocltlcs.-Any given velocity may also be
resolved into component velocities. For instance, suppose a
man is rowing a boat with a velocity of 10 ft. per second in a ~-<:
direction making an angle of 300 with the straight shore of a lake
and it is required to determine how fast he is moving along the
shore and how fast he is moving out into the lake. Let AB
(Fig. 6) represent a velocity of 10 ft. per second. Dra C paraJ-
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scale as in laying off AB.
nometry, for

c

B
FiG, 6.

A

lei with the shore ao.d making an angle of 30° with AB. Draw
eB perpendicular to AC. Then AC and eB will represent two
velocities, one parallel to the shore and one at right angles to it,

whose resultant is AB.
Therefore the boat may be
regarded as having So velocity
AC parallel with the shore
and a velocity eB at right,
angles to It, and the amounts
of these may be found by
measurement, using the same

Or we may calculate them by trigo-

AC = AB.cos 30°---·CB = AB.f!in 30°,

AC = 8.66 ft. per second
eB = 5 ft. per second

It is frequently-necessary in practice to resolve a velocity or
other vector into two components which are mutually at right
angles as in the case just discussed, and so this case, while one of
the simplest, is one of much importance.

28. Acceleratlon.-When the velocity of a body changes either
in amount or direction the motion is said to be accelerated, and

FIG. 7.

the change in velocity per unit time, or the time rate of change
of the velocity, is called the rate oj acceleration or simply the
acceleration.

Change in velocity may always be th,oughtof as due to the bad}
receiving an additional component velocity which is compounded
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with the original velocity, the velocity after the change being the
resultant of the two.

For example, in the upper diagram of figure 7 a body moving in
a straight line is represented as having a velocity VI at A and a.
greater velocity V2 at B. The gain in velocity is represented by
the vector C which must be added to VI to give V2. The average
rate of acceleration between A and B is therefore found by divid
ing 0, the increase in velocity, by the time taken by the body in
passing from A to B. In the second diagram 112 is less than Vl, and
so the change in velocity is represented by the arrow D and is
negative or opposite to the original motion. In the third case
figured the motion is along a curve and the velocity at B is not in
the same direction as the velocity at A, but a velocity represented
by E if compounded with VI will give V% as the resu tanto The
velocity E, is therefore the change in velocity between A and B,
and dividing it by the time during which the change has taken
place or the time of motion from A to B, the average rate of
acceleration between A and B is found.

29. Acceleration In Rectulnear Motlon.-If the motion is in a
straight line the velocity changes only in amount and not in
direction, and the acceleration is calculated by dividing the
change in speed during a given interval of time by the time inter
val. Or, expressing it in a formula,

,
where u represents the velocity at the beginning of the interval
of time t while V represents the velocity at its end. This formula
gives in general the average rate of acceleration during the

,interval of time t, but if the acceleration is constant it gives the
actual rate.

Thus if a ball with a velocity of 50 ft. per second has, after
one-half second, a velocity of 40 ft. per second in the same direc
tion, the average rate of the acceleration during the interv'al is

40 - 50 ~ -20
li '

the negative sign indicating that the acceleration is opposite in
direction to the original velocity and therefore the velocity is
decreasing.
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30. Composition and Resolution or Acceleratlons.-When a
moving body has several different accelerations, as when a man
in a railway car starts to walk in the car while the speed of the

- train is changing or while itis rounding aeurve, the several accelera·
tions may be compounded and their resultant found just as with
other vectors. So also an acceleration may be resolved into two
or more components.

Problems

1. A man walks .J.2 mile in 10 minutes. What is his average velocity in
feet per ~ond?

2. A train hll.l:llL velocity of 30 mile!! per hour; what is its velocity in feet
per second?

3. A bicycle rider is traveling north at the rate of 10 miles per hour. If
the wind is blowing from the east at the rate of 6 miles per hour, what is
its apparent direction and velocity to the rider? Show the direction by
flo diagram.

t. A man roWl! a boat at the rate of 4 miles per hour, making an angle of
30° with the straight shore of the lake. How fast is he moving away
from the shore?

G. Draw a diagram l;Q scale showing the direction in which a man must row
across a river in order l;Q reach a point directly opposite, if he rows 3
miles per hour while the speed of the current is 2 miles per hour.

6. If the river in the last problem is ~ mile broad, how long does it take to
CroSll it as described, and what is the velocity of the boat relative l;Q the
shore?

7. A ball rolling down an incline hall a velocity of 60 cm. per sec. at a
certain instant, lind 11 seconds later it has attained a velocity of 181 cm.
per sec. Find iUl acceleration.

8. A body having an initial velocity of 60 ft. per 8el'. has an accelemtion
-32 ft. per sec. per sec. Find ita velocity at the end of 1, 2, and 3
seconds.

9. A railroad train having a. velocity of 40 miles per hour is brought w rest
in 1 minute. Find the acceleration in feet per second per second.

FIRST PRINCIPLES OF DYNAMICS

31. First Law of MotJon.-When a ball on a table starts to
roll, experience convinces us either that the table is not level or
that some external force has caused the motion. On the other
hand, when we see a ball that has been set rolling on a level table,
gradually losing its speed, we are equally satisfied that there is
some force resisting its motion. For it is found in such a case
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that if the table is made smoother and if air resistance is gotten
rid of, the hall loses speed much more slowly than before. We
are thus satisfied that if there were no force resisting its motion
the speed of the ball would remain unchanged.

This convicti~, arrived at through experience, was clearly
enunciated by Sir Isaac Newton in the first of his celebrated Laws
of Motion, published in his Principia, in 1686.

First Law of Molion.-Every body continW38 in its state of rest,
or of nu:wing with constant velocity in a straight line, unless acted
upon by 8Q1IUJ external force.

32. Discussion of the First Law or Motlon.-The first law
asserts that force is not required to keep no body in motion, but
simply to change its state of motion. After a railroad train has
attained a constant speed the entire force of the locomotive
is spent in overcoming the various resistances that oppose the
motion, such as friction of wheels and bearings and air resistance.
But for these the train would maintain its speed without aid from
the locomotive.

Therefore, when any object is observed to be at rest or moving
with constant.speed in a straight line, we conclude either that no
external force acts upon the body, or that whatever forces act
are so related as to neutralize or balance each other.

Since we measure equal times by tho equalll.llglee through which the earth
has moved, the law that freely moving bodie!:l move through equal distances
in equal times may seem simply a consequence of the mode of defining equal
times and without any physical aignifica.nce. But the statement of the law
really asserts the physical fact that in cMe 0/ any two bodie' whatever, ufUldW
on by external JQ'1'ceiJ, while one body I1WlHle through .wcce,nlHl equal distancu,
the disWnuB traverud nmultaneously by 1M other body aTe alw equal among
themse~.

That this is true whatever the nature of the bodies concerned is a fact of
nature that rests on experience, a.nd cannot be regarded as known a prior~.

33. Inertla.-The property, common to all kinds of matter,
that no material body can have its state of rest or motion changed
without the action of some force, is known as inertia. The
amount of force required to produce a given change in the motion
of a body depends both on the body and on the suddenness of the
change to be produced.

II.ny force however small can give as great a velocity as may be
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desired to any mass lwwever yreat, provided it acts for a long
enough time.

rr a weight rests on a sheet of paper on a table it may be drawn
along by means of the paper, for there is friction between the two
and it requires a certain force to slip the one over the other.
If, therefore, we do not aUempt to accelerate the weight roo rapidly,
the friction will move the weight along with the paper. But if
we attempt to start the weight suddenly, or change its velocity
suddenly while moving, the paper will at once slip from under it,
for the force required to produce the sudden change of motion is

greater than the friction between the two.
Again if a 10~lb. weight (Fig. 8) is hung by a

cord from a fixed support and if it is drawn
steadily downward by a piece of the same cord
attached to it underneath, the cord will break
above the weight, for the force exerted by the
lower cord upon the weight will cause it to move
downward, straining the upper cord with the com

A bined force due both to the weight and the pull.
But a sudden pull will break the 'cord below the
weight. For in consequence of its inertia the
weight cannot be set in motion as suddenly as
the cord is pulled without the exertion of a greater
force than the cord is able to bear, so that the
cord breaks even before the weight has moved
downward enough to strain the upper cord to the

B
- 8 I . breaking point.""G•.- nertla..

The complete statement of the effect of a force
upon the motion of a body is embodied in Newton's Second Law
of Motion, and wit! be discussed when we take up the study of
Kinetics (§93).

34. Measure or Mass.-The inertias of bodies may be com
pared quantitatively by the amounts of force required to acceler
ate them at the same rate, and when they are thus compared it
is found that the inertia of a given portion of maller is always the
sa11UJ and cannot be increased or diminished by any~ process.
Consequently the inertia of a body is the sum of the inertias of its
several parts, the inertia. of two quarts of water is twice that of
one quart whether they are combined or separate.
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It is for this reason that the quantity of matter in a body, or its
mass as it is called, is measured by its inertia as compared with
that of some standard piece of matter taken as the unit of mass.

Therefore, masses are said to be equal which acquire equal ve
locities when acted on byequal forces for the same length of time•

• For example, suppose two masses are drawn side by side over a
frictionless surCace by two spring balances at such a [ate that
each balance is kept constantly stretched, say to the 4-oz. point,
so that they exert equal forces; then, if the masses after starting
together keep pace with each other, they are acquiring velocity at
the same rate and consequently are equal.

Of course such an experiment serves chiefly to illustrate what is
meant by saying that equal masses have equal inertias, for it
would be impossible to directly compare masses in this way with
any degree of accuracy. .

The actual comparison of masses is accomplished with great
'aCcuracy by weighing; for it is found that masses which have
equal inertias have also equal weights, provided they are weighed
in a vacuum at the same point on the earth. (§102.)

36. Measure of Force.-A force may be measured in three ways:
1. By the weight that it can support. This is the gravitation

method.
2. By its power to strain an elastic body, as in the ordinary spring

balance.
3. By its power to give motion to a mass. This is the dynamical

method.
The first method is very convenient and forms the basis of most

measurements of force in engineering and ordinary life, but it has
the disadvantage that the force required to support a pound
weight varies from place to place on the earth.

The second method is convenient for comparing forces, but the
elastic properties of one substance differ from thoSe of another,
besides being dependent on temperature and physical condition,
so that a standard force could not be preserved or accurately
defined by this method.

The third method is difficult to apply except indirectly, but
furnishes a unit of force which depends only on the inertia of
matter and is, therefore, absolutely invariable and well suited to
be a standard force.
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36. Equal Forces.-Two forces are said to be equal when th('
velocity of a given mass is increased at the same rate per second
by one force as by the other. When two such forces act in opp~

site directions on a given mass they neutralize or balance each
other so far as any effect on the motion of the mass is concerned.
Thus when a cord is stretched horizontally between two springs, .
the forces exerted by the springs are equal and opposite so long
as the cord remains at rest or moves with uniform velocity.

37. Stress.-When a weight is supported by a uniform cord,
every part of the cord is stretched, and if the weight of the cord

itself is so small that it may be neglected,
the stretch of every inch of it is the same
whether it is near the upper or lower end
and whatever may be the total length.
The section. AB (Fig. 9) is pulled up by
the cord above A and is pulled down by the
cord below B and is, therefore, stretched
until the contractile force of its own elas
ticity balances the external stretching force.
In this way every portion of the cord is
subject from without to an external stretch-
ing force, and it exerts in opposition to this
an internal contractile force and is said to
be in a stale of stress. In this case the stress
is called tension, and every portion is subject
to forces which tend to elongate it. When
a weight is supported on a vertical rod or
column the whole support is in another
state of stress called pressureoroompression,

for the forces that act on any part of the rod tend to shorten it.
Besides tension and pressure there is a third kind of stress, called
shearing stress, which tends to distort or force outof shape the parts
of a body. This is the stress in a rod that is being twisted.
But the further discussion of this matter must be left until the
elasticity of bodies is considered. ,(§234.)

It is believed that all forces are transmiUed by stresses. Even
the attraction between a magnet and a piece of iron is ex
plained by stress in the ether around them, and the gravitation
attraction which exists between all masses is also supposed to
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be due in some unexplained way to a stress in the surrounding
medium.

38. Action and Reactlon.-Every stress has a double aspect.
Thus when a weight rests on a table the force between the two
may be regarded as a pressure down on the table or an upward
push against the weight. When a cord is supporting a weight, at
every cross section in the cord there is a downward pull on the
cord above the section, and an upward pull on the cord below
and these two are exactly equal. When a magnet attracts a
piece of iron the force may be regarded as drawing the iron
toward the magnet or the magnet toward the iron.

These two aspects of • stress are known as the action and
reaction; they are ezactJy equal and opposite. This fundamental
fact was stated by Newton as the Third Law of Motion.

Third Law of Motion.-To every action' there is an equal and
opposite reaction.

39. Discussion or Third Law or Motlon.-When a weight rests
·upon a table it is pushed up with a force equal to that which it
exerts upon the table. The table. therefore, presses a heavy
weight upward with more force than it exerts on a small weight.
The only limit of the power of the table to react is its strength.
It is instructive to consider what happens when a weight heavy
enough to crush the table is placed upon it. As it is lowered upon
the table it presses more and more until the limit of the table's
power of resistance is reached, when in breaking down it begins
to move away from the weight at such a rate that the reaction
which it exerts is at every instant exactly equal to the pressure to
which it is subjected by the weight. For if a body moves away
fast enough from' another which is pressing upon it the pressure
may be diminished to any extent.

When a ball is struck by a bat the force upon the bat at every
instant while they are in contact is the same as that which the bat
exerts upon the ball.

40. Composition and Re.olutlon or Forces.-When several
forces act simultaneously on a particle the single resultant force
may be found by the diagram of vectors (§ 19) just as in case of
accelerationsj for the several component forces each cause a
corresponding component of acceleration, and the resultant
acceleration corresponds to the resultant force.
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Flo. lO.-obliqull force on b1oek.

So also any Coree may be considered as the resultant of two
or more component forces, and these components may be found
just 88 the components of an acceleration are found.

41. A Special Casc.-Suppose the vector AB, five units long,
represents a force of five pounds, acting obliquely on a. block of
wood resting on a table, and it is required to find how much Corce
is pressing the block against the table and how much is urging
it along its surface. The vector.AB roay be resolved as just ex
plained into the two components AC and CB, where AC repre

A scnts the force pressing the block
against tbe surface and CB rep
resents the force pushing it
along the surface. The amount

II of these components may be de-
--;;;;;;;;;;;;;;;~c termined either by direct meas
ti urement, using the same scale 88

in laying off AB, or they may
be "calculated as follows: If F is the amount of the (oree AB
and if a is the angle between AB and the table top, then

AC-F.sina
CB "" P. cos a

II. STATICS

EQuILmRIUM OF A PARTICLE

42. EqulUbrlum.-Before taking up the study of the motions
of bodies as determined by forces, we shall consider some cases
in which the various forces concerned are so related as to balance
each other, so far as the motion of the body on which they act is
concerned.

A body is said to be in equilibrium when any forces which act
on it are 10 related that the body is not accelerated. Thus a
body at rest is in equilibrium, also a body moving with constant
velocity in a straight line, also a body turning with constant
speed·of rotation about an axis through its center of mass, as in
case of a well-balanced wheel, also when such a wheel is not only
turning with constant speed, but moving along with constant
speed. Thus a wheel rolling in a straight line along a level sur-
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face or a wheeled vehicle like a car on a straight level track is in
equilibrium if moving with constant speed.·

We shall first consider the equilibrium of a particle or a body so
small that the forces acting on it may all be considered as acting
at one point. Afterward the conditions of equilibrium of anex
tended rigid body will be taken up.

Whether a body is to be treated as a particle or not depends
on circumstances. For instance, in astronomy the sun and
planets are treated as particles when their shapes and distribution
of mass do not affect the question considered.

43. EquUlbrlum of a Partlcle.-A particle is in equilibrium
when the resultant of the forces acting on it is
zero. Evidently in this case the diagram of the
forces must be a closed triangle or polygon.

For let the forces acting in a given case be abc
(Fig. 11), then if we draw the diagram of forces
as in the lower part of the figure and if the
vectors abc form a closed triangle, as shown, the
resultant is zero and the particle is in equilibrium.

So also in case of any number of forces in
equilibrium, the diagram of forces, formed by

• drawing successively the several vectors repre-
senting the forces, must be a closed polygonj
that is, the last vector drawn must terminate
at the starting point.

An example of four forces in equilibrium is
shown in figure 12 the several forces abed FIo; ll.-:r.h'!.. fore..

, >n cqu1Ubr>um.
forming a closed polygon.

It is interesting also to observe that if we resolve each of these
forces into two components, one directed toward the top or bottom
of the page and the other sidewise, as, for example, b is resolved
into b' and b", e into e' and e", etc., we find that the components
a' b' directed from left to right exactly balance the components
e' d' directed from right to left, so also the upward compo
nents a" and d" are together equal to the sum of the downward
components b" and e".

In the above diagram the four forces have for convenience all
been represented in one plane. This restriction is not necessary,

• Wheo moVIDlI: as juat d ....cribed., III ..heel ...........,.,Nd ," a ",/laic i.o ia equilibrium. but it.
particl.... ar.. ...u I.lI eqUJJil;lru,uu, '<ll' tu..y wuv.. H' Clrclu ..od ...... lherefor.. aerel..ratod (i2S).
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the same construction is the test of equilibrium in whatever di·
rections the four forces ma.y act.

44. IIlustrattoDs.-1f three oordll joined at P 8uspend weights of 3, 4,
and 5 lbs. respectively, those supporting the 3-Jb. and 4-1b. weights passing

d" jc-,
,,--,d~__ _....E.:'_..i

FlO. 12.-Four fOl'cell in equilibrium. FlO. 13. •

over frictionless pulleys as shown in figure 13, then the point of junction
P willlUl8ume a definite position to which it will return if pushed aside and
the cords PA and PH will be at right angles to each other.

For the point P is in equilibrium under the three forces 3, 4, 5, and
therefore the force diagram must be the closed triangle peD, the three

D

"- t=::=:::=~C'--..!B
p

~

FlO. 14. FIG. IS.

Bides of which are in the I'lI,tio of 3:4 :5. But such a triangle is right
angled and therefore the force 4 and force 3 must be at right angles to each
other.

Suppose a cord is fastened at A and B and is then stretched by a weight
W hung at P (Fig. 14). As before, the diagram of forees is PCD, where
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PC represents the strees on t.he cord between P aDd B while CD repl'elleQUi
the Itrell8 on AP, and DP represents the weight W. Evidently the more
nearly AP and PH are to being in a straight line the larger will CD and PC
be in comparison with the force W which is represented by DP. 80 that a
eOffipamtively small pull down at P, if APB is nearly straight, may produce
a force great enough to break the eonl between A and B. Thus the .trese
brought to bear on hammock ro~ may be mueh greater than the weight
of thc person supported if it is hung with insufficient eag.

The student may easily determine under what conditions the stretll!e8
on AP and PH will be each equal to the weight W.

The jointed device used in hand printing presses, and ahown in figure
15 aa applied to the brakea on a locomotive, iIluetrates the llame principle.
Here when compressed air is admitted to the cylinder C the piston i, forced
upward, thU3 straightening the two connecting pieces A and B, thereby
foreing the two brake 8hoes against. the wheels with a force which is greater
the more nearly the conneeting pieces are pulled into a straight line.

•

FlO. 16.-Bridge tru!lll.

4..5. Bridge Stre8Scs.-I.et. it be required to find the streesee, tensions
or preB8UrelJ, in cue of the various parts of the tn.ilfJ which is shown in figure
16, supporting at ita center the weight W.

CollAid.er what foreea are acting on the end of the truss at A. It will be
shown later (154) that in such a case half the total weight will be borne by
one abutment and hal! by the other. The end of the tfU911 at A therefore

p~ down on the abutment with a force equal to ~, if we negleet the

weight of the tnuJIJ itself. Now A is in equilibrium under tbe three foreea
represented by the 11011'0..... P indicating the upward pl'el!ilJUre of the abutment,
S representing the oblique downward throst of the strut. AB, while T repre
scnta t.he inward pull of the tie rod AC; therefore t.he diagram of these forces
must be a triangle as shown above. But this triangle is similar to the
triangle ACB, for the sides are respedively parallel, and 80 the forces P, S,
and T are in the same proportion as the sides BC, AB, AC, and since the

preasure P is equal to ~, the other forces are at. once known by proportion

when t.he sides of the triangle A Be are known.
In the lJOmewhat more complicated case shown in figure 17 where the total

•
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,..eight of 10 tons ill IlUpported between the two abutments the upward
pressu!'e P will equal 5 tons. The 8t. Eaaes on A B and A C may be found 88
in the preceding case, but to find the IItre8ll on the rod Be we must make a
diagram of the fOI'Ce8 under which the point B is in equilibrium as shown ~n

the diagram.
46. Crane Problem.-A weight of 100 lb. is suspended from a crane

of dimensions shown in the figure. It ill required to find the tension on the
tie rod AS and the compre88ion on the Itrut BC.

The point B is in equilibrium under three forces, the downward weight
W - 100 lb., the pressure P of the strut which acl.B outward, and the ten
sion T of the tie rod which acta in the direction SA. The diagram of forees
must therefore be. triangle with sides parallel to the direetioll!J of the three
forces lUI ahown in the figure.

• Plo. 17•

Problems

F:lo•. 18.-cra-.

1. A foroe of 300 gI'll.ffiS and a force of 400 grams act at right angles w each
other on the same point, Find the single force w which they are equiva
lent and al80 its direction, by a diagram,

~. Four forces of 3, 4, 5, and 61bs. act on the llIUIle point in directions eut,
northeast, north, and northwest, respectively. Construct the foree
diagram and lind by measurement. the amount of the resultant and the
angle which it makes with the north line.

S. Three eords fBJJtened tosether at a point free w move, bave terWOIlll 50,
70, and 80 gl'lUllll respectively. Construct the force diagram and find
by measurement the angles between the cords when at rest.

01. Two forces of 10 Ibs. each act upon a single point in INch a way- that. they
are equivalent to a single force of 10 lbs. Find the angle between their
lines of action.

&. How much force must he exerted at an angle of 45° to the top of a table
to push aloDg a weight v.:hen the frictional resistance to be overcome is
a force of 2 kgms,?

6. When a force of 20 lb!. is required to draw along a sled by a rope making
an angle of 30° with the ground, find the force movjng t.he sled forward,
and the force diminiahing its preasure on the ground.
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'T. A weigh~ of 2 IbI!I. hung from & nail by a cord 30 in. long it pushed
aside by a hon.ootal Coree DC lIb. How far will i~ be moved away from
the vcriiealline through its point of support?

8. A 32-gram weight is hung by a coni 60 em. long from a point on a ver
tical wall. How rar wiu it be pushed. out from the wall by a foree of
24 grams acting perpendicular to the wall?

9. Make a diagram showing the angle between the two ropcll of a hammock
- when the tension on each rope is twice the weight of tbe pereoD in the

hammock.
10. A rope supporting a weight of 180 Ibs. at ita middle point is hung between

two hooks which are on the same level and 18 ft. apart. If the middle
point sags 3 ft. below the level of the hooks, find the force on each hook.

11. In Calle of a crane, like figure 18, in which the horizontal strut ia 5 ft.
long aDd the vertical distance AC is 3 ft., find the tell8ion on tbe oblique
tie rod and tbe pressure on the ,wt when a weight DE 270 1b8. is
supported.

U. Suppoae the wall in figure 18 overhaop 110 that A is 6 f~ ver1ieally above
a point I f~ to the left of C on the bar BC, which is hori&Ontal and 9 n.
long. Find the IJtret!l8Cll on AD and BC when a weight of 240 lbe. is
suspended at B.

EQuILmRIUM OF RIGID BODY

47. EquUlbrlu~ of a Rigid Body.-A rigid body is in equilib
rium when its velocity of translation is not changing in any
direction and when its velocity of rotation is not changing about
any aXIS.

Or, in other words, a rigid body is in equilibrium when it has
.no acceleration either of translation or rotation.

48. CondItion for Translational EqullIbrlum.-In order that"
there may be no tramlational acceleration, the relation between
the forces acting on the body must be exactly the same as that
required for the equilibrium of a particle. For if there is to be
no acceleration in any direction the resultant force in anyone
direction must be zero, and this is evidently the case when the
diagram of forces is a closed polygon.

49. Case of Two Forces.-The relation which must hold be
tween the (orces in order that there may be no Totatifimll accelera·
tion may be most easily reached through the study of some
simple cases of equilibrium. That a body may be in equilibrium
under t"wo forces it is necesSary that the two forces P and Q
(Fig. 19) should be equal and opposite in order to satisfy the con
dition of no translational acceleration as just shown. In order
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that there may be no tendency of the forces to rotate the body it is
clearly necessary that they shall act in the same straight line, as
shown in the figure. The only effect of the forces applied atA and
B in the figure is to compress the body between these points.

.so. Resultant 'Of Two ObUque Forces in the Same Plane.
Let P and Q represent two forces acting at A and B upon an ex
tended body, and let their lines of action when produced intersect
at C. A force equal and opposite to P if applied at C will exactly
balance P, as shown in the preceding paragraph, and a force equal
and opposite to Q, also applied at C, will balance Q. therefore a
single force R equal and opposite to the resultant of P and Q as
found by the triangle of forces, will, if applied at C, exactly bal
ance both P and Q and produce equilibrium. Evidently the
force R may be applied to the body at any point in its line of

FIG. 19. FIo. 20.

action CD. The resultant or P a.nd Q is, therefore, a force equal
and opposite to R and acting along the line CD.

31. Moment of Force.-In the case of equilibrium just dis
cussed we may imagine the force R to be produced by pressure
against a pivot fixed somewhere in the line CD, say at E (Fig. 21).

The forces P and Q then balance each other, so far as causing
rotation about the axis at E is concerned. Two forces so related
to any axis are said to have equal and opposite nwments with re
spect to that axis.

Common experience shows us that the rarther the line of action
of a force is from the pivot or axis, the greater will be its ability to
rotate the body about that axis. Thus in opening a heavy gate
we take hold of it as far as possible from its hinges and pull at
right angles to the gate. A pull in line with the hinges would have
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FIG. 21.

no effect to turn it whatever. The moment of a force to turn a
body about an axis depends, therefore, both on the amollnt of the
force and the distance of its line of action from the axis.

Let x be the perpendicular distance from E to the line of action
of the force P, and let y be the perpendicular distance from E to
the line of action of Q. We shall now show that in this case, where
the moments of P and Q about the axis E bala.nce each other,
Px =Qy.

Construct the parallelogram CFGH having CF = P and CH =
Q. Draw FE and HE; then the area of the triangle CPE is
equal to 7fPx for P is its base and x is its altitude. So also the
area of CHE is equal to ~Qy. But the two triangles CFE and
CBE have equal areas, for they have
a common base CE and equal altitudes
HI and FKj therefore, Px = Qy.

It has thus been shown that when
the axis E lies on the line CG the two
forcesP and Qhave equal and opposite
moments about it and also in that
case Px = Qy. These products Px and
Qy may, therefore, be taken as repre
set/ting the abiWies of the forces to pro
duce rotation about the given axis, and
are, therefore, used to measure the
moments of the forces.

The moment of a force with reference
to a given axis is its ability to produce
rotation about that axis, and is measured by the product of the
force by the perpendicular distance from the axis to the line of
action of the force.

52. Second Condition of Equllibrium.-The second condition
of equilibrium for an extended rigid body is that the various forces
must be so related that there is no rotational acceleration about
any axis in the body.

Since the ability of a force to produce rotation is measured by
its moment, this condition is satisfied when the sum of the
moments of the forces tending to produce clockwise rotation
about any axis whatever is equal to the sum of the counter
clockwise moments about that axis.
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Fio. 22.

63. Forces 10 One Plane.-When the forces acting on s body
all lie in one plane, such as the plane of the paper in figure 22,
they can have no tendency to rotate the body except about an
axis at right angles to that plane.

In this case if tbe diagram of forces is a closed polygon showing
that there is no translational acceleration, and if the clockwise
and counter-clockwise moments arC equal about some one axis at

right angles to the plane of the forces, then the
body is in equilibrium and the resultant moment
of the forces is also zero about any other axis
that may be chosen in the body.

Fur IlZample. in CMe of a board 2 ft. 8qW1re. with
forcee applied to it all shown in figure 22, the diagram
of forces is a cloeed figure, a8 the student may easily
verify. The forces, therefore, bala.noo 110 fa.. IL8 Irar&3lo
lion is concerned.

Now calculate the moment.s of the fon:ea about an axis perpendicular
to the plane of the forces, say through the point .A. Designating clockwise
moments pi", and oounter-clockwiae min,", lind taking the forces in order
beginning at thc top, we have the moments

-2 X 1 _ - 2
-lX2-~2

+2 X2 _+4
3XO~ 0
2XO- 0

Sum of the moments - O.

c,Bo

FlO. 23.

Therefore the board ill in equilibrium under these fOn:ef! and conaequently
the Mlm of their moments will be :r.ero if reckoned for any axia whatever.

Compute in thia way the moments about an
axis through the center of the board and show
that their Mlffi is sero.

64. Three ParaDel Forces.-When a
bar is in equilibrium under three parallel
forces, as in figurt: ~3, to satisfy the con
dition of no translational aeeeleration the
up forces must be equal tothe dfn.tm/flT'ces, or P + Q - R. While
to satisfy the second condition, that the moments of the forces shall
balance, we have Px = Qy, for these are the moments about the
point B, and R has iero moment about that point. Or we may
take moments about A and find Hz = Q(x+y). If moments are
taken about any point other than A, H, or C, there will be three
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moments to reckon. If, for example, the point D is taken as the
axis the clockwise moment of Q must be equal to the sum of the
counter-clockwise moments of P and R.

55. Parallel Forces in General.-Any case of equilibrium
with parallel forces may be discussed in a similar way, two con
ditions being met, namely, the sum of the forces acting in anyone
direction must be equal to the sum of the forces in the opposite
direction, and the sum of the clockwise moments about any axis
must be equal to the. sum of the counter-clockwise moments.

66. Illustratlon.-A certain
bar having no weight is acted 1
on by four forees as shown in "F~1l 4

figure 24, forces of 4 lba. and2. .,,"".
IbiS. acting upward and 3 Ihs. " , il. 'Jt.;=

and 5 lba. :ooting downward, 5

and it is required to find the
single force necessary to produce FlO. 24.
equilibrium and the point on
the bar where it must be applied. Since the total upward foree is 6 while
the downward foree is 8, the required foree F must be an upward foree 2
to satisfy thejirs/ conditwn of no translational acceleration.

This force must be applied at such a point on the bar as to aati8l'y the
~ condition, and make the clockwise moments balance the counter
clockwise moments about any axis. Take an axis through P, for instance.
The moments about Pare

3XO- 0)
-ZX1 .. -Z Sum _ - 4 counter-dockwise.
+5XZ-+1O
-4X3=-12

therefore. to produce equilibrium the applied force 2 must produce a clock
wise moment 4. Since it must also act upward, it must be applied at a
distance 2 to the left of P, and consequently the bar must be extended 2
feet in that direction.

Any point whatever on the bar might have been taken as the origin of
moments, and the reader should show that the so.me condusion is reached
taking moments about some point such as C.

57. Couple and Torque.-If in the case just treated the upward
force 4 is changed to 6, we have a case that calls for special con
sideration. The upward forces are exactly equal to the downward
forces and yet the bar is not in equilibrium, for taking moments
about P we find that the clockwise moment is 10 while the counter
clockwise moment is 2 + 18 = 20. Here, then, there is a com-
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binaUon 0/ forces that does not tend to produce translation, but
simply rotation. Such a combination is known as a CQuple, and
its moment is commonly known as a torque. It cannot be bal
anced by any single force, for any force applied either upward or
downward would cause translation. A couple can be balanced
only by another couple having an equal and opposite moment, or
torque.

The simplest case of a couple is when two equal parallel forces
act in opposite directions not in the
same straight line. For instance, the
forcesFF, figure 26, constitute a clock
wise couple the moment of which is
Fx where x is the distance between
the lines of action of the forces. The
moment of a couple about any axis is

the same as about any parallel axis. For, take an axis perpen
dicular to the paper and through P at a distance y from the nearer
force, then the moments are Fy counter-clockwise and F(x+y)
clockwise, hence subtracting we have Fx clockwise, as the result
ant of the two.

The moment of such a couple about an axis perpendicular to
the plane in which the two forces lie is, therefore, measured by the
product of the amount of either force by the per
pendicular distance between their lines of action.

To produce equilibrium, then, in the case under
consideration a couple having a clockwise moment
10 must be applied to the bar, and it may be
applied at any point we choose. The following F. P

figure illustrates different modes of producing ""-
equilibrium in this case. .I' IG. 26.-Couple.

In every case of equilibrium the forces acting may be re
solved into a number of balancing couples.

58. Center of Gravlty.-The weight of a mass is the force with
which it is drawn toward the earth. All parts of a body have
weight and so the weights of the several parts into which a body
may be conceived to be divided constitute a system of parallel
forces acting downward toward the earth. The resultant of this
system of forces is a single force equal to their sum and is the
total weight of the body. It may be proved that there is a
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tertain point in ~he body through which the resultant force due
to weight alway~ acts whatever may be the position of the oody.
This point is called the center of gravity of the body.

Inall problems that involve the weight of a body we may fg
nore the fact that the weight is distributed throughout the body,
and treat it as a single force applied at the center of gravity.

59. Proof of Center of
Gravlty.-Let M and m be
the masses of two parts of
a body and let the line
joining them be inclined
as shown in figure 28.
Since the weights of masses
are proportional to the
masses themselves (§38),
the single· upward force
necessary to balance the
weights of the two masses
must be applied in the
vertical line AB, so situated that Mx = my. But AB intersects
at P the line joining the two masses, dividing it into the two
segments a and b which, by similar triangles, are in the same
ratio as x and y, and consequently a: b:: M: m; and since this
ratio does not depend on the inclination of the line joining M
and m, it follows that the balancing force must pass through the

point P whatever the inclination may be.
P is, therefore, the center of gravity of M
and m. Now conceive the masses M and
m concentrated at P and find similarly a
point P' through which the resultant weight
of (M+m) and of another mass m' must
always pass. Continue in this manner until
account has been taken of all the masses

into which we may conceive the body to have been subdivided.
The point through which the final resultant passes is the center of
gravity of the body.

60. Center of Mass and of Inertla.-The center of gravit~

as has just been explained is determined by the distribution of
mass in a body or system of bodies. It has certain remarkable
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properties quite independent of weight, and is therefore also called
the center oj mass or center of inertia of the body or system.

For example, a freely rotating body like a spinning projectile
will always rotate about an axis through its center of mass.

FIG. 30.

FlO. 29.

61. Position of Center of Gravlty.-When a body is hung
by a cord or balanced on a point the center of gravity must be in
the vertical line passing through the point of support. For two
equilibrating forces must act in the same straight line. If,
therefore, a body is hung first from one point and then from
another the intersection of the two lines thus determined marks
the position of the center of gravity, as shown in the figure, where
it is seen to be a point outside the actual substance of the chair.

The center of gravity of a uniform bar is at its center; in a
uniform thin plate, square, rectangular, or in the form of a
parallelogram, it is at the intersection of the diagonals. In case

of any homogeneous symmet
rical body it lies in the plane of
symmetry. Thus it is at the
center of a sphere, circle, or
circular disc and at the center
of a cube.

62. EqulUbrlum under Grav
Ity-That a body may be in

equilibrium under gravity, it must be supported by a force equal
to its own weight and acting upward through its center of gravity.
Thus the two cones and sphere shown in the figure as resting on a
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FIG. 31.

level table are in equilibrium, the upward force being supplied by
the reaction of the table. But the first cone is said to be in
stabk equilibrium, because if slightly tipped it will fall back to its
original position. The second cone is said to be in umlable
equilibrium because if disturbed it will fall away from its original
position, while the sphere is said to be in neutral equilibrium
because it remains in equilibrium when displaced. It will be
observed tlud in the first
case the center of gravity
of Ihe cone is raised when
it is tipped; in the second 8 -t-====:..::==,"
it is lowered, and in case
of the sphere it is neither
raised nor lowered. The
weight of a body being
considered as acting at its center of gravity will always cause
that point to move down or toward the earth unless opposed by
some other force. In case -of a loaded wagon on a hillside the
vertical line through its center of gravity may remain between the
wheels if the center of gravity is low, when if it were high the
line of action of the weight might fall outside the wheel base
causing the load to overturn.

FIG. 32.

p

63. Balances.-The beam of a

,
:t:::.:t~~-=--~;--~-~-~-i:-:-;;;;~-9-~ ba.lance rests on a sharp steel~_..--~- / __- 1 "knife edge i , A, while the pan6
~_ t---- " are hung on the knife edges Band

~ W C. These three knife edges are

rigidly fixed in the beam and should
be parallel, and in the same plane,
and the arm AC should he equal
kt the ann AB. (Fig. 31.)

Now if A, B, and C are all in the same straight line, and if the weight
P is greater than the weight Q, the balance will tip entirely over unless some
counteracting force is available. This is found in the weight of the. balance
beam itself which is 110 adjusted that its center of gravity does not lie exactly
on the edge A, but slightly below it, say a distance x. Then when P is
greater than Q the balance beam inclines and its center of gravity is dig..
placed until the restoring moment due -to the weight of the beam W, acting
down through its center of gravity just balances the deflectin$ moment due
to the difference.between P and Q. The deflection is therefore vcry nearly
proportional kt P - Q, and the greater the deflection for a given difference
between P and Q, the greater the umitivenC33 of the balance is said to be.
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64. Double Welghing.-If the arms of a balance are not of equal
length, the true weight of 8 body may be obtained by the method oj substitu
(ion, in which the body is placed in onc pan of the balance Rnd some con~

venient counterpoise, such as sand or shot, which will exactly balance it,
placed in the other pan. The body is then removed and weights substituted
for it until equilibrium is again reached, the substituted weights are then
equal to the weight of the body.

Or the method of double weighing may be employed. Let r be the length
of the right arm of the balance and I the length of the left ann, then if a
body whose real weight is P is placed in the right pan and balanced by
weights W in the left pan, we have by the equality of momenta

Pr _ WI.

Then interchanging body and weights, it is found that a weight W'
is required to balance it when it is in the left pan, which gives

Pi _ W'T.

Multiplying the two equations together we have P'/r - WW'/r or P' ."
WW'; therefore P - vWW', or if W is very nearly equal to W', P 
W+W'.

2

Problems

1. A wooden bar 5 ft. long and weighing 2 lbs., the ende of which are
supported by spring balances, has a lQ-lb. weight hung on it 2 ft. from
one end. Find the foree exerted on each balance.

2. A beam 20 ft. long is carried by three men. one at one end and the other
two supporting it between them on a croas-bar at such a point that each
mlln carries an equa.! weight. Find where the cross-bllr must be placed.

8. A mlln standing on a uniform beam, 16 ft. long and weighing 120 lbs.,
at Il point 1 ft. from it13 end CIlU!lCS it to just balanee as it lies horizon
tally across a support 4 ft. from that end. What is the man's weight?

4.. At what point on a pole must a weight of 52 lba. be hung so that a boy
at one end may carry ~ as much as the man at the other end, Ilnd how
much does each carry? Neglcd the weight of the pole.

6. If the pole in problem 4 is uniform and weighs 10 lbs., where must a
5O-1b. weight be hung 90 that the man may carry twice as much weight
as the boy?

6. Find the center of gravity of a uniform bar weighing 6 lba. and having
a 2-lb. weight on one end and a 7-lb. weight on the other.

7. Forces 2 and 4 actillg upward are applied 'to a horizontal bar at 2 ft.
and 4 ft. from the left-hand end, respectively, also forces 3 and I acting
downward are applied at 1 ft. and Sft. from the eameend. Find amount
and point of application of a single force producing eqjJilibrium.

8. How produce equilibrium in problem 7 when an additional force 2 Il.CUI
downward at a point 3 ft. from the left-hand end of the bar.
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9. A board 2 ft. square is acted on by five forees applied at the same point6
as shown in figure 22, but the forcel! instead of being 2, 1, 2, 3, 2, begin
ning at th.e oop, are 4, 2, 4, 5, 3, respectively. Find the direction and
amount of the force needed to produce equilibrium and how faf from
the center of the board it8line of action must lie.

10. A ladder standing 6 ft. from a smooth vertical wall resta against it at
a point 30 ft. from the ground. If the ladder weighs 60 Ibs. and its
center of gravity is .% of ita length from the bottom, find the force with
which. it presses against the wall, also the amount and direction of its
force e.gainst the ground; that is, its vertical and horiwntaI components.
NQlc.-The force between ladder and wall must be perpendicular to the
latter if there is no friction between them.

11. When IL man weighing 150 100. is ha.lfway up the ladder in problem la,
find the pre88ure of the ladder a.gainst the walland also the two compo
nents of its foree against the ground.

12. When is the ladder in problem 11 more liable to slip, when a man is
near the top or bottom, snd why?

WORK AND ENERGY.

66. Work.-A man digging a ditch is said to work, so al80 a.
team of horses drawing a load, and 'a carpenter supporting tem
porarily the end of a beam may also, in ordinary speech, be said
to be working; for in each case a useful end is secured by the exer
tion of force.

But there is a difference between these cases. In the first two
there is motion and a permanent change is effected; while in the
third case the beam is not moved but simply supported, and any
prop would have served as well as the carpenter.

In physics the term work is restricted to such cases as the first
two where motion results from the action of force, and the
amount of work is measured by the product of the force by the
distance through which the body moves along the line of action
of the force. Thus when in digging a ditch a ton of earth is
thrown to an average height of 6 ft., the work done is 2000 X 6 ""
12,000 foot-pounds.

If the motion of the body is not in line with the resultant
force, then in estimating work only that component of the
motion which is in the direction of the force is to be taken into
account. For instance, in raising a barrel into a wagon the work
done is the same whether the barrel is lifted directly from the ground
or roUed up an inclined plane. For the weight of a body is a force
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that acta vertically downward, coD.sequently in estimating work
done acamat weight, only the vertical distance through which the
body is moved is to be considered.

When a body yields to a force work is said to be done by the
force or upon the body; but when a moving body is retarded by
some resisting force, work is then said to be done by the body or
against the force.

The work done in raising a weight or compressing a spring is
the same whether done in a second or in an hour. The time re
quired to do the work determines the rate of working, but has
nothing to do with the amount of work.

It is remarkable that although force and diBLance are both
vector quantities, work, which is their product, i8 not a vector
quantity. It baa nothing to do with direction, and consequently
to get the total work done upon a body by several different
(orces, the work of each may be reckoned separately and then the
sum taken.

Motion is essential to work. A great weight may rest on a
support, but no work is done in supporting the weight though a
grea.t force is exerted.

66. Rate of Working. Horse-power.-A given amount of
work may be done either in a short time or a long time, and in
commercial operations the rate 01 working, or the work done per
second or per hour, is an important consideration. Thus in case
of an engine we wish to know how much work it can do in a given
time, and its rate of working is known as its pot.Vir.

Power may be measured by the number of grams weight that
ClIon be raised one centimeter per second, or by the number of
pounds that can be raised one foot per seeond; but the unit of
power introduced by James Watt and commonly used in engi
neering practice is the horse-power (written H.P.).

One horse-power = 550 foot-pounds per second, or 33,000
foot-pounds per minute.

That is, a 10 H.P. engine can raise 330 lbs. through a height
of 100 ft. in one-tenth of a minute, or 3300 Ibs. through a height
of 10 feet in the same time.

67. Energy.-The importance of the idea of work lies in the
fact that a body upon which work is done acquires thereby
capacity to do ~n equal a.mount of work in returning to its original
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state. The capacity to do work is called energy. Thus work is
done when a spring is bent, and the spring acquires energy which
is measured by the work that it can do as it unbends. Also a
lo-Ib. weight raised 100 ft. above the earth has had 1000 ft.
100. of work expended in raising it, and it has gained the power
to do that same amount of work in returning to its original
position.

The energy of a bent spring resides in the spring itself in virtue
of its internal stresses; but in case of the raised weight the energy
belongs not to the weight alone, but to the system of two bodies,
the earth and the weight, which are separated in opposition to the
stress or attraction between them.

68. KInds of Energy.-In both illustrations given above the
energy depends on the relative positions of bodies or parts of
bodies between which there exist stresses. There is another form
of energy which depends not upon stress, but upon the motion of
matter.

Suppose the raised weight is set free and allowed to fall with
nothing to resist it, the force of the earth's attraction is exerted
upon the mass as it falls and consequently work is done and energy
expended, but in this case the work is all spent in giving velocity
to the falling mass. When the weight reaches the bottom it
has lost all its advantage of position, but it still has power to do
work in virtue of its motion, and experiment shows that the work
it can do before coming to rest is exactly equal to the work that
was done upon it in giving it motion. The mass, therefore, still
retains the energy that it had in the raised position, but it is now
energy of motion.

The energy which a body or system of bodies has in virtue of
stresses is called potential energy.

The energy which a body has in consequence of the velocity of
its mass is called its kinetic energy.

69. IUustratlon.-If a mass is hung 80 that it can freely swing 1'9 a
pendulum, when it has been raised to the pollition A (Fig. 33) it has been
raised through the vertical distance h from B to D, and, therefore, has mora
potential energy at A than at B by the work done in raising it from B to
A. If allowed to fall freely it will reach the bottom, moving with suf
ficient velQlJity to carry it up to C on the same level as A. At the bottom
the mass has energy of motion or kinetic energy. It has entirely lost the
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advantaee 01 position which it. had at A, the work done in raising it to A
being DOW wholly tnwsfonned into energy of motion.

But as the ma88 rilIelJ from B toward C it loses velocity for it it doins
....ork and using up ~e store of kinetic energy that it received in falHo!:.
chan&ing it again to pot.ential energy. The pendulum haa thus a COlUltant.
store or energy which changes b&ek and fanh from one form to the other,
the sum of t.he two being &twaya constant. e.ICCpt M energy is gradually
1000t t.hrough frievon and &ir resistance.

70. Work aca1nst Frlctlon.-Tbere is one case, however, in
which the work done upon a body does not seem to incren.se its
energy or power to do work. When a weight is pushed from one
point to another on a level table force has to be exerted to over
come friction. The weight, however, remains at the same level
above the earth and has no more power to do work in the new
position than before it was moved. The work expend~d seems to

o be quite lost.
But investigation has shown

(§405 et seq.) that whenever work
is done against friction heat is de
veloped in amount exactly propor
tional to the work dODe; and also
that when work is obtained from a
heat engine a precisely correspond
ing amount of heat disappears. It
is, therefore, .:;oncluded that the
wort: which seems to be lost in

friction is not really lost or .nnibilated, but is transformed into
hut .. into another form of energy.

When, therefore, a pendulum comes to rest in consequence of
friction (at its point of support, or between it and the air through
which it swings) the original energy of the pendulum is not lost
but transformed into heat.

71. Forms of Energy.-From the results of innumerable ex
periments physicists have concluded that not only is heat a
form of energy, but Bound, light, snd all electrical and magnetic
actions are manifestations of energy, and require energy to be
expended in causing them, just in proportion as they are capable
of doing mechanical work or developing heat.

The different manifestations of energy may be summarized as
follows:



Energy of ffia8lJell

Energy or moleeul.es
And atoms

Energy of ether

ENERGY

Maaes in motion-kinet.ic.
ElasLie bodiee in a ltate or Itre6lll}
Gravitation, energy of attracting potential.m...,.
Sound, both kinetic and potentiaJ..
HMC
Molecular and atomic energy
Chemiell.laction.
Electric and magnetio phenomena.
Light and radiation.

When the energies involved in all these varied phenomena are
studied it is found that one form of eucrgy may be tr&llsformed
into another, and that again into a third, but in every change the
amount of the energy 88 me88ured by its power of doing work or
of developing heat is unchanged.

72. ConsenaUon of Ener'KY.-The recognition of these varied
(orms of energy and careful meas~ments of the transformations
from one form to another have Jed to the enunciation of a great
principle or law known as the Conurvalion of Energy, which may
be thw stated:

In any system of bodies which neither receives eDergy from
without nor gives up any, the total amount of energy is unchanged
wha.tever actions or changes may take place within that system,
whether the energy manifests itself in mechanica.l forms, in
sound, heat, light, electric, or magnetic effects, or in chemical
action or molecular or atomic changes.

In most cases the tracing of all the changes is a difficult matter.
For example, a cannon ball receives energy from the work done
by the powder gases as they expand forcing the ball from the gun.
As it travels it is resisted by the air, losing kinetic energy exactly
equivalent to the heat energy developed by friction in the air.
On striking the target, sound waves earry off a small part of the
energy, there may also be a. flash of light which also takes away
some energy, and the rest will be found in the form of heat devel
oped in the target and in the ball itself and also in the form of
kinetic energy in the fragments which may be thrown off. The
principle of the conservation of energy asserts that if we add to
gether all the energy that is derived from the motion of the 'ball
the sum will be eactly equal to the amount of work which was
required to give it its motioD.
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This law is tbe most important and extensive generalization of
the science of physics, and much of the progress of modern physics
is due to its recognition. Every experiment in which the quan
tities of energy can be accurately determined is a test and
confirmation of its truth, and no principle of physics is better
established.

In consequence of this law, the determination of the energy
involved in any action assumes new importance and is an essential
part of the study of every physical phenomenon.

73. AvaUablUty of Encl'ly.-The presence of friction and
analogous forms of resistance everywhere in nature causes a
constant transformation of various forms of energy into heat, in
which stage it is conducted from one body to another and gradu·
ally becomes uniformly diffused 80 that although the energy still
exists it is no longer available for the purpose of obtaining other
forms of energy that may be, desired. There is thus a constant
degradation of energy going on throughout the universe, more
available forms being constaotly frittered awa.y into heat.

FRICTION

14. Frlctlon.-When one body slides over another the motion
is resisted by a foree which is caUed fridiun. It is always a
resistance, acting against the motion, and depends on the char
acter of the surfaces in contact and on the fcree pressing them
together.

It is 8. force of the greatest importanCe in daily life. If it
were not for friction, nails 8.nd screws 8.nd knots would not hold,
ropes could not be made, nor could we even walk across 8. floor.
On the other hand, we would gladly be rid of friction in machines,
for it is the cause of a large proportion of energy being lost in heat.

Friction appears to be due to the interlocking of minute rough
nessejl on the surfaces, together with the clinging together or
adhesion of the points of closest contact. It is, therefore, di
minished by polishing the surfaces, which diminishes the rough
ness and also makes the points of contact broader 80 that the film
of air or oil is more effective in preventing adhesion.

When two surfaces have been relIting in contact the friction at starting
ia greater than after tha motiClD bu been established. It seems probable
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tbll.~ this may be due to the dotter eontad due to the film of air or oil
being aqueeled out by the oontinued pressure.

Fio. 34..

p

Friction also resists the rolling of one body on another, though
rolling friction in esse of two given surfaces is much less than
sliding Jridion. Rolling friction when surfaces are well polished
appears to be due both to cohesion and to a slight deformation
both of thcsurfaee and of the roller at the point of contact; (or the
surface is compressed as it passes under the roUer, and though it
may spring back again it does 1Wt exert quile as much IQTet: in re
covering as it opposed to the defurmation.

7/S. Laws ot FriCtiOD.-Let the block P be drawn along by
the weight F, which is not sufficient to start it in motion, but will
keep it moving with constant velocity when once started. The
weight F is then equal to the force
of friction, for it just balances it,
neutralizing the resistance to the
motion.

It is found in this way that the
friction between two given surfaces
is proportional to the force pressing
them toa:ether. U the block P
weighs 5 lbs. ~d if an additional weight of 5Ibs. is placed on th~

block, the force of friction is doubled.
n is also found that the force of friction, within wide limit., ia

independent of the area of the aurface of contact. For instance,
the friction of the block P is alm06t the same whether it slides
on a narrow or a broad side, provided they are equally smooth.

The velocity with which one surface slides over the other makes
little difference, the friction being appreciably the same for aU
moderate speeds; but the resistance to starting, or alatic friction,
is greater than the friction after the motion is established.

It is evident, however, that these laws do not hold without limit. For
if one surface is very small, III in case of a point retlting on & plane surface,
or if the pressure is 50 great that one body preeeee into the other, then one
cannot move on the other without tca.riog or injuring the surface, and the
Ia.w no longer holda.

76•. Coefficient ot FrJctlon.-It follows from the first law of
friction that the force of friction divided by the force presalna:
the surfaces together is a constant, this constant is called lhf'
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coejJ'i.ciin: oj friction of the surfaces concerned; it is a fraction
which when multiplied by the force pressing two surfaces to
,ether gives the force of friction to be overcome.

Thus if the coefficient of friction in case of iron wheels on iron
mils is 0.004, then, if the wheels weigh 1000 Ibs., a force or 4
the. will be required to overcome the friction.

When an engineer wishes to know how much force will be re
quired in moving fL house to cause it to slide on its ways, he has
only to multiply the coefficient of friction for the soaped beams on
which the house rests by the weight of the house itself.

Some Coefficients of FrietioD .

Slidi1lfl Prid,ion

Oak upon oak, 6bel1l par&l.lel, {Wit.hout l~briCllnt .
rubbed with dry soap .

Oak upon aU, &be eroaed without lubricant .

Iron on bronze {~~~~O:::~~b~r:~~~: ~~; .~. ~ ·s~·l~il·~"".',:::

0.42
0.16
0.29
0.25
0.06

Rolling ,..riclion

Cast-iron wheels on rails . 0.004

b

• F
FlO. as:

77. Llmltlnl Angle of Repose.-The angle at whicll a surface may
be inclined before a body resting on it begins to slip down ia determined

by the coefficient of friction between the
surfaces. ThUB let a wcight 1V rest on a Bur
face inclined at an angle a. The earth
attracts the weight. with a force W which
acts vertically downward. We may re!:IOlve
this force into two components, one P which
is perpendicular to the inclined surface and
represents the pressure of the weight against
the'surlace, and another P which is parallel

to the surface and repreeenta the force urging the weight down along the
Ilope. The foree of friction between the weight aDd the inclined plane is
equal to the product IeP, where k is the coefficient of (riction. If the (riction
ia less than P the weight will mide with increll8ing speed down the incline,
while if it is grelter thsn P the weight will remain at rest.

It will be noticed that P ia made smaller by increasing the mope o( the
incline, and Bince Ie remains constant, the force of (riction i9 leBS the greater
the Ilope, and is JeTO when the slope is vertical.

At OIU partkular angle a, which 1IUl1l be caUtd the limiting angle of repou,
tM/oru oj Jriction bala1KU tMforu P, and we have kP - F. At that angle
the· weight does not ltart to Jilide of itself but if 3l4rtM, IlUiu down tDitJI
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~nlr. In thi8 CWle I,; - ~. and by similar triangles ~ - :' there-

fore J: - b or k - tall a.

Hence by finding the limiting angle of repose in a given Calle the coeffi
cicot of friction is at once determined.

78. Means 01 Dlmln18bJog Frlctlon.-To make friction small
the surfaces should be very hard and of fine even polish. Where
tbere is much wear it is customary to make one of the bearing
surfaces of a harder material than the other. Thus the crank
pins on steam engines are made of polished steel and turn in
br88S boxes, the friction between the br888 and steel being less
than it would be between two parts of steel.

Rolling friction is very much less than slidingfrictioD, therefore,
wheels are used on carriages, etc. It depends to some extent on
the qiameter of the wheels, being less when the diameter is greater.
But even when wheels are used there is sliding friction in the hubs.
The resistance to the motion of the vehicle
due to this sliding friction is diminished by
making the axles of smaD diameter, but the
length of the axle in the hub of the wheel or
the length of its bearing surface does not
affect the CrictionaJ resistance.

To avoid the friction due to the sliding
between wheel and axle, ball bearings are used; but even in these
bearings there is some sliding friction where adjoining balls rub
against each other. .

In some cases the axle is made to rest on the rims of two
smaller wheels which are called friction wheels (Fig. 36). This
is a. common practice in mounting grindstones.

Friction is greatly diminished by the use of lubrioonl8, of
which t.hoee most in use are oil, grease, soap, and black lead.
The substances used as lubricants cover or wet the surfaces so
that the rubbing takes place between layers of these substances
instead of between the original surfaces. When the bearing
surfaces are subjected to great pressure, as in heavy machinery,
a thick oil is used that is not driven out by the pressure; in very
light machinery, as in clocks and watches, a very thin oil is used.
If oil were used on wooden bearings it would only increase the
friction, for it would soak into and swell t.he wood; dry soap at:'
paraffin may be used as a lubricant for wood surfaces.
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79. Machines.-Machinu are I.ktJice.B by which lM amount
or mode oj application 01 a force i8 changed for the Bake of gaining
some pradical advantage. Simple machines, known also as the
mechanical powers, are the rope and pulley, lever, wheel and axle,
inclined plane, and screw. All afford interesting cases of forces
in equilibriumj but they may also be discussed from the point of
view of the conservation of energy, for the work done on a
machine must be equal to the work done by it if there is no loss of
energy in friction.

The ratio of the force exerted
by a machine to the force ap
plied is called its mechanical
advantage.

80. Rope and PuUey.-In all
tackles where ropes are used the
tension or force is the same at
every point in a continuous rope,
whether it passes over pulleys

P.l00 or not, if there is no friction.

B

p

w

Let us apply this principle to a
few C&lIelI. In caae 1 (Fig. 37) there
is only one rope and !.he 100-lb.
weight ia IJUpported by it, therefore

ifOO all parts of the rope are under a
Flo. 37. tension of 100 l!:e., and that foree

must be exerted at P in whatever
direction the pull may be made.

In eaae 2 the loo-Jb. weight is IUpported by the rope A, all paN of
thia rope are therefore under that tension; but Jj ia attac:hed to a pulley
whicb is dmwn up by '100 parte of A. Since the pulley is in equilibrium, it
follows that the upward pull of the two parte of A must be equal to the down
ward pull of B together with the weight of the pulley. If we neglect the
latter the tension on B must be 200 IbIJ. and similarly that on C must be
equal to twice that on B. Hence, neglecting friction Rnd the weight of the
pulley., a weight of 400 Ibs. on Cwill balance a weight of 100 IbIJ. on A.

In caae 3 there is one continuouB rope which is fRBtened at the top and
P!UllJCl!l over two sheav6ll in each pulley, the lower pulley is therefore SUB

taioed by four parte of one rope, hence when a weight of 4OOlbB. is supported
by the lower pulley the tension on the rope is 100 IbIJ.
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The meehanical advantage in the tinA cue is I, while in the lJllCOnd and
third C&8eII it is 4..

81. Prlnelple of Work Applled.-From the conservation of
energy it is clear that the work done by a. machine must be equal
to the work done upon it, provided there is no friction and the
energy stored in the machine is. not changed. In illustration of
this principle consider the various tackles of the preceding para
graph, and let x represent the distance that W is raised in a given
case while the end of the rope at P is pulled through a distance y.
Then the work done by the machine when W is raised is Wx, and
the work spent in raising the weight is Py. and therefore Wx :I Py.

In the first case x =z Y. therefore P = W.
In the second case x - ~y, therefore ~W = P.
In the third case also % ... ~Y. therefore)4W =z P.

It should be DOted that. in the last two cues if U:ie weight.l of the pulleYlJ
are l.aken account of we ea.nnot Ilay that Wz - P1I. for BOrne of the work
done is spent in raising the movable pulleys. Thus, in _ 2, if each pulley
weighs w, we have

P" - to ~ + (10 + W) ~ or P - ~ W + J.((w + W).

82. Lever.-In the lever a rigid bar resting on a point of
support, or fulcrum, is used to
exert a great force near the 1: jp
fulcrum when a smaller force \:£~=~==;F.=======.!.;'
is exerted at the end of the AT
longer arm of the lever. A T G)
crowbar as used in moving a '. t
stone, a hammer in drawing a T £W1 IP

nail, are examples of levers. .~X!;"='F-=====d!l<:..l..,!==
Levers are sometimes divided fp
into threeclassesdepending on
the relation between the posi
tion of the fulcrum and the points where the weight is raised and
the force applied, as shown in the figure, where P represents the
force applied to support the weight W, and F is the fulcrum.

The upper lever in the figure belongs to the first class; the
next to the second ClaS8; and the lowest to the third Clas8. .

The distance from P to the fulcrum is called the power arm and
that from W to the fulcrum is called the weight arm, and the
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principle of moments tells us that if these distances are measured
perpendicular to the lines of action of the forces P and W, then
the product of P by the power arm is eqU(ll to lhe product of W by the
weight arm. In other words, the moments of the two forces
about the fulcrum as axis must be equal and opposite.

The pressure F against the fulcrum, since the three forces P,
W, and F must be in equilibrium, is represented by the vector
necessary to form a triangle with P and W. Of course if P and
Ware parallel, /<' must be either their sum or diffel'ence, depending
on circumstances.

83. Crank and AIle.-In case of the crank and axle, shown in
figure 39, the relation between the weight
and th.e force applied at the crank to
support it, is at once obtained from the
principle that the moments of F and W
about the axis must be equal, since the
only motion that the system can have is
one of rotation. Hence if R is the length
of the crank ann and r the radius of the
axle or drum on which the rope support
ing W is wound, we have FR = Wr in
case the force F acts at right angles to R.

Here, again, we may apply the princi
ple of work, for in one revolution of the
·crank the weight W is raised a distance

equal to the circumference of the drum or 21rr, while the balancing
force F acts through a distance 27rR. We have, therefore, in case
of equilibrium

TV 21rl' = F 21rR or Wr = FR.

84-. Inclined Plane.-Barrels or casks are sometimes rolled
up inclined planes and thus raised where they could not be
directly lifted. The advantage of the inclined plane may be
understood from figure 40, where W represents a weight resting
on the inclined plane having length l, height h, and base b. The
attraction of the earth is a force vertically downward on W, but
it may be rC60lved as is shown into the components N at right
angles to the inclined plane and F parallel to it.

The component N is balanced by the pressure of the plane,
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while the eomponentF represents the force that must be balanced
by the push P necessary to support the weight on the plane.
From the similarity of the two triangles it is clear that W, N, andF'
are proportional to I, b, and h, respectively. That is F : W: : h : I,
or in words, the force required to support the weight on the in
clined plane is to the whole weight as the
height of the plane is to its length.

The same conclusion may also be reached
by the principle of work; for if the weight
is pushed up the plane the supporting force
P acts through the length l, while the weight "'__• __-"
W is only raised against the earth's attrae- II
tion throughadistanceh. HeDcePl = Who FlO. 40.-If the force P, inIIt.ead of acting parallel to the length of the inclined plane,
were parallel to ita bue we should re80lve tJie weight W into oomponenta N
lind F as in figure 41, whero F is parallel to the bMe. Then

F_P_~.

85. Screw.-The screw as used in the ordinary letter pre88
may cause enormous pressures by F======
the application of a very moderate
force to the lever arm. In one
complete revolution of the screw
it advances the distance between
consecutive threads measured par
allel to the axis. This distance is
called the pitch of the screw.

FIG. 41. Flo. 42.

The mechanical advantage of the screw may be determined by
considering the thread as a 80rt of inclined plane wrapped around
the axis, but we may deduce it more conveniently from the prin
ciple of work; for if the force P operating the screw acts at right
angles to the end of a lever arm of length R, in one revolution of
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the screw the force P acts through a distance 21rR, while the screw
advances through a distance h equal to the pitch of the screw.
Hence if W is the force exerted by the screw we have by the
principle of work

2'1rRP = Wh

0'
W 21l"R
P ~h'

86. Chinese Capstan and Differential Pulley.-In the Chinese
capstan a drum or axle having two parts of somewhat different diamc·

s

FIG. 43. FlO. 44.~Differential pulley.

ters is operated by lever arms or capstan bars, 80 that one end of a rope is
wound up on the drum of larger diameter while the other end unwinds
from the smaller drum. The rope passes around a pulley S which is at
tached to the anchor or other weight t<t be raised. The force W is divided
between the two parts of the rope pulling OIl S, 80 that the rope is under a

tension ~. H rand R are the radii of the small and large drums, respec

tively, the momenu, of the forces exerted by the rope on the drum are ~T

and ~R and the difference between these two momenta must be balanced

by the moment of the force P acting on the end of the capstan bar of length
l. Hence we have in caae of equilibrium
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W
Pl - 2(R - r).
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The advantage of such an arrangement is evidently the Mille as if one
end of the rope were fixed and the other, after paeaing around S, were wound
up on an axle whO&e radius Wall R - r. But Buch an axle being of small
diameter would not have the strength of the larger axle with two drums.

The differential pulley is a similar device used for raising heavy weights.
There is an upper pulley having a single sheave with two grooves of di1Terent
diameters like the two drums of the Chinelle eapetan. An endleM chain
p"lII'IP8 over one groove in the upper pulley then around & pulley att.&ehed to
the weight to be raised, and then around the &eOOnd groove of the upper or
fixed pulley. 'I1te groove8 of the upper pulley have notches to receive the
chain IlO that it cannot aIip, and the chain is P' ed over it in such a way that
it is wound up on one groove at the Mille time that it unwinds from the other.
If the difference in diameters of the two groovea in the upper sheave is small,
a small pull on the chain may suffice to support a large weight.

Problems

1. A 18O-1b. bamll is rolled up an inclined plane 12 ft. long to a platform
4. ft. above the ground. How much force muat be exerted along the
plane and how much work is done? Find at.a the force and work when
the plane is 20 ft. long, the height being the same.

2. Find the force which tbe bamll exerts again"t the plane in both the
C&9l!8 8peeified in the firat problem.

3. How much force parallel to the plane is required to 8Upport. a weight of
39 kgm8. on a frietionle8S inclined plane 13 metera long and 5 metera
high? Alao find the force with which the weight Pre88ell again8t the
plane.

,. If the coefficient of friction between weight and plane in the last ques·
tion ill 0.20, find the foree of friction and how much foree must be exerted
parallel t.o the plane in drawing the weight up, also in lowering it.

6. When the coefficient of friction between a weight and the inclined plane
on which it reet8 ill 0.30, find the ratio of ita height to len«th when the
plane is 80 steep that when the weight. is started it slidell down without
acceleration.

6. A certain jaclc«:rew has a serew 2 in. in diameter with three
threads to the inch, and is operated by a lever ann 2 ft. long. What
weight can be l'ftiaed by a force of 481be. applied at right angles to the
end of the lever arm, neglecting friction 1

1. Wben the coefficient of friction of the oiled surfaces of the jack-aerew
described in problem 6 ill 0.06 and when a weight of 5 tons is raised, find
the foree required at tbe end of the lever ann to overeome friction, and
the additional force required to raise the weight.

8. In problem 1, find the ratio of the work required to raise the weight 1
ft. without friction, to the actual work witb.rrictioo, and thua determine
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the efficiency of the 8Crew. Would the efficiency be the same if one-b&lf
as large a weight. were being raised?

9. Find the tension on a bicycle chain when the pedal is pr eel down with
a force of 120 Ibs.; the crank arm being 6 in. long and the sprocket
wheel 8 in. in diameter.

10. If a force of 40 Ibll. must be exerted on the arm of a windlAllll in raill
iug a weight of 120 lbs. while a force of only 20 lbe. ia required in
lowering the same, find the force expended in overcoming friction, and
the efficiency of the windlass, and what per cent. of the work done is lost
in friction.

11. How much force must be exerted on the crank of a windlUEl to ralse a
weight of 180 Iba., if the crank arm is 20 in. long and the drnm on
which the rope ill wound is 8 in, in diameter.

12. Find the direetion and amount of the force on the bearings of the wind
lass in the previous qUelItion, fil'll~ when the crank is in a horiaontal
position and being premed down; aeeond, when the Cl'&Ilk arm is vertical.

13. A man weiJhing 150 lbll. raiees himeelf in a sling by means of a rope
pa!!8ing over a movable pulley attaebed to the BUng and a lU.ed pulley
overhead. With how much force mUBt. be pull? Show.~ how to
obtain your result by the principle or work.

U. A man wcighing 180 lbe. nJM up 24 Iltepll, each 7 in. high, in 8
IIeOOnds. How much work doeR he do and what horse-power doeR he
expend?

lG. A donkey-engine is required to rai8e by means of a tackle a 2·ton weight
to II, height of 100 ft. in 4 minute. What horse-power ill required if the
efficiency of tho tackle is 70 per cent.

16. When 1 H.P. is expended by II, hOrBe in pulling a load at the rate of 6
miles per hour, find the foree with which the horae pul1.B the load.

17. What load can two bollleS draw along a level road at the rate of 3 miles
an hour if they spend 2 H.P. in pulling tbe load, wben tbe coefficient
of friction of wagon on road is J1' t. Ans. 2500 IblI.

18. A locomotive drawing a train nlong a level track at 30 miles per hour
expends 75 H.P., find the toul air and frictional resistance overcome.

Ana. 937.5 lbo.
19. A locomotive draws a 3()(kon train along a leveltraek at the rate of 20

lIliles per bour; while working al the same rate it draws it up a 74: per
cent. grade at 15 miles per hour; whal borse-power is expended, sup
posing the frictiOnAl and sir reaiBtanees tbe same in both eaaea, and what
ill the resistance in pounds. Anll. Resistance - 4500 the.; H. P. - 240.

llJ. KINETICS OF A PARTICLE

RECTILIN'EAR MOTION OF A MASS

81. Introductory.-Up· to this point we have studied espe
ciaJly eases of equilibrium; where the forces acting are 80 balanced
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that there is no acceleration. We must now examine in some
detail the various forms or motion where forces are involved in
such a way as to cause acceleration.

This part of mechanics, as Mach says, U is a wholly modern
science. All that the Greeks achieved in mechanics belongS to
the realm of statics. Dynamics was first founded by CaJileo."

Before 1638, when Galileo first published the results of his
experiments, SO little progress had been made in this direction
that it was currently held that heavy bodies fell faster than light
ones.

In studying the effect of force in giving motion to matter, the
simplest case to examine is where a definite portion of matter is
acted on by a constant force. This is the case with falling bodies;
for while a body is falling freely it is being urged downward by a
constant force which we call its weight. Therefore, Galileo care~

fully studied the motion of falling bodies, and of bodies rolling
down inclined planes, and showed that in each of these cases the
motion was with const.anl accekralian. As pendulum clocks had
not been invented at that time, he made use of a simple water
clock to measure short intervals of time in his experiments.
This consisted of a large vessel of water having a jet closed by the
finger, from which water was allowed to escape during the time
interval to be measured. Thus the weight of water escaping
while a body rolled down an inclined plane served to measure
the time of descent.

These experiments also showed that when a plane was inclined
at such an angle that the force parallel to the plane required to keep
a body from sliding down was one-half the weight of the body,
then its acceleration in sliding down was one-half its acceleration
when falling vertically. That is, the accekration toa3 proportional
to the force catuing the motion.

88. Atwood's Maehlne.-A convenient device for studying the effect
of forces in giving motion to mlUlllell is the apparatus known as Ahvood's
machine (Fig. 45). Two equal weighUl A and B are hung over a very
light carefully balanced wheel mounted BO that it shall run with lUI little
friction lUI po6lIible. An additional weight or rider te, having two pro
jecting arms, is laid on top of the weight A, whieh is supported 80 that it
can be liberated at any inlltant. When the weight A is freed it moves
down accelerated by the rider Ut, until it reaches the ring C which picks
olf the rider Ut and allows A to P&8ll freely through. After paPain, the
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FIG. 4S.-Atwood's machine.

ring C there is no longer any accelerating force. since the rider is removed,
and the weight A continues to move with the velocity which the rider

had given to it.
Thus if the ring C is 80 adjusted that

A. passes through itexactiy 2aeconds after
being liberated, and if Dis 80 placed that
A moves from C to D in the next second,
then if C and D are found to be 30 em.
apart, we conclude that ,A acquired a.
velocity of 30 em. per second by lit force
which acted steadily for 2 seconds. If
the. same force is now allowed to act for
1 second, a velocity of only 15 cm.jsee.
will be acquired. By varying the weight
of the rider or using instead of A and B
a pair of weights, having double the ffi!L5ll,
the following conc1usiollJl may be estab
lished:

(a) The motion is with constant
acceleration.

(b) The acceleration is proportional
to the weight of the rider so long 118 the
tot"l mass A+B+w is const"nt.

(c) If the mass of the moving system is
doubled, a given rider will cause only
ha.lf 118 gre"tooceler"tion as before.

89. General Prlnclple.-The
effect of a force in giving motion to
a body, as brought out in the ex~

perimcnts just described, may be
thought of as due to a general prin
ciple which may be thus stated: the
effect of a force in changing the
motion of a mass is not in any way
affected by the state of rest or
motion of the mass which is acted
upon.

For instance, while a force i?
acting on a mass and increasing its
velocity I suppose a second and equal
force to act in the same direction

upon the same masR. The second force being equal to thc first
will produce just as great an increase in velocity per second as
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is being produced by the first; and since both effects take pls.ce
simultaneously and without interference, the total change in
velocity will be twice that which would have been produced by
the original force. It follows that the change in velocity per
second when a force acts on a body is proportional to the amount
of the force.

And the change in velocity of a body when acted on by a force
is also proportional tc the length oj time during which the force
acta, for suppose a mass has acquired velocity by a force acting
upon it for 1 second, if the force now acts for another second it
will increase the velocity of the rn&8ll as much more in the same
direction, since the effect of a force is in no way conditioned by
the state of rest or motion of the body upon which it acts.

90. Impulse.-The change in velocity which a given mass
experiences is proportioned therefore both to the amount of the
force and to the time during which it acts. A large force acting
for a short time may produce the same change in the velocity of
So mass as So small force acting for So longer time.

A billiard ball may be made to roll as rut by pushing it as by 8trikiDg
it with the cue; the force in the BeOOnd case is very much greater than in
the fil'8t, but is exerted during an exceedingly short time; the impulse in
both cases must be the same.

The product of the amount of a force by the time during which
it acts is called the impulBe.

91. Force and Motlon.-Again, suppose two equal mS"6e8

moving side by side are acted on by equal forces in the same
direction, they will both gain in velocity equally and"will accord
ingly continue to move side by side, and their motion will evi
dently not be affected in any way if the two masses are
connected forming a single large mass.·

From this consideration we see that if So force gives a certain
acceleration to a given mass then twice the force will be required
to give the same acceleration to a mass twice as great, etc. Or,
in order that different masses may all have the same change in
velocity per second, the forces acting on them must be propor
tional to the masses.

But jf the mass is doubled without any corresponding change in
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the force which acts upon it, the gain in velocity will be only hal£
as great 88 before, for the motion in that case will be the same as
if the original mass were acted on by half the original force.

92. Momentum.-A given impulse may produce II. great
change in the velocity of II. small mass, or II. proportionally small
change in the velocity of II. greater mass; therefore, to measure the
effect of an impulse, II. quantity is employed which is proportional
both to the mass and velocity of the moving bodYi this is called
its momentum.

The momentum of a body is the product of the amount of its
mus by the amount of its velocity, and is a directed or vector
quantity.

93. Three Laws or Motlon.-The relations between forces,
masses and motion, were first clearly enunciated in the form of
three laws of motion, by Sir Isaac Newton in his celebrated
Principia, published in 1686. Two of these laws have been al
ready discussed (§§31,38), but are here repeated in order that
aU three may be presented together.

First Low.-Every body continues in il8 state of rtIlt or of mcuing
with constant velocity in a straight line, unless ackd upon by some
external force.

Second Law.- Change of momentum is proportional to the force
and to the time during which it acts, and is in the 8a11te diredion
as the force.

Third Law.-To ellery action there is an equal and opposite
reaction.

94. Discussion of Second Law.-'l'his law may be also ex
pressed in the formula

mv - mu 0:: Ft
where F is a force acting on a 00888 m for a time t, and u is the
velocity at the beginning of the time interval t, while II is its
velocity at the end of that time. Thus mv is the momentum after
the force has acted, while mu is the original momentum of the
mass. The gain in momentum is, therefore, mv - mu, and accord
ing to the law this is proportional to the force F and to the time t
jointly, or to their product Ft.
The above formula may be written:

Ft = k(mv - mu) or F = km et U)
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where k is a constant, the value of which depends on the particular
units which are employed in measuring the various quantities
concerned.

In the above equations F represents the average value of the
force during the time t in which the velocity of the mass has

changed from u to Vj but when t is e~ceedingly short II t U

approaches as its limit the actual rate of acceleration at the given
instant, while F is the corresponding force at that same instant,
and we may wriw,

F = kma (I)

that is, the acceleration of • body is proportional to the force
acting upon it and inversely proportional to its mass.

This may be called the fundamental formula. of dynamics as it
is a direct expression of the second law of motion, is absolutely
general, and enables us to determine the forces acting in any case
where the mass and motion of II body are known, since the accel
eration is determined from the motion.

Thus it follows that if the force acting on amass isoonstant the
mass moves with constant acceleration, while if the force varies
the acceleration varies in the same proportion.

95. Dyne and Poundal.-In dealing with cases of equilibrium
we have used the ordinary gravitation measures of force, the
weight of a pound or gram, but in studying the accelerating
effect of forces it will be found more convenient to use as the unit
a force which will make the constagt k equal to unity in the above
expression, so that we may write simply

F = rna

Defined in this way, unit force is one which will give unit
acceleration to unit mass, or unit force acting for unit time on
unit mass will change its velocity by unity.

When the centimeter gram and second are the fundamental
units as in the C. G. S. system, the unit force is called the dyne,
from the Greek word for force. It is a force which, acting on a
mass of one gram for one second, will cbange its velocity by one
centimeter per second.

Hence to find the force in dynes in a given case of motion it is
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only necessary to multiply the mass in grams by its rate of accel
eration measured in centimeters per sccond per second.

Thu8 a. force of 100 dynes acting on a ffill.llll of 10 grams will givc it an
aooeleration 10, or in one second will give it an increall6 in velocity of 10
ems. per 9OOOnd.

A unit of force similarly based on the foot, pound, and second
as units of length, mllAA, and time, respectively, is sometimes used
and is called the poundal, it is the force which acting on a mass
of ODe pound will increase its velocity one foot per second for
every second that it acts.

The dyne and poundal have the advantage of being absolutely
definite units of force, and do not vary from point to point on the
earth 08 the weight of a gram or pound varies.

00. UoU of Work or Encl'l'1.-The unit of work on the C. G. S.
system of units where the force is measured in dynu and the dis
tance in centimeters is known as the erg (from the Greek word for
work). It is the work done when a body moves one centimeter
In the direction in which it is urged by a force of one dyne.

The corresponding unit of work or energy on the foot-pound.
second system is the foot-poundal, and is the work done when a
body moves one foot in the direction in which it is urged by a
force of one poundaI.

97. Motion in a Straight Line wltb Constant Veloclty.-When
a body moves in a straight line with constant velocity the accel
eration is zero and therefore the force must be zero according to
the formula F =- mao

The moving mass is, therefore, in equilibrium. This is the case
considered in Newton's first law of motion.

A railway train while running at constant speed is in a state of
equilibrium. The force of the locomotive urging it on is exactly
balanced by the resistance of the air and friction of the wheels.
So when a bucket is drawn up out of 8. well with constant speed it
is in equilibrium and the upward pull on the rope is exactly equal
to the weight of the bucket of water.

98. Motion In a Straight Line with Constant Acceleratlon.
When a body moves in a straight line with a velocity which is
increasing or diminishing at a constant rate, it has a constant
aceeleration in the direction of the motion in one ease and oppo
site to it in the other.
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When the acceleration a is constant, the change in velocity of
the moving body in t seconds is at. And if the velocity at the
beginning of the time t is u, and that at the end of the time is V,

then
" = u + at when the speed is increasing;
II = U - at when the speed is decreasing (1)

The space passed over in t seconds will be found by multiplying
the average velccity during the interval by the time t. But since
the acceleration is constant the velocity increases uniformly with
the time, and therefore the average velocity is the arithmetical

meaD of the initial and final velocities, or tI ~ u. The space

traversed in time t may, therefore. be exp.ressOO by the formula

.+u
'~2t (2)

Subetituting for 11 its value

o=u±at,
we find

If = td± Jiat l

But equation (1) may be put in the form

.-ua = ,
t

and this multiplied by (2) gives

(3)

(4)

By the use of these formulas (1 to 4) any two o( the Quantities
u. Il. G. t. , may be determined when the other th~ are given.

The student. ahould tboroughly memorize tbese formu1al!l and uereiao
himlleU in applying them to lSimple problema, sueh as thOl:le on p&ge 70.

99. Foree Causlng RectlUnear Motlon with Constant Accelera
tlon.-The kind o( motion just discussed is produced whenever
a mass is acted on by a constant (orce in one direction; (or in such
a ease the acceleration· is eonstant and given by the relation

F
a = -.

m

Thus when a car is drawn along a track by a stretched spring



62 MECHANICS

which is kept constantly at the same tension, the motion is with
constant acceleration. So also a falling body has this kind of
motion, for it is constantly urged downward by its own weight,
which is a nearly constant force. When a body slides. down an
inclined plane, the force urging it down along the plane is the
same at one point 88 at another, and, therefore, in this case also
the acceleration is constant.

100. Falllng BodIes.-Freely falling bodies are the most
familiar examples of bodies moving with constant acceleration.
For a body near the surface of the earth is attracted or urged
downward with a certain constant force which we call its weight,
and when it is set free so that its weight is the only force acting,
it falls with constant1y accelerated motion. In ordinary experi
ence, however, where bodies fall through air, the resistance of the
air is another force which modifies the motion. If the resistance
in a given case were constant, the body would still fall with con
stant acceleration, but the air resistance increases greatly with
the velocity of the falling body, 80 that in case of a light body, as
the speed increases the air resistance may become equal and
opposite to its weight, and when that is the case it f&Us without
acceleration. This is the ca.se with scraps of paper and rain
drops.

Strictly speaking, even the weight of a body is ·not constant
8.8 it falls, but increases as it approaches the surface of the earth.
The weight of a kilogram one mile above the earth's surface is
less by ~ a gram than at sea. level, and at the ceiling of a room
3 meters high a kilogram weighs about one milligram less than
at the floor. This variation of force with height causes a corre
sponding increase in the acceleration of a f&lling body 88 it ap
proaches the earth's surface; but this is 80 small, however, that
except in case of great heights it may be neglected.

101. Acceleration of Gravlty.-The early philosopheI1l specu
lated 8.8 to why bodies fell; Galileo was the first to carefully de
termine how bodies fell. He also showed, contrary to the univer
sally accepted opinion of his day, that except for air resistance all
falling bodies are egually accelerated. A large stone or a small
one, an iron cannon ball, a lump of lead, or block of wood when
dropped from the top of a tower reach the ground in the same time.
If a feather, scraps of paper, and some bits of metal or lead shot

i

I
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are placed in a long tube (Fig. 46) from which the air is exhausted,
on quickly inverting the tube all reach the bottom at the same
instant. Hence the rate of increase in velocity, or acceleration,
is constant at any given place on the earth for aU kinds and aizes
of bodies.

This constant acceleration is called the
acceleration of gravity at the given place, it
is usually represented by the symbol g and
is measured most accurately by pendulum
experiments.

The value of g at the sea level for the
latitude of New York is 980.2 cm./sec.:, or
32.16 ft.jsec. 2 The table on page 108 gives
also the values at some other places.

The formulas for falling bodies are, there
fore, obtained from those of §98 by making
the acceleration equal to g. Thus

v=u+gt
s=ut+7fyt2

, 2gs = v2 - u f •
f

When a botly is simply dropped, with no
initial velofit:y, u is zero, and we have

v = gt
s = yzgP

2gs = v'.
In approximate calculations and in work

ing problems for practice, 9 may be taken
as 980 cm./sec.2 or 32. ft.jsec.'

102. Mass Proportional to Welght,
Galileo's discovery that all kinds and sizes of
bodies when dropped to theearth at the same
place are accelerated at the same rate except
f . . . FIG. 46.-Fall in vacuo.or air reSistance, leads to an Important con-
elusion. For when two bodies are equally accelerated their
masses must be proportional to the accelerating forces (§91),
which forces, in the case under consideration, are the weights of
the bodies; therefore the masses of bodies are proportional to their
'll!eights, if weighed al the same place.
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103. Relation between Dyne and Gram.-The force urging
downward a freely falling mass m is expressed by the formula

F ~ ""l

the force being in dynes if C. G. S. units are used. Suppose m = 1
gram and g = 980, then F = 980 dynes; but the force with which
a mass of one gram is attracted toward the earth is called the
weight of one gram therefore the weight of one gram = 980
dynes, or the force which we have called a dyne is slightly more
than the weight of a milligram at the earth's surface.

The student _may show similarly that one poundal is about
equal to the weight of a half-ounce; that is, one pound weight
at New York = 32.16 pQundals.

104-. Gravitation Units of Force.-The weight of a gram or
pound is·often a convenient unit of force; indeed, engineers in
English speaking countries almost always measure forces in
pounds; 'for though the weight of a pound varies (rom place to
place on the earth, its weight at some selected spot may be
taken as standard.

For example the standard farce of a pound may be defined as the
weight of a pound mass at New York where the acceleration of
gravity is 32.16 ft./sec.!, and in that case it will be equal to 32.16
poundals. So also the standard farce of a gram might be defined
as the weight of a gram at a point where g = 980 cm./sec.!, in
which case it is' equal to exactly 980 dynes.

If these gravitation units of farce are used the constant k in
formul.a (1) §94 is no longer unity, but we have

(F, in pounds) = 32\6 (m, in pounds) X Ca, in ft./sec.·)

0'

(F, in grams) = 9~O (m, in grams) X (a, in cm./see.·)

But most of the formulas in this book are based on the relation
F = ma; it will there(ore be best for the student in working prob
lems to use consistentlyeitber the centimeter-gram-second system
with the force in dynes, or the foot-pound-second system with the
force in p<Jundal.s, changing, when required, dynes or poundahl
into grams or pounds weight by dividing by 980 or 32 as the case
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may be; 32 being used instead of 32.16, as the value of gin
rt./sec.2, for convenience in numerical work.

105. Atwood's Machine Problem.-Suppose two masses, one
40 and the other 50 grams, are connected by a cord running over
a light frictionless pulley as in Atwood's machine, and suppose
for simplicity that the mass of the cord and of the pulley may be
neglected. It is required to find the acceleration and the tension
on the cord.

In this case the whole mass 40 + 50 moves together and the
resultant force which gives it motion is the weight of
50 - 40 = 10 grams, or 109 dynes.

Since force = mass X acceleration
we have 109 = 90 X a, therefore a = Y9 g,
hence the acceleration is one-ninth that of a freely T

falling body.
Thi8 re.sult may also be reached by considering that a

force of 10 gratrt8 acting on a mass oj 10 grams gives
it an acceleration g, and therefore if that same force act
on a mass 9 times as great it will give it an accelera
tion Ug.

To find the tension on the cord consider the forces FIo. 47.. ~

acting on the mass 40. It is urged downward by its own weight,
40 grams, and upward by the tension of the cord, which we may
call T grams. It moves upward with an acceleration U g, as has
been shown, hence the resultant force must be upward and equal
to (T-40) grams or (T-40)g dynes, and we have, sinceF = ma,

(T - 40)g ~ 40 X frjjg
whence

T = 44% grams' weight.

106. Motion on an Inclined ,Plane.-'When a mass M rests
on an inclined plane, the force due to gravity, or its weight, may
be resolved into two components, as shown in figure 48, one N
perpendicular"to the plane and the other F parallel to it. If M
is the mass in grams, its weight in dynes is Mg. And from the
similarity of the two triangles, we have Mg, N, and F respectively
proportional to the sides of the large triangle formed by l, b, and h.

h
That is, F:Mg::h: 1 or F = Mg 1 dynes. Thus the i.oree



66 MECHANICS

F causing the motion is constant, and is the same fractional part
of the whole weight of the body as the height of the inclined
plane is of its length. The acceleration is therefore constant.

Since F = Ma, we have a = g ~ or a = g Stn c.

To find the velocity which the body acquires in sliding the
length of the plane l, we have only to use the formula (4) of §98.

The body starts from rest, hence u = 0 and 8 = l in this case,
therefore

h
2g1l = v! or v2 = 2gh;

but this is precisely the velocity which a freely falling body will
gain in falling through a vertical distance h, and there is nothing

FIG, 48.

8

FIG. 49.

in the result which depends on the slope of the plane, therefore
the velocity gained by a body in sliding down a frictionless in
clined plane of any slope whatever is the same as that gained by
a body in falling freely the same vertical distance.

Since the velocity does not depend on the slope of the plane,
it will be the same at B (Fig. 49) for any smooth, frictionless
curve down which it may slide from A, and it will be the same at
B as at Cor D.

The time oj descent, however, from A to B depends on the curve
and may be proved to be a minimum when A and B are joined by
the arc of a cycloid.

107. Kinetic Energy.-We will now calculate the effect of a
certain amount of work in giving motion to a mass m. Suppose
a force of F dynes acts on m in the direction of its motion while
it is moving through a space of 8 centimeters; the w6rk done is by
definition, Fa dyne-eentimeters or ergs. But while the constant
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force F acts there is a constant acceleration a and the equations
of §98 therefore apply to the motion, and we have

also
F = mao

Multiplying these equations together we obtain

Fs = ~mvl - ~mu2 (1)

The change from Yfmu2 to yzfflV2 therefore expresses the
amount of work required to change the velocity of the mass m
from u to v. Starting from rest, the energy required to give it
velocity v is Y2"mv2 ; this is also the measure of the work that the
body can do before coming to rest again, therefore the quantity
Y2"mv 2 is the measure of the kinetic energy or energy of motion
possessed by a mass m moving with velocity v.

k
o to ° h 1m IS In grams,= me Ie energy In ergs w en ..

lL 2 l v IS In ems. per sec.
7'- I ° ° d= kinetic energy in Joot-poundals when m. I~ lfn

t
poun s

v IS III • persec.

108. Velocity at Foot of Inclined Plane.-The principle of
the conservation of energy may be applied to motion on an in
clined plane and leads at once to the conclusion previously stated,
§106, that the velocity of a body at the foot of an inclined plane
depends only on its height and is independent of the slope.

For the work done in lifting the body from the bottom of the
plane-to the top depends only on the height of the plane, since the
work is done only against gravity and serves to increase the
potential energy of the body. In sliding down the plane, if no
work is done against friction, all the potential energy gained will
be transformed into kinetic energy, so that. when it reaches the
bottom its kinetic energy will be equal to the work that was done
in lifting it. The kinetic energy, of the body and consequently
its velocity will therefore be independent of theslopeoftheplane.

The work done in lifting the mass m the height of the plane h
is mgh, for mg is the weight of the mass expressed in dynes. The
kinetic energy of the mass at the bottom is ~mv2, hence

mgh = Hmv2 and v2 = 2gh.
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109. Kinetic Energy and Momentum Compared.-Kinetic
energy and momentum are both quantities that depend on the
mass and velocity of the moving body, but while kinetic energy
is expressed by ~mv! and measures the work done on the body
in giving it motion, momentum, expressed by mv, measures the
impulse given to it, or the product of the. force by the time during
which it was acting on the body, for the second law of motion
(§94) gives the relation

Ft = mv - mu,

or change in momentu,m is equal to the impulse when the force is
measured in the appropriate unit.

Hence if a force acts upon a body through a certain distance
and it is required to find the change in velocity of the body, the
formula for kinetic energy must be used,

F8 = M"mv! - 31mu!;

while if the time of action of the force is given, the change in
velocity is found from the equation of momentum,

Ft=mv-mu.

FIo. 50.
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FIG. 51.

elastic, the total-momentum of the two bodies is not changed by
the impact. That is, if one body loses forward momentum the
other gains an exactly equal forward momentum.

Stated algebraically,

Av + Bu = A V + BU
where A and B are the two masses, respectively, while v and u
are their velocities before impact, and V and U are their velocities
after impact.

This law is easily seen to be a direct consequence of the laws
of motion. For at each instant during impact the forward pres
sure of A upon B is equal to the backward pressure of B against
A, as expressed in the statement that action and reaction are
equal and opposite. Hence the total forward impulse given to
B is equal to the backward impulse sustained by A, and by
Newton's second law the change in the momentum of A must be
equal and opposite to the change in the momentum of B, con·
sequently the sum of the momenta of the two is not changed.

If the two are inelastic they move together after impact with
a common velocity x, whence

A, + Bu ~ (A + B)x.
In case of elastic bodies there is a certain instant during the

impact when the compression is a
maximum and the two bodies are
neither approaching nor receding from
each other. At that instant they are
moving with the same velocity x 'W»'-c-+'
which they would have acquired if ~

quite inelastic. But suppose they
are perfectly resilient and the pressure between them at any instant
as they spring apart is exactly equal to what it was during the
corresponding instant of compression. The total backward im
pulse givcn to A will then be twice what it would have been if
the bodies had been inelastic, hence the total change in velocity
of A will be twice as great as 11 - x, or 2(11 - x), and its final
velocity V will be

V = 11 - 2(v - x) = 11 + 2(x - v),
so also

u = u.+ 2(x - u).
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If the above expressions are written

v = 11 + p(x - v)
U = u + ",(x - u)

the coefficient f.I will serve to indicate the degree of resiliency.
If p. = 1 the bodies are quite inelastic for V = x and U = x, bul
if f.I = 2, the resiliency is perfect.

Problems

1. A ball is thrown vertically upward with a velocity of 64 ft. per Bee.;
how BOOn will it reach the ground again and how high will it rise, and
what will be its velocity when half-way up?:

2. A falling body has a velocity 200 cm./sec.; how far will it drop before
itll velocity bcoomes 10,000 cm./sec.? Take (J - 980.

a. A weight thrown forward on ice with velocity 60 ft. per sec. is resisted
by a constant force, and after 5 scconds hll.8 half its original velocity;
how far bas it gone in that time?

.. Find the accelemtion in the previous problem, also how far the weight
will go before coming to rest.

6. A maas of 10 gms. is acted on by a constant force which ehanget> its
velocity from 100 to 500 em. per see. in 5 aceonds. Find the accelera
tion and amount of the foree.

6. What steady forward pull must be exerted by a locomotive in starting
a 200-ton train to give it a velocity or 20 miles per hour in 5 minutes,
negleeting friction. Find force in poundala and then in pounde.

1. A weight of 10100. is thrown forward on ice with a velocity 50 ft. per
5eC.; if the coefficient of friction between it and the ice is 0.10, how far
will it go ILIld in how many 6Ceonds will it stop.

8. A 300-lb. mll.88 is lowered by a rope with uniform velocity. What is
the tension on the rope? If it is lowered with a. constant acceleration
0110 ft. per 800. per sec. what is the tension? What if it is lowered with
acceleration g1

'9. An elevator weighing 2000 Ibs. is pulled upward with a force of 3000 Ibs.
What is its acceleration, ILIld how long will it take to gain an upward
velocity of 2 ft. per 8OO.?

10. A mine buckct weighing 2000 100. a.nd being lowered with a velocity
of 3 ft. per see. i8 stopped in a di8ta.nce of 1 It. What is the average
force on the 6Upporting cable while stopping?

11. II a man weighing 75 kgms. is in ILIl elevator which is going up with
constant velocity, how much force does he exert on its floor? What
if the elevawr ha.s an upward acceleration of 3 meter/scc. l ?

12. What i8 the least acceleration with which a man weighing 150 the.
can slide down a fire-escape rope which can only sustain a weight of
100 Ibs.? And what velocity will he have after sliding 50 ft.?
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18. A 3O-gm. weight is drawn up by a 7Q-gm. weight by means of a cord
over a frictionlells pulley. Find the ~celeration (taking rJ _ 980) and
also the tension on the cord. How far will the weights move in 3
5elJonds from the start?

14. A 38-lb. weight resting on a level, frictionless table is drawn along by a
4-lb. weight by ffieana of a cord over a frictionless pulley. Find the
acceleration 9.Ild also the tension on the cord.

16. If in the previous problem the friction between the weight and ta.ble is
R force of 2 Ibs. find acceleration and tension as before.

16. How many Ioot-poundals of work are required to give a 5OQ..lb. shell flo

velocity of 2000 ft. per sec.? Find the work also in foot-pounds.
If this work is done by the powder gas in a gun 25 ft. long, find the
average force in pounds against the shell as it is discharged.

17. How much energy in foot-pounds must be expended in giving a 300
wn train a velocity of 30 miles an hour? If tl e locomotive works at
the rate of 100 H.P., how long will it take to bring the train up to speed?

18. A 3-kKm. hammer with a velocity of 5 meters per see. drives a nail
4 em. into a plank. Find the average resistance in dynes and grams
and how much weight resting on the nail would he required to force it
into the wood.

19. A bullet weighing 1 oz. and ha.ving a velocity of 1000 ft./sec. is
fired through a plank 3 in. thick which resists it with a force of 800 Ibs.
With what velocity will it come out, and how many such planks
could it pierce?

20. A bullet weighing 1 oz. is shot inw a suspended block of wood weighing
181bs. 11 oz. and gives it a velocity of 6 ft. per sec. What is the
combined momentum of block and bullet after impact? What was the
momentum of the bullet before impact? Thence find velocity of bullet
before impact.

21. What was the kinetic energy of the bullet in problem 20 before impact?
What is the kinetic energy of the block containing bullet after impact?
How much energy in foot-pounds was expended by the bulJet in pene
trating into the block? What proportional part of the original energy
of the bullet remains as energy of motion after impact?

22. A bullet, weighing 15 ~ms. is shot into a suspended block of wood
weighing 2985 gms. and giVC8 it a velocity ef 200 cm. per sec.; find
the velocity of the bullet.

23. How high above its original level will the suspended block, in the 1Mt
question, swing in consequence of the velocity given to it?

U. If all the energy of a 640-lb. shell having a velocity of 2000 rt./sec. could
be spent in raising a 1O,OOO-ton battle ship, how high would it lift it?

26. A bullet weighing 10 gIllS. has a velocity of 600 meters per 800.

and penetrates 30 ems. into a pine log. What is the force in kilograms
with which the bullet is resisted, and how far would it penetrate if it
had half the original velocity?

26. A monkey clings W one end of 8 rope po.ssing over a frictionless pulley,
and is balanced by an exactly equal weight on the other end of the rope.
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Explain what will happen to the counterpoise if the monkey climbs 10
ft. up the rope and then suddenly stops. The mass of the rope and
wheel are to be neglected.

2.7. A cord passes over two fixed pulleys and hangs down vertically between
them Bupporting a movable pulley which with attached weight weighs
5 lba. A 3-1b. weight is hung on one end of the cord and a 4-lb. weight
on the other end. Find the accelerations of all three weights and the
tension on the cord.

Nore.-First find a simple relation between the a.ccelemtiOIlB of the three
ma8BE.'8 from the fact that the cord is inextensible.

MOTION OF A PARTICLE IN CURVED PATH

h

111. Motion of a Projedile.-When a. body Deaf the surface
of the earth is thrown in any direction, such as AB, it is subject
to the steady force of the earth's attraction vertically downward,
and, therefore, it has constantly the downward acceleration of

8 gravity g. The initial impulse,
however, gave it a forward
velocity V in the direction AB,
in which direction it would have
continued to move with constant
velocity if no force had acted
on it. The actual path in which
it moves may then be regarded
as the resultant of motion with
constant velocity V in the direc-

A d E H G tion AB combined with a motion
FIa. 52.-Curve of projectill,!llandjetll. downward with constant accel-

eration g. Thus after a time t the body will have traveled a
distance AC = Vt in the direction AB, but it will also have fallen
from C to D a distance 8 = 7igt2•

It a is the angle of elevation of AB above the horizontal, and if d is the
distance AS which the projectile has advanced in a borizontal direction and
11 is its beight, we have

d-Vtoosa
h ... VI sin a - Mgt'.

The path traversed may be shown to be parabola with ita axis vertical
and passing through the highest point of the path. The highest point is
baH~way between the point of projection and the point G where the pro~

jectile again reaches the earth. The distance AG is called the range, and is a
maximum when the angle a is 45Q

•
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Fra. 53.---Curving of pitched ball.

b

•F

These results are easily deduced from the above equations, but i't must
be borne in mind that the influence of air resistance has been neglected.
This foree in rapidly moving bodies, like buJlete, may be very great and
clumges the form of the trajectory to IIOmething like that shown by the
second curve from A to H. In conaequence of this the maximum range in
gunnery is found at a much smaller elevation.

The fonn of the path of a projectile or ball is beautifully shown by a
water jet, for each particle in the jet is a freely falling body.

112. Curved Plteblng.-If a ball when thrown forward is
rapidly rotated the resistance of the air causes it to swerve from
the path that it would otherwise take. This is seen in the curv
ing of a pitched ball and in .the drifting of projectiles from rifled
guns. It results from the viscosity of air in consequence of
which the rotating ball drags air in on one side and flings it out on
the other as it advances.

Suppose, for example, that a baU is spinning about an aXIs
perpendicular to the paper as
shown by the curved arrow in
figure 53, while it is moving
forward in the direction of the
straight arrow cd i the rotation
of the ball drags air in from
the side at a and carries it
around toward the front of
the ball at c, giving it a greater forward momentum than is given
to the air between c and b where the surface of the ball is spin
ning backward.

The force f1,gainst the pall is, therefore, greater between a and c
than it is between band c. Let P and p represent these pressures
against the ball. Their resultant as shown in the diagram of
forces is the oblique force R which in part resists the forward
motion of the ball, but also has a component represented by F
which is at right angles to the path of the ball and causes it to
swerve to one side in the direction of the dotted line.

As the force F acts constantly it causes the ball to move side
wise with constantly accewrated motion, and, therefore, the curv
ing rapidly increases as the ball advances.

113. Motion Around the Earth.-8uppose it were possible to
shoot a cannon ball in a horizontal direction from the top of
some high mountain on the earth with a velocity so great that
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while it advanced a mile' it would drop just enough to follow the
curvature of the earth. Then, if there were no air resistance,
the ball would continue around the earth and return to its origi
nal point of projection with undiminished velocity and would,
thereforer continue to circulate forever around the earth as a
satellite.

For suppose A (Fig. 54) is the point from which the projectile
is shot in the direction AB. As it advances it drops away from
the line AB; but the earth's surface also drops away from AB
in consequence of its curvature, by about 8 in., in the first mile.
If, therefore, the cannon ball has a velocity which will carry
it a mile in the same time that it will drop 8 in., it will, on reach-

, B
o

o

o
FIG. 54.

£
Fl(]. 55.

ing the end of the mile, say at C, be just as high above the earth
as at the start and be moving in the direction CD, tangent at
C. Ai> the ball moves forward the force due to the earth's attrac
tion is always at right angles to the direction of motion, and
hence the speed of the ball is neither increased nor diminished
and all the conditions of the motion remain constant.

The time required for a body to drop 8 in. toward the
earth is fOWld from the formula (§101)

8 = ~gt2.

Since 8 = 8 in, or 0.66 ft., and taking g = 32 ft./sec.!, we
find t = 0.20 sec.; hence our cannon ball must have a velocity
of a mile in 0.2 sec. or 5 miles per second.
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The complete calculation may be made thus. Let the ball
drop a distance Be = , (Fig. 55) in going forward the distance
AB =0 d. H R is the radius of the earth the relation between
8 and d may be found from the similarity of the triangles ACE
and ADCfrom which we find

or
8:d::d;2R

and

d'
8 =-,

2R (I)

but, is the distance fallen with constant acceleration Q in f

seconds, therefore
8 = .!-igtt ,

and d is the distance which the ball, moving with constant
velocity P, advances in t seconds; that is d '"'" vt.

Substituting in (1) we have
v't'

~gt2 ""'2R
whence

Taking 9 = 32 ft.jsec. t and R = 5280 X 4000 ft.,

VI = 32 X 5280 X 4000

and we obtain

tI = 26,000; (t./sec. = 4.92 miles per sec.

114. Motion In Any Circle with Copstant Speed.-The case
just discussed is in no way different from any case when a mass
moves in a circle with CODstant speed. To cause it to constantly
change its direction of motion there must be a force constantly
acting at right angles to the direction of motion, and if the speed
does not change there can be no force at all in the direction of
motion. The relation between the velocity in the circle, the
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FIG. 56.
o

radius of curvature of the path, and the acceleration are given as
v'above in the formula a = -.,

It will be interesting to derive this relation in another way,
from the simple conception of acceleration as the change in ve
locity per second.

As a particle moves from A to B in the .circle (Fig. 56) its
velocity changes only in diredion from VI to V2. But this change
in velocity is equivalent to compounding with the original
velocity VI, another velocity represented by the vector f. This
_-tA_"'~'O::::~c--"--.-., vector therefore represents the change in

8 VI velocity between A and B and when
f divided by t, the time taken by the body

in moving from A to B, gives the average
rate of aculeration between A and B or

f
a = t'

Let d represent the distance AB, and
since the sector OAR is almost exactly
similar to the triangle formed by v" V2,

and f we have the proportion r : d ::v : f where v is the amount of

Vi or V2. But the distance d = v t and a =[ or f = a thence,
substituting

r:vt::v:at
from which

"a = -;,
and this relation is exact and not a.pproximate, for as B ap
proaches A, the triangle and sector approach exact similarity as
a limit and the average acceleration between A and B approaches
the actual acceleration at A. It will be noticed also that f is
parallel to a line bisecting the angle AOB, hence as B approaches
A the direction of f approaches the direction AD as a limit. We
conclude therefore that the acceleration at any point of the

circle is directed toward the center and is equal to ~.,
115. Acceleration in any Curved Path.-Since the accelera

tion jUllt fQ\,mg depends only on the insta.ntaneous relation of
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the various quantities involved, it applies to any curved path
whatever. The acceleration at any point in a curved path may

.be resolved into two components, one along the curve or tangent
to it and the other at right angles to it. The component al<mg
the curve is the rate of change of speed of the moving body,

"while the component at right angles to the path, is a = - where,
V is the speed at.the given point
and r is the radius of curvature of
the path at that point.

116. Force in Circular Motion.
Whenever a mass is accelerated it
is acted on by a force determined by
the relation F = rna, hence when a
mass m moves in a circle with con~

Fi<l. 57.

A

Fi<l. 58.

"stant velocity it is acted on by a force F = m - directed toward,
the center of the circle; or, morc generally, whenever a mass is
moving in a curved path it is subject at any point to a force,
F = m ~ directed toward the center of curvature, r being the,

radius of curvature of the path and v the velocity
of the mass m at the given point.

117. Centripetal and Centrifugal Force.-The
force by which a mass is constrained to move in
a curved path is, as has just been Shown, always
directed toward the center of curvature of the
path, and is therefore called the centripetal force.
The reaction aginst this force by the moving body
is called centrifugal force. Both are different
aspects of the same stress, and are of course equal
and opposite. For example, when a weight is

whirled in a circle by a cord, it is held In the circle by the tension
of the cord which supplies the centripetal force, while the reaction
or outward pull of the weight against the cord is called the
centrifugal force.

When the string breaks both forces instlantly disappear, there is
1W tendency for the weight to fly Qutward, it simply keeps moving
in the tangential direction in which it was moving when freed.
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118. Other Expressions ror Centripetal Force.-If a mass
moves in a circle and makes n complete revolutions per sec
ond, since the distance traveled in one revolution is 21lT, in n.
revolutions it will be 211T1l and hence v = 21rrn, and the centri-

m,'
petal force F = r becomes

(I)

Or we may express the velocity in terms of tHe time required to
make one complete revolution, which may be called the period
P. In that case

and
F = m 411'"2.r

p' (2)

Or if w represents the angular velocity of the rotating body, or
the arc in radians traversed per second, we have w r = v (§130)
and therefore

F = mwt.r (3)
.

119. IIluskatioDs.-When a railway train rounds So curve it
is kept in the curve by the pressure of the rail against the flanges

of the wheels. The weight of the train
is balanced by the upward pressure of

A the track, represented at A, figure 59,
while the centripetal force exerted by
the rails is represented by B; the re
sultant force R .is therefore inclined
and the track is tilted toward the center
so that the pressure may be equal on

FIG. 59. both rails.
When a fly wheel rotates, it is under great tension due to the

centrifugal force of the heavy rim, and great destruction may
result from the bursting of such a wheel. A grindstone also may
burst if driven at too high a speed.

A glass of water held in a sling may be swung in a vertical
circle without spilling the water. For the acceleration down
ward due to gravity when it is at the top of the circle may not be
enough to hold it in the circular path, consequently the bottom



KINETICS 79

of the glass must exert an additional force upon the enclosed
water, SO that even at the top of its path the water presses
against the bottom of the glass. In this case the tension on the
cord when the mass is at the top of the circle is lessened by the
weight of the body, while at the bottom the tension is increased
by the same amount. The tension on the cord will therefore be

at the top.

at the bottom.

If a cylinder of wood having a length three or four times· its
diameter is suspended from the axle of a whirling machine by a
short cord attached to ODe end,
on setting it in rotation it will
soon be disturbed from its initial
position (Fig. 60) and will rotate
in the oblique JXlsition as shown,
in consequence of the centrifugal
force of the two ends of the ,-',

~r"cylinder balancing the force
toward the axis due to the cord FIG. 60.

and weight of the cylinder. With rapid rotation the cylinder
comes into a horizontal position rotating now about an axis at
right angles to its length.

So a ring suspended by a cord from a rotating point of sup
port will tip up into the horizontal position and rotate like a wheel
about a vertical axis through its center. And even a chain when
similarly suspended will first widen out into a loop in consequence
of centrifugal force and then take the form of a horizontal ring
rotating as though it were rigid; the required centripetal force
in these cases being supplied by the tension on the chain or ring.
In all these cases it will be observed that equilibrium is attained
when the mass is on the whole as far as possible from the axis of
revolution.

120. Conical Pendulum.-SuPP08e So mass m, as in an old
fashioned steam engine governor, is swung aroung in a circle
with uniform speed, it will swing out from the axis and come into
equilibrium at a certain angle depending on the speed of rotation.
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whence
o

mg

,
ma

FlO. 61.

Evidently in order that there may be equilibrium the mass
must be acted on by a foree F directed toward the axis and just
sufficient to hold it in the circle. But if the mass, or conical
pendulum as it may be called, makes one revolution in P seconds,
then the centripetal force is

F
_ m4-rtr
- pi '

and this force is the resultant of the tension on the cord T and
the weight of the mass, which is nag dynes. Constructing the
diagram of forces as in the figure, it is clear that F : mg :: r : h;

tberefore,
mg'F- T "

We have, therefore

tn{fr m 41l'"!.r
T~ P'

P - 211'"~'
Consequently if we have two
masses m and m' hung by
cords of different lengths, they
will have the same period of

rotation if the height h is the same in both cases.
The more rapid the rotation the higher the mass rises, and in

the 8team~ngine governor the rising of the weights operates a
lever through which steam is cut off and the speed of the engine
decreased.

Problems

1. A stream of water from flo horiwntal Doule f&lls 3 ft. below t.he level
of the Donie in a distance of 20 ft., meaaured horiwntally. }'ind the
velocity of tbe escaping jet.

11:. A jet of water is directed upward at an angle of 4.50 to the vertical, and
strikes the ground at flo distance of 64 ft. from the nozzle. Find the
time t.aken by a water particle in pll.8sing from nozzle to ground, Rnd thEl
velocity of the jet.

3. How much weight can & cord 8ustain by which flo mau of 100 gms. can
be whirled in flo circle of 1 meter radiWl making 2 tUI'lUl per 100.
neglecting the effect of gravity in the circular mopon?
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4. A stone weighing lib. is whirled by a string in 8 circle 6 ft. in diameter.
The string breaks and the swne flies off with a velocity of 30 ft. per see.
Find the !Strain on the string when it broke.

6. A mass of 50 gillS. has a velocity of 750 ems. per see. in a circle of radius
60 ems. Find the acceleration in amount and direction and centripetal
force in dynes. Also find angular velocity.

6. A loo-ton looomotive rounds a eUI'Ve at a uniform speed of 40 mill'.ll
per hour. Find the acceleration if the radius of curvature of the track
is 1060 ft. Also find the horizontal force exerted against the rails.

7. In case of the last problem, how much lligher must the outer rail be
than the inner, in order that the resultant force due both to the weight
of the locomotive and ita centrifugal force, may be perpendicular to the
road bed?

8. A mass of 1 lb. is whirled in a. circle of 2 ft. radius on a. smooth level
table, being held in the circle by a cord which passes without friction
through a hole in the center of the table and supports a 2-lb. weight.
Find the angular velocity and revolutions per 900. of the I-lb. mass
necessary to support thc weight.

9. A 2QO-gram mass is whirled in a verticslcircle of radius 80 cms. with a uni
form angular velocity 8 radians per 900. Find the period of revolution
and the acceleration. Also what is the tension on the cord in grams
when the mass is at the top of the cirde and what when it is at the
bottom?

10. A weight of 2 lbs. is whirled in a vertical circle. If its velocity is 100
ems. per see. at the top of the circle, what will be its velocity at the
bottom, the gain being due to the acceleration of gravity as it falls, just
as in an inclined pla.ne (see §106)? Radius 80 cms.

11. A lo-lb. mass is hung as a pendulum by a cord 4 ft. long. How high
must it swing in order that thc tension on the cord at the lowest point
of its swing may be double the tension when hanging at rest '/'

12. In case of "looping the loop," how high above the level of the top of
the circle must the car start that it may just have speed enough to keep
to the circle, neglecting friction'/' Circle 30 ft. in diameter.

13. Find the angular velocity and period of a conical pendulum hung by a
cord 1 meter long and swinging Ilround in a horizontal 'cirde of 60
cms. radius.

VIBRATORY MOTION

121. Simple Harmonic Motlon.-If a body moving with con
stant speed in a circular path is observed from a distant point in
the plane of the circle, it appears to oscillate back and forward in
a straight line.

The kind of vibratory or oscillatory motion that the particle
appears to have in this case is known as simple harmonic motiQn,
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,-

Flo. Ga.

•

Flo. 62.

it may be defined as the projection upon a straight line of uniform
motion in a circle.

There are other kinds of vibratory motion that are not simple
harmonic, such, for example, as the particle would appear to have
in the above instance if it moved around the circle in any manner
whatever except with constant speed. Simple harmonic vibra
tion is, therefore, one particular mode of oscillation; but. it is by

far the most important, for it
is the most common of all,
and all other modes of vibra
tion may be expressed as the
resultant of a sum of simple
harmonic vibrations, as was
shown by the French mathe
matician Fourier.

A simple mechanical device illustrating this kind of motion
is shown in figure 62. A pin P projects from the face of a r0

tating disc D and fits in a slot in a cross head which is attached to
rods that can slide back and forth in the bearings BB'. When
the disc rotates with uniform speed every point in the rods and
cross head will move back and forth with simple harmonic motion.

The amplitude oC the vibration is the
distance that the vibrating body moves
on each side away from its central or
mean position.

122. Velocity In Simple Harmonic
Motlon.-Let a particle A move around DI----o.f"-'c.---.Hc
the circle (Fig. 63) with constant speed,
and let another particle B move back and
forth along a diameter DC in such a way
that the line joining A and B is always
perpendicular to DC. Then B oscillates
with simple harmonic motion. Let Vo represent the velocity of
A. It may be resolved into two components, as shown in the
diagram, one at right angles to th~ direction in which B moves
and the other parallel with B's motion. Since B always keeps
abreast of A, the velocity oC B at any point must be equal to that
component of A's velocity which is parallel to DC, namely to the
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component u. Lett.ing r represent the radius of the circle and y
the distance AB, we have by simjlar triangles

r:y= tlo:1I

whence

,-~, .r 0 or v=voBtne

where e is the angle AOC.
The velocity of B is, therefore, zero at the ends of its path at C

and D, Cor there y = O. While at the center y = r and the
velocity of B is equal to Vo, its maximum value.

The complete period of an oscillation of B is evidently the same
88 the time in which A goes completely around the circle. Let P
represent this period, and the velocity of A is

2",-
tlo = p'

which also expresses the velocity of B at its middle point.
123. Acceleration In Simple Harmonic

Motlon.-8ince A and B have exactly
the same motion in the direction DC, the
acceleration of B must be the same as
that component of the acceleration of ADo
which is parallel to DC. The accelera.4

tiOD Go of A, moving with uniform speed
in & circle, is directed toward the center

of the circle and is equal to 4;:r (i1l8). FIG. &I.

Resolving the acceleration a", into two components and letting a
represent the component parallel to DC and b that perpendicular
to it, we have by similar triangles,

G:a",=z:r
and, therefore,

a.a ~-x,
or smce ....

a" = psT

4r'
a=]>Iz.
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The" acceieration of B is, therefore, proportional to its distance
from the center, it is greatest wben x = r and is zero when B
is at the center. It will &Iso be noticed that the acceleration of
B is always directed toward the center; that is, B is always losing
velocity 88 it moves away from the center and gaining velocity
as it moves toward the center, and consequently its velocity is
greatest at the center as we have already seen.

124. Force In Simple Harmonie Motlon.-The fundamental
dynamical equation F = ma enables us to express at once the
force in simple harmonic motion. When the mass of the oscil
lating particle is m and its complete period of oscillation is P,
the acceleration at the instant when the particle is a distance z
from its central position has just been shown to be

4r1x
a=-·p'

The force at that instant is, therefore,

(I)

and is directed always toward the center, or equilibrium position.
Therefore when a mass in equilibrium is so situated that if

displaced it is always urged back toward its equilibrium position
by a force which is proportional to the displacement, it will, on
being displaced and then set free, oscillate with simple harmoni c
motion about its position of equilibrium as a center.

Now the force required to ca.use a nnall strain in almost a.ny
elastic body is proportional to t.he amount that t.he body is strained,
whether the body is bent or stretched or twisted (Hooke's Law,
§237.), hence when such bodies are strained and then let go they
oscillate to and fro in simple harmonic motion, 88 in case of the
small vibrations of a tuning fork.

125. Problem.-Let 0. m&S8 of 1 kgm. 00 supported by 0. steel spring
of such stiffness tha.t an additional weight of 100 grams will stretch it just
1 em. It is required to find the period of oscillation of the weight if
disturbed, neglecting the mass of the 8pring.

If the kilogram weight is pushed up or pulled down 88 it hangtl on the
spring, it will move through a distance which is proportional to the force
uaed, a force of 100 gma. being required to displace it 1 em. To produce a
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displacement of z ems. the force required is 100 z gms. or 100 Zf1 dynes.
But. from equation (1) above we have, since '" _ 1000,

P _ 1000 !lrtZ
P'

but
/0' _ 100 gx.

which givelJ P _ 0.634 lleC.

Therefore,
,r'

.100 fI - 1000 pi and pt-
4000.r'

100.,

126. Simple Harmonic l\fotlon l8ocbf'onous.-1t will be

"--~ h h '.,. 41l"trm d "notlct:U t at t e expression r - = F oes not contain T

and is, therefore, independent of the amplitude of the vibration,
so that it does not make any difference in the period of vibration

whether the amplitude is large or small, provided the ratio ~ is

constant, in which case the motion is truly simple harmonic.
When vibrations have this property they are said to be

iaochrQfWU3.

127. Energy of a Vlbratlnc Mass.-The energy of an oecillating
ffi&88 is all potential at the ends of ita vibration, but in the middle where
the velocity is greal.eat it is all kinetic llnd 110 may readily be tomputed.
For we have Been, 1122, that the ffilUimum velocity of the vibrating body ill

v.,- ~, and since kinetic energy - }i'mY' we find, kinetic energy at

"dd1 1 2m'll",' h "h f h "b" " 1ml e or tota energy - p-.- w ere m 18 t e mass 0 t e VI ratmg partlc e,

P is its period of vibration, and r is the amplitude of ita motion.

128. Slmple Pendulum.-A mass suspended from a fixed
point so that it can swing freely in a. circular arc about the fixed
point &8 a center, is called a pendulum. As a simple or ideal case
we may suppose the whole mass 9f the pendulum to be concen
trated at the point B, the roMS of the suspending cord or wire be
ing so small as to be neglected. The forces acting on the mass m
are its weight mg a.nd the tension T oC the suspending cord. The
weight mg may be resolved into two components, one in line with
the cord and opposing its tension and one at right angles to the
suspending cord and in the direction in which the mass m moves.
It is this latter component F (Fig. (5) which gives it motion alQng
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the circle. Since the diagram of forces is a triangle similar to
BCD we have

but
BO = 1,

and if the angle a through which the pendulum swings wand
fro is small, BC is very nearly indeed equal to the arc BA, the
length of which may be represented by x. .

Then approximateLy
P:mg .. x:l

and

(1)

(2)

o

..
( .

F -= mgz
I

Therefore the force F urging m along the arc toward A is pro
portional to the displacement x measured
along the arc. But with such a law of
force there is simple harmonic vibration
(§124) and the relation of force to period
of vibration is expressed in the Connula

4.l z
P=m pt

T

B

m F. ,
c

A

Equating (1) and (2) we have

g 411'"1

I = p2
from which

FlO. 65.
P = 2r..[t.

The period of vibration therefore depends only on the length
of the pendulum. and the acceleration of grnity at the place
where it is swung, and is independent of its mass and of the
length of the arc, provided the arc is 80 small that the approxi·
mation made above is justified.

The effect. of t.he lengt.h of are upon t.he period is shown hy the following
more exact formula,

P-2~~(1+:~)'
where a is the are AB measured in radians. Thus if a pendulum 1 meter
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long llWings 5 em. on each aide of the lowest point, the an: a - ){o and ~~ 

64~' 80 that the period ia greater by one part in 6400 than if the arc had

been infinitely small.

129. Pendulum Clocks.-The pendulum affords a valuable
means of regulating the motion of a clock, since when it swings
through a small arc its oscillations are nearly i80chrtmOUB,' i.e.,
ita period of oscillation is nearly independent of the amplit,ude
of ita swing.

When an ordinary clock driven by Do spring is just wound up
it gives a greater impulse to the pendulum through the escape
ment than when it is nearly run down, and even in clocks driven
by weights the friction is not always constant and tbe swing of
the pendulum will vary accordingly.

It must be remembered also that the pendulum of a clock is
not fru, but the little backward and forward impulses which it
receives {rom the escapement. hasten somewhat its motion. To
secure regularity or motion, therefore, the pendulum should be
heavy, 80 that its natural period will be only slightly affected
by the pushes of the escapement.

]n the fineat astromonical clocks what i8 known lUI a gravily tBOOpemmt
is ueed, in which the pendulum does not receive any impulse directly from
the 8pring or weight that drives the clock, but ita motion ill kept up by a
amall weighted lever which is Bet free just a8 the pendulum reaches the end
of ita awing, and in falling giVei a s1igM puah to the latter.

Between succe88ive impubea the lever ia raiaed and eet in poaition by the
ac\iou of the clockwork.

FuJI detail8 &3 to llOIIle fol'1lll of gravity escapement will be found in the
article Clocb in the Encyclopedia Britannica.

Problems

1. Show that·the motion or the piston of a ateam engine when the Cl"I.nk
is turning with uniform velocity is not simple harmonic. At which end
of the pi!lton'8 motion is the acoelerntion greatest and why?

1I. Aasuming that the motion of the pillton is simple harmonic, find ita
velocity in the middle of its stroke when the erank is 8 in. 10n"g and
makes 200 revolutions per minute. A1!Jo find acceleration at middle
and end of ita etroke.

3. If the piston and connecting rod weigh 100 lbe. in the llUlt problem, find
the maximum force against the crank pin due to their inertia alone.
neglecting ~e effect of eteam pre88Un!.
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4. A ffi88ll of 41b&. is made \0 oscillate \0 aod fro by a spring at the rate of
2 vibrations per 1lCC. Find the force on the mass when it is 2 in. from
its middle position.

6. A pendulum 1 meter long swings 10 emB. on each Bide of its loweat
point; lind the diredion and amount of the acceleration at the ends of
its swing p,nd at middle.

6. How long must & pendulum be to beat 6000nds at a place where 11
980. If made 1 mm. too long will it gain or loee and bow much per

dAy'
'T. A clock having & pendulum which beals seconds where II is 980, is

taken to another place where II - 981; will it gain or loee, and bow much
in one day?

8. Each prong of a tuning {ork making 100 complete vibratiOD.il per aeeolId
vibrat.ce to and fro through a distance of 1.5 mm. Find the velocity
of the prong in the middle of its swing.

9. A 400-gm. weight when hung on a long and light helical epring stretches
it 30 emB. What will be its period of OlIcillation if drawn down a little
and then set free? Take IJ - 980 and neglect m888 of 8pring.

An8. l.099eec.

IV. ROTATION OF RIGID BODIES

MOTION OF A RIGID BODY

130. Translation and Botatlon.-H a rigid body moves in
such a way that any straight line joining two points in the body
remains parallel to itself as it moves along, the motion is said
to be a tramUJtion without rotation. A book slid about on a
table keeping one edge always parallel to one edge of the table
is a case of pure trans1ation. If the edge of the book changes its
direction there is said to be rotation.

Any motion of a ripd body may be considered as made up of
the motion of its center of mass combined with rotation about
an &%is through that center.

Motion 01 the Center 01 MaM.-It Dl.ILy be proved that when
any external forces act on a rigid body the center of mass of the
body moves just as though the whole mass of the body were
concentrated at that point and all the forces were applied directly
to it, and it makes no difference at what points on the body the
forces may be applied.

When a top spins on a smooth frictionless table its center of
gravity remains at rest, for the external forces acting on the top
are its weight due to the attraction between it and the earth and
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t.he upward pressure oj the table on its point. These two forces
are equal and opposite and consequently the center of gravity
has no translational acceleration even when the top is inclined
&I in figure 76 (p. 102).

When a stick of wood is hurled through the air its center of
llUI.M moves in a simple parabolic curve (§111) just as a particle
Vlould move, except as affected by air resistance.

Besides this translational force which depends only upon the
amounts and directions of the several forces and so is found by
the simple force polygon, there is U$'U(l,Uy also a COI.tple which
causes the body to rotate about an axis through its center of mass.
This couple depends not only on the amounts and directions of
the forces, but also upon their points of application to the body.

131. Angular VeIoclty.-When any line in a body is at rest
while other points in the body move in circles about that fixed
line or axis, the motion is called rotation. In case of a rigid body,
like a wheel, all parts whether near the axis or fa~ from it must
rotate through equal angles in the same time. The rate at
which the body is turning at any instant, measured in radians
per second, is known as its angular velocity and is represented by
W (the Greek letter omega).

Since the length of a radian of arc at a distance r from the axis
is equal to r, we have

v = wr

where v is the linear velocity of a particle at a distance r from the
•

aXIS.

El(ample.-If a wheel of radius 15 ems. is making 3 revolutions per 800"
it.s angular velocity is 3 X 21r radianJI per sec., and the linear velocity of
a point on the rim is 3 X 21r X 15 ems. per 800.

132. Angular Acceleratlon.-When the angular velocity of a
body is changing, the rate of change per second is known as itl1
angular acceleration, and may be represented by A. If the
angular velocity WI changes to WI in t seconds, then

A=Wt-WI

t

W: = W1 + At

where A is the average rate of acceleration during the time t.
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The direction of the axis of rotation may change, and this also
constitutes an angular acceleration, even though the speed of
rota.tion about the axis may remain constant. This is iIlu~trated

by the motion of a spinning top when its axis is inclined, for the
axis swings around in a circle keeping a constant inclination to
the vertical.

133. Vector Representation of Angular Veloclty.-The angular
velocity of a body may be represented by So vector or arrow
drawn along the axis of rotation and having a length propor
tional to the amount of the angular velocity, and pointing in
the direction that a person must look along the axis to see the
body rotating in a clockwise direction. For example, if the
rotating disc shown in figure 66 has an angular velocity 10, it
will be represented by a vector 10 units long drawn in the direc
tion of the arrow.

134. Change In Direction of Angular Veloclty.-If the axis
of rotation is changing in direction the angular velocity at one

FIG. 66,

- B

C JO-At
FlG,67.

instant might be represented by the vector B and a short time
later by C (Fig. 67). The change in angular velocity would then
be represented by the vector D, for this combined with B gives
C according to the composition of vectors. If t is the time dur
ing which the change has taken place, then D = At where A is
the angular acceWratWn. An angular acceleration of this char
acter is found in the motion of a top. (§147.)

136. Rotation with Constant Acceleratlon.-The equations
for rotation with constant acceleration are exactly analogous to
those for simple translation (§98), as may be seen thus:

Tramlaticn in Straight Line

a - displacement in time t.

'" - velocity at beginninuojinterval t.

Rotation about a Fixed Aris

a - angle through which body turns
in time t.

WI - angular velocity at beginni7lfl
of interval t.
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(I)

v, _ velocity at end of interval t.

(J _ acceleration.
v, - Ill., - ,

(
I" + Ill) ,P

,- 2 lor'.II,t+ 2 '

2aI - pt" - "I"'

"" - angular velocity at md of 10- .

ten'sl t
A _ angular acceleration.
A tol, - "'I- , .
Q - ( .... t "'I)t or ......,1+ ~tl (2)

2A, .. _ ..,,1 - ...,' (3)

Problems

1. If a wheel revolvee 1800 timet! per minute, what is iUi angular velocity;
and if it is 6 in. in diameter what i8 the linear velocity of a point on its
periphery?

S. What i, the linear velocity of & point 1 ft. from the axis of a wheel
making 2.5 tUmlI per eec.? Abo the velocity of a point 1.4 ft. from
uis1 What is the angulM velocity of eachT

S. Find &Qgular velocity of a wheel in which a point 6 in. from the az:iJJ
ha.9 a velocity of 4 ft. per tJeC.

'- A locomotive rounds a curve having a radius of 800 ft. at iti mi1e8 per
hour; what is itll angular velocity?

&I. A wheel is given a speed of 100 revolutioDe per min. in 2 minutes; what
is its angular acceleration In radians per sec. per 8e<:.?

6. How many revolutions will a fly wheel make in 20 IlOOOnds, while its
angular velocity is changing from 3 to 10 radians per IJOO., if the ae
celeration ill eolllJtant?

7. A body roiates about an &ria with constant angular acee1eration 8
radians per ace. per eec.; how many turns will it have made in 10 acc
onds {rom the start?

8. How many revolutions will a body make startina from rest with angular
acceleration 4 radians per sec. per eec. before it will be revolving at the
rate of 20 turns per see.?

KINETICS OF RoTATION ABOUT A FIxED AxIs

136. A.na'ular Acceleration Caued by Torque.---Suppose the
bar shown in figure 68 is acted on by a. force P a.t a distance d
from the axis; it is required to find how rapidly the 8peed of rota
tion of the bar about the axis will increase in consequence of the
moment of force, or to'rque Pd.

Imagine the bar divided into little masses mI, mt, m" etc.,
and 8Uppose the effect of the force F is to cause an angular accel
eration A in the rotation of the bar; that is, its angular velocity
is increased at the rate of A radian8 per sec. per sec. The linear
acceleration of the mass mi at distance rl from the axis will then
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FUi. 68.

. be riA, and consequently the force acting on ffl. must be mlT1A

and lJl.Il,y be represented by /1, This force /1 is due to F and is
transmitted to tn. by the rigidity of the bar. So also m, must be
acted on by a force It - ?niTtA since it has the acceleration r,A.
And sirpilarly every one of the mpsses ml, ?nt, ma. etc., into which
the bar is divided is acted on by the force needed to give it its
acceleration, as indicated by the small arrows in the figure.

Now, if a force equal and opposite to It is applied to mil and
a (orce equal and opposite to It is applied to fflt, aDd 80 Oil, apply
ing to each of the little masses a force just such as to counteract
ita acceleration, it is clear that there will be no acceleration and

the bar will be in equilibrium.
That is, a system of forces
equal and opposite to fl, /t,
etc., will just balance the
turning moment of the force
F about the axis O. Con
sequently the sum of the
moments of1I.h, etc., about

omust be equal to the moment of F about that axis. Thus,

Fd 00: fir, + hrt +brt +, etc.

But it has been shown that

Therefore

or
Fd = A (m.T.t + fntTtl + marlt +, etc.).

The quantity in the parenthesis, which depends only on the
mass of the body and its distribution with reference to the given
axis is called the moment of inertia of the body about that axis,
and may be represented by the symbol I.

The torque or sum of the moments of whatever forces may be
acting to rotate the body around the given axis may be repre
sented by L, and we have then,

L-IA or A-~ (1)
•

That is, the angulu acceleration caused by a giveD torque i.



Flo. 69.

ROTATION 93

eQ.ual to the torque divided by the mcments of inertia of the body
about the given ma.

Notice t.he an.I.logy to tbe fonnula F - mat moment of foree or torque
correspond3 to force, moment of inertia corresponds to m&ll8, and angular
acceleration corresponds to linear acceleration.

The effect of torque in causing angular acceleration may be
illustrated by the apparatus shown in the figure. A light bar
carrying two masses M and M ' is mounted on a horizontal axis
perpendicular to the bar and is set in motion by M'

a weight W hung from a oordwrapped around a
drum on the axis. When the massesAf andM'
are in the position shown, the bar gains angu
lar velocity slowly, lor the farther the muses
are from the -axis, the greater the moment of
inertia of the rotating system. When the
masses are close to the axis the moment of
inertia is smaller and the bar gains angular
velocity very much more rapidly than before.

The calcula.tion of moments of inertia will be discussed In

paragraphs 139 to 141.
137. Angular Momentum.-The formula of the last paragraph

may be put in the form
L=IWt-WI

t
0'

Lt = IWt - [WI

which is exactly analogous to

Ft = 7J'Wt - ftWl

see (1135)

(1)

(194)

The product of the moment of inertia by the angular velocity
about an axis is known as the angular momentum of the rotating
body about that axis, and equation (1) above, states that the
change in the angular momentum of a body about any axis is
equal to the moment of force or torque about that axis multiplied
by the time during whiclJ. it acts.

When the axis of torque is perpendicular to the axiA of roUztion
of the body its only effect is to change the direction of the axis
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Flo. 70.

of rotation, but the amount of the angular momentum remains un
changed. This is illustrated by the top (§147).

138. Kinetic Energy of a Rota~IDg Body.-When all parts of a
body have the same velocity the kinetic energy of the body as
we have already seen is ~MVI where M is the mass of the body
and v its velocity. But in case ofarotating rigid body the velocity
of any part depends on its distance from the axis. In this case
we may imagine the whole mass to be divided into small portions,
and calculate the kinetic energy 'of each of these portions sepa
rately and then add them together to find the total energy of
rotation.

The body represented in figure 70 is supposed to rotate about
an axis perpendicular to the paper. Imagine
the whole body cut up into little rods parallel
to the axis whose ends are seen as the re
ticulation in the diagram. Let the mass of
one of these rods be m, its distance from the
axis T, and its velocity due to the rotation of
the body v. Then its kinetic energy is 31'mv2.

But if w is the anguwT velocity of the body, wr will be the linear
velocity of a mass at a distance T from the axis.

Thus,

Now, let mt represent the mass of another of the rods into which
the body has been imagined divided and rJ its distance from the
axis, then ita kinetic energy is 31'mlw2T12, and so the total kinetic
energy of the body is

there being one term for each part into which the body is con
ceived to be divided. Or we may write

sinee the angular velocity of every part of the body is the same.
But the quantity in parenthesis is the moment of inertia I of the
bar about the axis, therefore

K. E. = ~Iw2.
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Notice again the analogy between this expression and the
formula for kinetic energy of translation 72Mv2.

Moment of inertia corresponds to mass.
Angular velocity corresponds to linear velocity.

139. Moment or Inertia of a Bod.-The method of computing
moments of inertia may he illustrated by the case of a straight uniform
rod with the axis at one end. Let l be the length and M the mass of the
rod. Conceive it to be divided into n equal parts, each part having a

mass m. Then the length of each part will be ~, and if the distance of

any part from the axis is taken as the distance" of its farther end, the dis-

rh . 1213l t dh tr---moces 0 t e succeIlSlve parts are n' n' n' e c., an t e momen 0 menia 18,

therefore,
l' 2' /' 3' 1' mLt

1- mn" + mfi' + m nl + etc., orI ... n' (11 + 21 + 3' + ... n').

Now, it may be shown that the larger n iB taken the more closely does the

sum in the parenthesis approach the value ;1, and accordingly if the rod i~

supposed to be divided into an infinite number of parts,

mlt nl Mit.
1 _ _ .- = --smce mn = Mn' 3 3 .

The moment of inertia of the bar is, therefore, the same as though its mass

were concentrated at a distance k from the axis, where k l = ~.
The distance k is known R8 the radius of gyration of the rod about the

. -given aXIs.
140. Formulas for Moment of Incrtla.-In case of bodies of

simple figure and having the mass uniformly distributed throughout the
volume the moments of inertia may be calculated by the methods of
calculus. But in more complicated CR8es they must be determined by
experiment.

The following formulas are given for reference:
Thin rod, of mass M and length l, having II. transverse axis at one elid

MI'l_-_
3

Thin rod, or length I, having a transverse axis through the center,

Mr'
T = 12'

Reetangular block, of width a and length b and of any thickness whatever,
about all axis through the center perpendicular to a and b,

1= Me' i2b}
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Circular diM or cylinder, of any length and of radius r, about an uis thl"Ough
the center and perpendicular to the circular section of the dillC or cylinder,

1 _ Afr.
2

Circular eylinder, of length l :Uld radius r, about a transvcr.e a.xil through
ita center perpendicular to ita length,

J -M(~' + ~).
Sphere, of radius r about an axis through ita center,

2,-
J-M5:""

a

I

m

FIo. 71.

14-1. Moment of inertia. about a Parallel Axls.-lf the mo
ment of inertia of a body is known about an a:-:.i8

0' through ita center of ffia8B, it may readily beealeulated
about any parnJle1 axis. For if To is the moment of
inertia about the axis through it.s center of ffiB.8/l and
if M is the mfLSS of the body, then the moment of
inertia about a parallel axis at a dietsnct': 11 from the
center of mass of the body i.s I - 10 + Mill; that is,
the moment of inertia I about any axis it equal to the
moment of inertia which the whole ma81S would have
about that axis if it were concentrated at the center of
mass of the body, added to the moment of inertia of
the body about the parallel axia through its center of
m_.

1.42. The Compound Pendulum.-Indiacus&
ing Ule ,im~ pendlollum it lnll &3IJUmed that the

oecillat.i.ng mlo8ll Wloll 80 IImall that it might be eoDBdered loll concentrated at
• point, and the mMll of the sullpending lyatem was entirely neglected.

A pendulum which h&lI distributed mMll and 80 does not satisfy either
of the above simple conditions is uid to be a compound or phl'lioal pendlollum.
All actual pendulums belong to thil e1a8ll.

Let it be required to find the length of a simple pendulum baving: the same
period of osciUation 1.8 a given physical pendulum. Suppoee the pendu.
lum to have mass M and let it.lJ axill of suspension 0 be a dilltance 11. above
ita center of gravity C (Fig. 71). Then, when a line joining 0 and C makes
an angle 4 with the vertiCII.I, the pendulum may be considered as acted upon
by a force M g acting downward through itll center of gravity and producing
a moment of force about the II.xia 0 equal to Mgd or Mgh 8io 4. If f is the
moment of inertill. of the pendulum about 0, we have by equation (1) f136,

Mgh 8ina - fA
therefore,

A
MgII ":04

- - f .
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~
Fla. 72.

4f,<'--~nA
\\
",\
\\
""~,c

.B
\

\

But in ClUIe of " t>imple pendulum of length l the moment of the force mg
about the axis 0' is ml1l8in a Rnd the moment of inertia of m about 0' is ml1i
therefore, mgt 8in a _ mflA' and the angular acceleration ill,

A,_"8mu.
I

If the two pendulums are to have the same period of vibration their
angular accelerations A and A' must be equal when both pendulUIIlll make
equal angles with tho vertical; that is,

Mgh 8ina g.
I -f slna

and, therefore,
I

I - Mho

The length of the equivalent simple pendulum calculated from the above
formula. will always be greater than h, since the moment of inertia I of the
pendulum is always greater than if the whole mass were concentrated at its
center of gravity (see §141) j that ie, I is greater tnan Mh l and, consequently,
l is greater than h.

The point P in line with 0 and C and at a distance I
from 0 is ca.lled the UYlUr of O$cillation. Each portion
of the masa of the pendulum between P and 0 is con~

strained w swing slower than it would if it were free w
oscillate by i\;l>elf about 0 as a center, while all portions or
the pendulum below P have to swing more quickly than
if they were free. The mass between P. and 0, therefore,
tends w quicken the motion of the pendulum while the
mass below P tendB w retard it, while the mass situated
at P is neither hl\.8tencd nor retarded, but swings exactly
IL9 it would if freely suspended from O.

143. Center or Percussion.-If a rod or pen
dulum is suspended from an axis A (Fig. 72) and if that
axis is given a sudden sidewise impulse or if it is moved
rapidly back and forth from side w side, the inertia of
the rod will caU8Q it to movc as though a certain point B was fixed and
the rod turned about that point as axis.

This instantaneous center of the motion is not the center of gravity C,
but is the center of oscillation cortellponding W the axis of SUSpen!lion at A.
A marble placed on a little shelf at B is aca.rcely disturbed by the sudden
to-ftnd-fro movements of the axis A, while at any other point it would be
instantly thrown alT.

On the other hand, when the pendulum suspended from the axis A is
hanging at rest, if a sudden sidewise impulse is given w the bar at B, as
when it is struck a blow at that point, no sidewise impulse is communicated
w A in consequence, but the bar simply tends to tum sbout A ss an axis.
For this reason the point B is also called the Cfmler of perCU38Wn correspond
ing to the axis A.
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In case of a bueball ba~ Uie blo,," is given to the haIl with the le83t jar
to the hands when the ball is struck at the center of pereullSion of the bat
OOr1"ellponding to an axis At the point where it is grasped.

Problems

1. Aeylinderweighing 30 kgms. and having a diameter of 1 meter ismounted
on an axil! and set rotating by a pull of 2 kgms. on a cord wound
on an axle 10 effiS. in radius. Find the acceleration produced and the
speed of rotation 3 sec. from the time of atarting. The moment of

inertia of a cylinder about its axis is M ;' (1140) or

30 X 1000 X 50"
I - 2 - 37,SOO,OOOgnn.cm.'

The force acting is 2 ](gms. or 2000 grn.8. or 2000 X 980 dynes and the
moment of the force is 2000 X 980 X 10 dyne-em.
BubBuwte in the fonnula L - I A

2000 X 980 X 10 _ 37,500,000.4. :. A - 0.523.

Heoce the system will gain in 1 8eCOnd an angular velocity of a little
more than hair a radian per lJeC.

In 3 seconds it will acquire an angular velocity '" - 3A - 1.569; that,
is, it will be turning at the rate of about I revolution in. 4 eeoond.e,

Since", - ~ where P is the petiod of revolution.

2. What is the kinetic energy of a wheel which hl\.8 8. moment of inertia
20 lb. ft. 1 and is rotating at the rate of two turns per sec.?

S. If a 5-tb. weight is raised by means of a rope wound on the axle of the
wheel in problem 2, how high will it. be rai&ed before t.he wheel comes t.o

"'"'•• A uniform rod 40 ems. long and weighing 200 gms. can rotate about a
transverse axis through ita middle point.. How many ergs of work
will be required to make it revolve at the rate of three tuml per &eC.1

6. Suppose the rod in question 4 is IlCt in rotation by ffiClUlJ of a 2()().gm.
weight attacbed to a cord wrapped around a cylindrical axle 4 Cffill. in
diameter. How far will thc weight have de8CeIlded in giving a lpeed of
rotation of 3 revolutions per ICC.
Notll.-First solve neglecting the kinetic energy acquired by the 2()()..gm.
weight IUJ it sinka. Then obtain tbe more en.ct 1lO1ution, taking aceount
of this energy.

6. The fly wheel of an engine weigh8 1200 lhe., the bulk of the weight being
in the rim of the wheel at 8. distance of about 3 ft. from the axi8. What
is approximately its moment of inertia and bow many ft.-Ib6. of work
must be done by the engine to 1lCt. it rotating 3 timCll per sec. 7

7. How much enCtgy will be given out by the tiy wheel in problem 6 in
slowing down from 3 to 2.5 revolutions per see.
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8. A uniform bar 3 ft. long swings IIoS a. pendulum about an axis at one end.
Show that the equivalent simple pendulum is 2 ft. long.

9. A uniform spherical steel ball 6 ems. in diameter is hung B,.ll a pendulum
by a steel wire so that the center of the ball is just 100 ems. below the
axis of suspension. Find how far the center of oscillation is below the
center of the ball and what is the length of the equivalent simple pendu~

lum, neglecting the mass of the suspending wire.
10. A rectangular bar of steel 1 X 1 X 12 em. and weighing 90 gms., when

suspended in a hori~ontal position by a wire attached to its middle
point, is set oscillating about a vertical axis through its center and
makes 4 complete vibrations in 10 sec. Find the moment of faree or
torque due to the twist in the wire when the bar is at right !longles to itl>
equilibrium position.

11. Find the period of oscillation of a solid metal sphere 6 CIlli!. in diameter
and weighing 800 gms. when hung by the 88me wire &8 the bar in
problem 10 and set oscillating about a vertical axis through its center.

SOME CASES OF MOTION WITH PARTLY FREE AxIS

Fla. 73.

144. Foucault's Pendulum Experlment.-It occurred to the
French physicist Foucault that since a
pendulum undisturbed by external forces
must persist in its original direction of
vibration, if one were swung at the
north pole by some suspension which
could not transmit torsion, its direction
of vibration would remain constant while
the earth turned around under it, so
that to an observer moving with the
earth the pendulum would seem to
change its direction of vibration at the
rate of 15° per hour.

At the equator the direction of the
meridian remains parallel to itself as
the earth rotates, and consequently the plane of vibration of the
pendulum would remain unchanged,

At any intermediate latitude the tangents to the meridians at
two points differing in longitude by 15°, such as A and B (Fig.
73), will meet the axis at 0, and the angle AOB measures the
change in direction of the meridian per hour. Consequently a
Foucault pendulum in that latitude will shift in one hour through
an angle equal to AOS. This interesting experiment was car-
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ried out by Foucault in 1851. He used as pendulum ll. massive
ball of copper, hung by a wire more than 50 meters long, from
the dome of the Pantheon in Paris.

145. Conservation of Angular Momentum.-In any body or
system of bodies the total angular momentum of the system can
not be changed by any internal forces: for suppose A and B
(Fig. 74) are two parts of the system which act on each other,
since action and reaction are equal and opposite the force on A is
equal and opposite to the force on B; and since the distance from

the axis to the line of action of the forces
is the same for both, the moments of the
forces about the axis will be equal and op
posite, so that in the same time they will
give equal and opposite angular momenta
to the system, and consequently the total
angular momentum will not be changed.

For example, in the solar system the planets have not only
angular momenta about their own axes, but also angular mo
menta about the common center of gravity of the system. These
angular momenta may be represented as vectors and their re
sultant found from the vector diagram, and neither the direction
nor amount of this resultant is changed by any internal forces,
such as the attraction of one planet for another or any possible
collisions between them.

146. Angular Momentum of ProJectUes.-A body having
angular momentum tends to keep the direction of its axis of
revolution constant, and the greater the angular momentum the
harder it is to disturb the direction of the rotation; that is, the
slower its axis of revolution will change in direction under any
given torque.

So the spin of the rifle bullet or shell from a rifled gun causes
it to keep pointing in a nearly constant direction as it flies through
the air in spite of the tendency of a long bullet to turn sidewise
in consequence of air resistance.

147. Motion of a Top.-When a rotating body is acted on by
forces which tend to turn it about an axis perpendicular to its
axis of rotation the effect is to change the direction of the axis of
rotation without producing any change in the amount of the angu
Jar momentum about that axis; precisely as when a force acts on
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a body at right angles to the direction of its linear motion (1114)
it changes the directicn, but not the Ipeed of the motion.

The motion of a top affords an excellent illustration of this
principle. The top in figure 75 is represented 88 spinning in the
direction indicated by the arrow, but in the inclined position
shown it is subject to a dOWBWI.LrtI force W due to its own weight
acting through its center of gravity G,
and the upward pressure of the floor
against the point of the top at A.
These two forces are equal and consti.
tute 8. couple which tends to turn the
top about an axis DA perpendicular
to its axis of revolution. The effect
of the couple is to cause a steady
change in the direction of the &Xis of
revolution, the upper end of the top
moving around in the circle EFLH.
This change in the direction of the F 7. T . "-od.

'II. v.- op W1 po'nt UA
axis of the top may be called its pre-
cessional motion.

The precession of the top may be explained as follows: let the
vector AB represent in amount and direction the angular mo~

mentum of the top about its axis, the vector being drawn so that
the top is seen to revolve clockwise by an observer looking along
the vector AB in the direction in which it points. Similarly the
vector AD may represent the angular momentum which would
be given to the top in a very small interval of time t by the oouple
consisting of the forees W and W'. The resultant of the two
v~tors AD and AB is the vector AC, showing that the resultant
angular momentum will have AC as its axis, and the axis of the
top will accordingly move through the angle BAC in the time t.
And as the vector DA is always at right angles to the plane
EKA, the top will move at right angles to this plane, and there
fore its upper end E will describe a circle about the verticaJ

,axis AK.
In the case just discussed the friction of the floor is supposed

to be sufficient to keep the point of the top fixed at A.
But when the top spins on a,. fridio'Tl!Ms level surface it re
mains at a constant inclination and its precessional motion is
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about a vertical axis through its center of gravity, as shown in
figure 76.

How it is possible for So top to rise to a vertical position as it
spins was first explained by Lord Kelvin. It depends on the

B fact that the peg of the top is rounded and
the friction between it and the floor causes it
to roll around in a circle; and when this rolling

\ of the peg on the floor urges the top around
) faster than the regular precessional motion, it

~
~~~~~ causes the inclination of the top to gradually

" diminish until it stands vertical, and "goes to
sleep." On a perfectly frictionless surface a

--- top could not rise in this way.
FIo.76. I h h·148. Gyroscope.- n t c gyroscope sown m

figure 77 a wheel with heavy rim is mounted in two pivoted
rings so that the axis of rotation of the wheel may be inclined
at any angle and the whole may also turn freely about a vertical
axis. When the wheel is in rapid rota
tiona sharp blow given with the hand
tooneoftheringsasifto change the di
rection of the a.xis of rotation, will cause
the wheel to vibrate as though it were
held in its position by stiff springs.

When a small weight is hung on
Dear one end of the axis of rotation,
the wheel, instead of tipping down,
rotates slowly around the vertical
axis as indicated by the arrow; if the
weight is hung from the other end
of the axis this precessional motion is reversed. A bicycle
wheel serves admirably as a gyroscope.

References
A. GRAY: "Gyrootats and Gyrostatic Action," Smithsonian Reports,

1914, p. 193.
"The Sperry Stabilizer for Aeroplanes," Scientific American, Aug. 8, 1914.
"Gyro-compass," Scientific American Supplement, v. 72, p. 200, 1911.
JOHN PERRY: Spinning Tops.
H. CRABTREE: Spinning TQ~ and Gyroscopi(: Motion.
WORTHINaToN: I>yrw,mics of Rowtion.
149. PrecessIon of the Equinoxes.-The earth itself illustrates

the pl'OOeB8ionaJ motion of the gyroscope. It is a rotating body with eDot-
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mous angular momentum. But II.ll it is not a sphere and ita axis is not per
pendicular to the plane of itll orbit, the attraction of the sun on the bulging
equatorial belt tends to turn it over and make ita axis perpendicular to the
ecliptic. The effect of this rotational
force is a slow precessional motion of
the axis of the earth, just as in the
gyroscope. The axis remains inclined
23>2 0 to the pole of the ecliptic, but
describes a circle about that pole in a
period of about 25,800 years.

If we take the pole of the ecliptic as
a center and describe a cirde of 23.H°
radius it will pass through the present
pole 8tar and will mark the path which
is being described by the polar axis of
the earth. In about 13,000 yeal'!l the
bright star Vega. in the constellation of
the Lyre will be very nearly at the pole.

V. UNIVERSAL GRAVITATION

150. Kepler's Laws.-The German astronomer Kepler in the
year 1609, having made a careful study of the observations made
by Tycho Brahe, came to the conclusion that the orbits of the
planets were not circular as had been supposed, but elliptical,
and announced his discovery in the following laws:

1. The orbits of the planets are eUipses having the sun at one
focus.

2. The area swept over per Jwur by the radius joining sun and
planet is the same in all parts of the planet's orbit. Hence the
planet moves faster in its orbit when near the sun than when
farther away.

After nine years more of persistent search for some relation
between the periodic times of the planets and their distances
from the sun, he discovered and announced his third law:

3. The square8 of the periodic times of the planets Gre propor
tional to the cubes of their mean dutances from the sun.

151. Newton's Prlnclpla.-In 1686 Sir Isaac Newton pub
lished his great work, the Principia, in which he clearly enunciated
the fundamental principles of mechanics and applied them to a
great variety of important problems. In this work he showed
from the laws of mechanics that if the planets moved about the
sun in ellipses in the manner described in the first two laws of
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Kepler, then each planet as it moveS in its orbit must be subject
to a force which is directed toward the sun, and varies inversely
as the square of the distance between them.

152. Universal Gravttatlon.-From the above result Newton
concluded that probably all masses, great and small, attract each
other with a force proportional to their masses and inversely
proportional to the square of the distance between them.

According to this law, the attractive force between any two
masses m and M is expressed by the formula

F= mM C
"

where r is the distance between the centers of the masses if they
are spherical. The quantity C is an absolute constant for all
kinds of matter and depends only on the units in which force,
mass, and distance are measured. It is called the gravitation
constant and is equal to the force with which two unit masses
attract each other when placed unit distance apart.

lli3. Moon's MoUons Connected with Fall of Apple.-Newton
conceived that the weight of a body near the surface of the earth
is due to this gravitation attraction between the earth and the
body, and that an apple drops toward the earth in accordance
with the same gravitation law which determines the motion of
the moon in its orbit.

To test this point let us, following Newton, find the accelera
tion which the apple would have if it were dropped toward the
earth when as far off as the moon, and compare this acceleration
with that which the moon is known to have.

According to the law of gravitation (§152), the earth attracts
a body at its surface with 3600 times the force that it would if
the body were 60 times as far from its center, or at the distance
of the moon. Consequently the acceleration toward the earth
of a body at the distance of the moon should be 73600 of the ac
celeration of gravity at the earth's surfaces.

But the acceleration of the moon toward the earth may be
computed from the formula

"a = - or, 4,-'R
a~--p' (§114)
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where R is the radius of its orbit (240,000 miles) in feet and P i8
ita period of orbital revolution (27.322 days) in seconco.

Substituting, we have
_ 4.' X 240,000 X 5280 _ r t

a - (2,360,620)' - 0.008974 t./sec.
which is .%"600 of 32.30 ft./sec.,!
while the acceleration of gravity at the pole, where it is not ar~

fected by the earth's rotation is 32.26 ft./sec.! The two results
therefore agree as exactly as could
be expected with the data used.

We conclude, then, that the mo
tion of the moon and the fall of an
apple or stone are both according
to the same law of gravitation.

1M. DetermInation of the Grav
Itation Constant.-To determine
the constant of gravitation the
force of attraction between two
known masses must actually be
measured. The extreme minute
ness of this attraction between small masses makes the exact
determination of its value very difficult.

It was first accomplished by Cavendish in 1798, using a form
of apparatus indicated in figure 79. Two small spherical balls
m and m' were mounted on the ends of a light crossbar which was
suspended by a fine silver wire at itt:l CE'nter. Two large spherical
balls of lead M and M' weighing 158 kilograms apiece were sus
pended one near m and the other near m' but on opposite sides
80 that their attractions tended to turn the bar in the same diret>
tion. To protect tbe suspended bar from being disturbed by
air currents it was entirely enclosed in a narrow box, ita deflec
tions being observed by a telescope through a glass window.

Having observed the deflection of the bar when the large
masses were in the positions shown, the masses were moved into
the dotted positions where their attractions produced a deflec
tion of the bar in the opposite direction. From these observa
tions, combined with a measurement of the force required to turn
the suspended bar through a given angle, the force of attraction
between the masses was determined.
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In the year 1889 C. V. Boys, who had discovered .the remark
able elastic properties of fine quartz fibers, devised an apparatus
similar in principle to that of Cavendish, but much more com
pact, in which the small suspended masses were hung by a quartz
fiber 80 fine that larger deflections and greater accuracy of
measurement were attained.

According to Boys' determination, C = 6.6576 X 10-8 in
C. G. S. units. That is, the attraction between two masses of
one gram each concentrated at two points a centimeter apart,
or of two spherical masses of one gram each with a distance of
one centimeter between centers, is 0.000,000,066,6 dyne.

Two kilogram masses 10 ems. between centers attract with a force of
0.000666 dyne, or about seven ten-millionths of a gram we:ght.

The constant of gravitation has also been reckoned by esti
mating the mass contained in an isolated mountain and then
measuring its deflecting effect on a plumb-line near its base.

1M. Mass of the Earth.-When the gravitation constant is
known the mass of the earth itself may readily be determined.
For consider the earth as attracting a gram mass at its surface.
The force of attraction is g dynes or approximately 980, and from
the law of gravitation

F= mM C
"

Take M=mass of the earth, F=980, m=l, r=radiusofearth
in centimeters, and C = 6.66 X 10-8•

All of these quantities are known except M, which may be
calculated. In this way the mean density of the earth is found
to be 5.527, a result-which is especially interesting as the average
density of the 8Urface materials of the earth is only about 2.5.

1M. Mass of a Planet.--& also the ma8S may be found of any
planet having a satellite whose distance and period of orbital revolution
about the planet can be observed. For the attraction between the planet

and satellite is expressed by ':~C, while the centripetal force in ease of a

• . • • I r ~-': . 4'1J""msatellite of ma8S m and period P and movmg m a eire e 0 r",...UlI r, lS--por,

and since it is the attraction which holds the satellite in its orbit we have

mM
C

411"'m
-----,:J - -----p1 T.
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(2)
Me r,'

or 4:11'1 - 1','
4rV"---"t 1','

In the equation the maM of the Illltellitl! m eaneels, and aa all the other
quantitie:ll except M are known, t.he mass of the planet. may bcloomputed.

167. Significance of Kepler's Third Law.-I.cl M repreetmt t.he
mass of the lR1.n, B the maas of the earth, r the mean distance between
them, and P the period of the earth's revolution about the SUD. Then,
as in the last paragraph

ME "r'Er Me r"
--,:Ie - ps or 4...

'
.. p' (1)

So also if J is the ma9ll of some other planet, such all Jupiter, and if rl and
1', repreacnt its distance from the sun and period of revolution in ita orbit,
respectively, we have

MJC

If tho constant of gravitation C bas the same value in CB*l of the aun and
earth u it has in cue of the sun and Jupiter, then

,.. 1',1---P2 PI'

which i3 precisely what Kepler's third law a.MeI't8 to be we throughout
the &Olar lIystem. It is concluded, therefore, that the same gravitation
constAnt holds everywhere throughout the aola.r system and probably
throughout the material univcl'lle.

£qUQttlf'

FlO. 80.

168. Variation or Gravity on Eartb.-The force of gravity
is not the same everywhere on the ea.rth's surface. There are
three circumstances which determine P,.
this variation, namely, the fact that the
earth is not a sphere, its rotation, and
the height above sea. level of the given 81-_L.-~

station.
The earth is approximately an oblate

spheroid having its polar radius less
than its equatorial by 13.2 miles or
21.2 kilometers and in consequence of
this t.he value of g at the poles is
greater than at the equator by 1.6 cm./sec." due to this cause
alone. But there is another circumstance which still further
reduces the value of g at the equator. The rotation oj the earth
affects both the direction and amount of the acceleration g.
For the resultant attraction F of the earth on a gram of matter
situated at A (Fig. 80) is directed toward the center 0, but this
resultant attraction serves both to supply the centripetal force
I, which holds the mass on the earth as it rotates) and also the
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force which we call its weight which gives it acceleration g when
dropped. The centripetal acceleration f is directed perIJ(lndicu-

lar to the polar axis and is equal to ~\ where P is the period

of rotation of the earth and r is the distance AB.
The distance AB = R C08 l where R is the radius of the earth

and l the latitude of A. Evidently then, J is a maximum at the
equator and has zero value at the poles. Since F is the resultant
of f and g, and is directed toward the center of the earth, it is
clear from the diagram that g cannot be directed toward the
earth's center except at the poles or equator. The direction of
g is the direction in which a plumb-line will hang or a body will
fall at A. Also a liquid surface, as the surface of the ocean,
must be at right angles to g (see §172).

At latitude 450 the plumb-line points away from the center
of the earth about 6.9 miles.

At the equator the centrifugal force of a mass of one gram is
3.36 dynes. Hence the acceleration of gravity is less at the
equator than at the poles by 3.36 em.jsee.! on this score alone.

The height of a place above sea leyel also affects the value of
g, as it must diminish with the increase in distance from the center
of the earth. If h represents the height in centimeters or in
feet, the corresponding change in g is (O.OOO003)h.

Though on account of the irregular shape and distribution of
the earth's mass the exact value of g at any place can be deter
mined only by pendulum experiments, an approximate value
may be calculated for any place on earth by the following for
mula due to Clairaut:

g = 980.6056 - 2.5028 C08 2~ - O.OOOOO3h.

where ~ represents the latitude of the place and h its height
above sea level.

SOME VALUES OF a AT SEA LEVEL

---Pl-~-'--Iem./"".• j Ft./oen.· II Plaee I-c-m-J_-.•TI-F<-·-/·-~-··

Pole ............. 983.1 32.25 New york .... 980.2 32.16 .

London........... 981.2 32.19 Washington.. 980.0 32.15
Paris ............. 980.9 32.18 Equator ...... 978.1 32.09



lIIECHANICS OF LIQffiDS AND GASES

PART I.-FLUIDS AT REST

PRESSURE IN LIQUIDS AND GASES

159. Flulds.-eertain substances, such as air, water, glyoerin,
etc., are characterized by great mobility, changing their shapes
and flowing under the smallest fol'OOs. They are known as
jlUid8.

Fluids are di~ided into two classes, liquids and gages.
LiquUh change but slightly in volume when subjected to

great pressure and may have a free surface.
G<uu are far more compressible than liquids and fill all parts

of the cont.aining vessel. Water is a type of liquid, and air
of gas.

160. Denslty.-The mass of any lubstance contained in unit
volume is known as its density. In the C. G. S. system of units
density is expressed in grams per cubic centimeter, while in the
foot-pound--second system it is expressed in pounds per cubic
foot.

Thus the density of water is 1.0 on the first system, while it
is 62.5 on the latter system.

A table showing the densities of some substances will be found
on page 148.

161. Viseoslty.-Fluids d.itfer greatly in mobility. If a dish
of water is tilted, the Bow is so rapid that it gives rise to waves
that surge to and fro, while in case of glycerin or syrup the flow
is slow ~d the liquid only gradually settles to the new level.
This difference in mobility is due to viscosity or internal friction
(§245). Substances like pitch or tar are very viscous, while
water, alcohol, and ether are but slightly so.

A perfect fluid is one that has no viscosity and is an ideal. All
known fluids, even gases, h,ave some viscosity.

.182. Force In Fluid at Rest.-The force exerted by a fluid
at rest against any surface is perpendicular to that aurface.
Otherwise, owing to the mobility of the Buid, Bow must take

109
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place along the surface, which of course cannot be in a liquid
at rest.

This law is true of aU fluids, even those which are very viscous,
af~r they have settled intQ equilibrium.

163. Pressure.-Let a very small flat surface be imagined at
some point in a fluid. The fluid on one side of that surface
exert!! a force perpendicular to the surface against the fluid on
the opposite side. This force is proportional to the surface,
and the force per unit surface is called the pressure.

In C. G. S. units pressure is measured ·in dynes per square
centimeter; it may also be measured in grams per square centi-
meter, pounds per square inch, etc. .

UU. Hydrostatic Pres8ure.-At any point in a fluid at rest
the pressure is the same in every direction. This is a direct
consequence of the mobility of fluids, for a little sphere of liquid
at the given point could not be in equilibrium if the pressure
against its surface were not the same in every direction.

166. Pressures on Same Level.-In a liquid at rest the pressure
is the same at all points on the same level.-For a horizontal
cylindrical column of liquid reaching from A to B is in equilib-

rium under the pressure of
the surrounding liquid. The
pressure against its sides is
perpendicular to the line AB,
and therefore has no influence
to move the column toward A
or B. And since it is level it

has no tendency to slide toward A or B by reason of its
weight. The force against the end at A must therefore be
balanced by the force against the end at B. These forces are
due to the pressures at A and B, and since the ends have equal
areas the pressure at A must be equal to the pressure at B.

166. Pressures at DUferent Depths.-The difference in pres
sure between two points at different levels in a mass of fluid at
rest under gravity, is equal to the weight of a column of the fluid
of unit cross section reaching vertically from one level to the
other. For a vertical cylindrical column of the fluid of unit
cross section reaching from B to C is in equilibrium under the
pressure of the surrounding fluid. The pressure against the sides
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of the vertical column is horizontal and has no power to support
its weight, consequently the upward force at C must balance the
weight of the column in addition to the downward force at B.
Hence, since the force against the end of a. unit column is equal
to the pressure, the pressure at C is greater than the pressure at
B by the weight of the column of fluid of
unit cross section reaching from B to C.

If A is the height. of the column in ceoti·
meters and d is the weight. of Doe cubic cenli
meter of the liuid in gralIlA, then Ad is the weight.
of t.he column and is thus the difference in
pretl!lure between Band C in grams per sq.cm.
The difference in pressure expre8lled in dl/'Uf
per llQ..cm. is hdg where g is the acceleration of
gravity in em./sec,1 The total pre8llure at II.

point h centimeters below the surface, is
therefore M follows:

Pressure in grOIl1& per sq.em. -hd+pressure on 8urface in gram.!' per Ilq.cm.
Pressure in dpu per sq.em. - hdg+pressure on lJ4.nface in dvnu per llq.cm.
Noie 113 to Units.-In calculating pressure by the IDle of the fonnula lad,

it must be remembered that if the pressure is to be found in pounds per
llq\l&l1l inch, then II must be e.''(pr cd in inches and d is the weight of one
cubic inch of the liquid in pounds. The student ill advised, however, to
eompute directly the weight of A Column of the substance of unit cross sec
tion without thinking of any formula.

In gases the density is 80 small that the pressure is practically
the same everywhere throughout a small volume.

Pascal's Prlnclple.-PresBure is transmitted equally in aU
directions throughout a mass of fluid at rest, or if the pressure at
any paint is increased, it is increased everywhere throughout the
fluid mass by the same amount.

i61. HydrauUc ar Hydrostatic Press.-An important mecha.n
ical device known as the hydraulic preu is a good illustration of
the application of the laws of 8uid pressure. It was first con
structed by Bramah in 1796, and is sometimes known as Bramah's
press.

It consists of a strong cylinder in which works Do cylindrical
piston or ram of larger diameter. A collar of oiled leather or
copper surrounds the piston in such a way that the greater the
pressure of the liquid filling the cylinder, the more closely does the
collar fit the piston. By means of a small pump, oil or water is

•
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forced into the large cylinder, a check-valve preventing its return.
In consequence of the law·of preesure just enunciated, whatever
pressure is communicated to the liquid by the pump will be ex
erted everwhere equally agaiD.llt the walls of the containing cyl
inders. So that if the large piston has loo times the area of the

other it will exert a. force 100
times as great as that applied to
the pump piston.

Hydraulic jacks act on this
principle: they contain a reservoir
of oil which may be pumped into
the main cylinder, thus forcing
upthe ram; openings. small stop
cock permits the flow of oil back
to the reservoir. Oil is used as
it keeps the machine lubricated
and does not freeze.

It is to be observed that when
the liquid in the hydraulic press
is incompressible as much work

FlO. 83.-Hydroetatic Jl~ is done by the large piston as is
expended upon the smaller one.

168. Pres8ure Independent of Shape of Vessel.-It has been
shown that the pressure at any point in a liquid under gravity
depends only on the depth of the point below the surface, on the
density of the liquid, and on the pressure on its surfa~.

The total force exerted against the bottom of a vessel hy the"
pressure of the liquid which it contains is the product of the
pressure at the bottom by its area, and may therefore be very
dtfferent from the actual weight of liquid which the vessel Con
tains; and when a vessel is filled with water to a given height the
foree against its bottom is the same whether the upper part of the
vessel is flaring, cylindrical, or narrow. The reasonableness of this
result will be evident from the following considerations.

In the case of the vessel with flaring sides we may think of a
cylindrical column resting on the bottom and pressed upon by the
surrounding water as shown in the figure (Fig. 84). This pres
sure is necessarily perpendicular to the surface of the cylindrical
column and, therefore, can have no effect in either supporting itor
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pressing it down. The whole weight of the cylindrical column is,
therefore, supported by the bottom plate. In ease of the vessel
whieh is narrow at the toP. the liquid exerts a downward force on
the bottom greater than its weight because the sides of the vessel
press the liquid down. Just as a man in a box may brace himself

Pta. 84. }I'm. 85.

against the top and press against the bottom with a Corce far
greater than his own weight.

This fact that the force exerted on the bottom of a vessel may
be greater than the weight of all the liquid in the vessel h&& been
called the hydrostatic paradax. .

Pascal succeeded in bursting a strong cask by the pressure
produced by a column of water in a narrow pipe 40 ft. high.

•

•
c
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169. Center of Pressure.-The cmler oj prU'UrIl of a surface ill the
point of applieaLion of the mmltant force due to Lbe pressure against the
wriate. The prel!lJUre is 110 distributed \-hat the IlUI'
face will just balance if supported at that point.

In caae of a tank having rectangular sides and filled

deouy be nearer the bottom than the top, beeaU8El

the pre88Ure increuee with the depth. &ppoee Uie
aide to be divided into narrow horisont&l etripa of
equal widUlA, the force exerted on each strip by the
liquid pressure may be represented by an arrow as in
the diagram, and it ia clear that each of these forces
will be proportional to the depth, since the force on
any strip is the product of the area of the strip by
the pre8!lure at that depth. By the methods employed in finding the result
ant of parallel forees it may be shown that the center of pf'e58ure in this case
is at P, ~ of the total depth from the bottom.

It ia not difficult to see that the center of prellllUre P must be on the same
level as the center of gl1l.vity G of the triangle ABC fonned by the linea
repreeent.i.ng the forces against the eqUAl horisontal strips.



114 LIQUIDS AND GASES

If a cylindrical water tank were to be bound by a single hoop, this should
be situated ~ the height of the tank from the bottom. The hoops on water
tankl,u'e placed t10eer together at the bot.tom than at the top for the aame
....,n.

LIQUlD SURFACES

110. Free Surface of a LiquJd.-When a liquid is at rest or in
equilibrium the force which a surface particle eJ:erts against the
adjoining liquid must be perpendicular to the free surface at
that point, otherwise the particle would move along the surface.
This force depends upon gravity, on the attraction of neigh
boring particles, and on the atmospheric pressure on the surface,
and also upon any acceleration which the particle may have.

111. Level Surtaee.-Whcn a liquid is at rest on the earth,
all parts of the 8urfae<c which are not too near the walla of the
containing vessel are at right angles to the direction of gravity
or to the direction in which a plumb-line points. Such a surface
is called level. A level surface is not a fiat surface, but has the
same curvature as the earth. In a pond 1 mile in diameter the
center is 2 in. higher than a plane passing through the edges.

The force is not necessarily the same at all points of a level
surface. This is weD illustrated in case of the earth, for the
force of gravity at sea level near thepolesisdecidedlygreaterthan
at. the equator.

172. Surface of a Rotating LlquJd.-Wh"en a vessel containing
a liquid is rotated by & whirling machine, the liquid by virtue
of its viscosit.y soon comes into equilibrium,1 and turns at. the
same rate as the vessel. H t.he speed is slow the upper surface of
the liquid is slightly concave, at greater speed it will become
deeply hoDowed, but it always has the form of a. paraboloid of
reVOlution. Here a little mass m exerts against the adjoining
liquid a downward force mg due to gravity, and an outward cen
trifugal force2 equal to mw2r. The components q due to gravity
(Fig. 87) are the same at all points of the surface, while the
centrifugal components II, It,la increase in proportion to the dis~

tance of the particle from the axis of rotation. The resultant
l Thl\.t Ill. It io in "'luilibrium eo""idered .. a ..bole, thoua:b the individual p....elM move

in circle. and are therefo~ aocelenlted.
I The p.-e.u.... of ~he adjniniua: J)l.r~ ..,Ll""t .ny H~Ue liquid rn upplieo t.beUll.Irip«I<>i

ro~ urelll' it to..U'd ~bfl aKia .. i~ route-. Ita out..ard ....,~io Ll""t that p.-e.Ule
io lhe «fIlri/M(ffIl foree.
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forces a" at, as will therefore be differently inclined, and the sur
face must be of such a curve as to be at right angles to them. It
will be noted that the resultant force is greater at points higher up
on the surface, so that a surface particle near the top presses
against the surrounding liquid with far more force than it would
if at the bottom of the curve.

The oblate form of the earth is similarly explained. A unit
mass at the earth's surface exerts a downw8.rd force a toward the
center of the earth due to attraction, and also a centrifugal force
c due to rotation. The latter component is zero at the poles and
reaches a maximum at the equator and is always at right angles to
the polar axis. The resultant downward force g is, therefore,

I.

FIG. 87.-Surface of rotating
liquid.

Fm. 88. Fla. SIt

directed exactly toward the center only at the poles and at the
equator, and the surface of the ocean when calm must be every
where perpendicular to g.

173. Surface In Connected Vessels.-In a continuous mass
of one kind of liquid all points on the same level must be at the
same pressure, even though they may be in separate branches
of the containing vessel. Thus the pressure at B (Fig. 89) is
the same as at B', and that at C is the same as at C'. It is clear
that the enclosed air is under greater pressure than that of the
atmosphere at A.

When communicating parts of a vessel of liquid are open to the
air the free surfaces must lie all on the same level because all are
at the same pressure.

174. Case of Two Llqulds.-If a bent tube contai,ning mercury,
as shown in the figure, have some other liquid, as water or oil,
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hd = h'd'.h

poured into the longer arm, the mercury will be pressed down on
that side and raised on the other. Since all below A is one con
tinuous liquid, the pressure at A must be the same 88 at A' on the

~e level, hence the column of mercury
c BA' must produce the same pressure 88 the

column of liquid CA.
Letting hand h' represent the heights of

the two columns of liquid and d and d' their
h' densities, then, since the pressurea of the two

8 columns must be equal,

A' 'A 175. Splrtt-level.-The ordinary spirit-
level consists of· a glass tube hermetically
sealed, nearly filled with alcohol or ether,

PIa. 90. a bubble of air or vapor being left. The
tube is bent slightly, Corming the are of a

large circle. and the bubble always rests in equilibrium at the
highest point. .

A level is said to be sensitive when a small inclination will cause
a large motion of the bubble. In a~
sensitive level the Cllrvature of the~
tube is very slight, and the bubble .is ="1 0" I "....G. .---opmt BY •

usually large, otherwise it would be
sluggish in its movements. For fine levels the tube is carefully
ground on the inside so &B to have a uniform curvature.

Problems

1. Find ihe pressure 3.50 metefl!l below the IlUrface in a pond of water; in
gramll per sq. em. and in dynEII per sq. em.

2. Find the preerure in pounds per sq. in. 30 fto below the IlUrface of It pond,
taking the weight Gf 1 cu. ft. of water as 62.5 lhe.

3. A piston 1 ft. in diameter carries a weigbt which together with that of ihe
piston amountll to 200 the. How high a column of water will be required
to produce enough pressure under the piston to support the weight.

4.. What is the pr88llure 1 mile below the surface of the ocean, in pounds per
sq. in., taking the relative density of sea. water aa 1.03.

6. Find the difference between the pressure at the bottom of a veeseJ. 75
ems. deep filled with water, and ihe pressure when the vetlllel is full of
mercury. Density of roeTeury - 13.6.

•
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6. A jar haa a square cross section 5 ems. each way and is 30 ems. deep. It
is half-full of mercury and half-full of water; find the pressure halfway
down and also at the bottom, also the total force due to presBure against
the bottom,

7. Find the toW force against one side due to pressure in the preceding
problem.

a. If a cubical tank 4 ft. each way is level full of water, find the pressure in
pounds per sq. in. on botWrn. Also the total force against one side in
lb!>. weight. Where is the center of pressure on the bottom" Where the
center of pressure on one side?

9. Oil of density 0.7 is poured into one branch of a U-tube which contains
enough mercury to keep the bend full. Wben the column of oil is 39
em. high, how much higher will it stand than the mercury in the other
branch?

10. When the atmospheric pressure is just 1,000,000 dynes per sq. em.)
how far below the surface of a pond of water will the total pressure
be just twice as much as at the surface?

11. In 110 pail of water spinning about a vertical axis through it6 center the
lmrface of the water is hollowed SO that at 110 po~ 10 Clllll. from the axis
the surface is inclined 450

• Find the number of revolutions per sec.
which the pail is making.

BUOYANCY AND FLOATING BODIES

176. Buoyant Force of a Fluid.-Suppose that a mass Of wood
or iron is immersed in a liquid and it is required to find the force
exerted upon it by the surrounding liquid.
Imagine the given substance removed and its
place filled by the liquid, and conceive of this
portion as separated from the sUITOunding
liquid by an imaginary surface ABC of the
same shape as the original body. The liquid
is in equilibrium, and since the mass enclosed .......,.0. 92.
in the surface ABC is urged down by its own
weight, this weight must be exactly balanced by the force due to
the pressure of the surrounding liquid on the surface ABC. Hence
the resultant force due to pressure on the surface is an upward
force equal and opposite to the weight of the enclosed mass of liquid,
and since the whole weight of theenclosecimass acts down through
its center of gravity G, the center of pressure must also be at the
same point.

Now, neither the amount nor direction of the pressure will
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be changed at any point of the surface ABC if it is filled with
wood or iron instead of the liquid. Therefore when any object
is wholly or partially immersed in • liquid it is buoyed up by a
force equal to the weight of the displaced liquid, and the center
of pressure is where the center of gravity of the submerged
portion would be if it were homogeneous.

There is nothing in the above reasoning which restricts this
conclusion to liquids, it may therefore be stated as a general
law of ftuida and is known as Archimedes' principle, from its
discoverer. .

177. Experimental IUustratlon.-A brs.ss cylinder which ex
actly fits into and 61ls a cup is suspended together with the cup

from one pan of a balance and exactly counter
poised by weights. A vessel of water is raised
under the cylinder until it is quite immersed,
and the weights will now greatly overbalance
the cup and cylinder; but if the cup is just
filled with water the balance is restored.

178. Buoyancy at Great Deptbs.---8ince
buoyant force depends on the weight of the
liquid displaced and. not directly on the pres
sure, it makes no difference whether the im
mersed body is 1 in. or 100 ft. below the sur
face of the liquid except for the compression
due to increased pressure. If the immersed
body is more compressible than the surround

ing liquid it will displace less liquid where the pressure is great
than at the surface and so will be less buoyed up at great depths.
If it is less compressible than the liquid, it will be more buoyed
up at great depths than when near the surface.

The heavy iron shot used in deep sea soundings is buoyed up
slightly more at great depths than at the surface because water
is more compressible than iron.

179. Cartesian Diver.-The Cartesian diver is a small bulb
of glass open at the bottom and containing just enough air to
cause it to float in a jar full of water. A sheet of rubber is tied
firmly over the mouth of the jar, and by pressing on the rubber
the pressure in the liquid is increased and the air in the bulb
compressed into smaller volume. The bulb with the contained
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air may ,dillS be made to displace less than its own weight of
,water and will then sink to the bottom, but rises again when the
pressure is relieved and the air expands.

180. Equilibrium of Floating' Bodles.-A floating
body may be considered as acted on by two forces: its
own weight acting down through its center of gravity
and a buoyant force equal to the weight of the dis
placed liquid acting up through the center of pressure.
It can be in equilibrium only when these two forces
are equal and opposite. The conditions for equilibrium
may then be thus stated;

1. The weight of the displaced liquid must be equal
to the weight of the floating body.

2. The center of gravity of the floating body must
be in the same vertical line as the center of pressure. FIG. 94.

The displacement of a ship is the weight of water which
it displaces, and is therefore the total weight of the ship and
equipment.

M

F'G. 95. Fm. 96.

181. Stability 01 Equlllbrlum.-H, when a floating body is slightly
inclined from its position of equilibrium, the .couple resulting from its own
weight and the bu('yant force of the liquid lends to turn it back into its

original position, the equilibrium is Mid to be 8table.
In figure 95, G is the center of gravity and P the center
of presaure of the floating block. Wben it is tipped
sliglitly P is displaced to one side in such a way that
the combined action of the forces through G and P
tends to turn the body in the direction of the arrow,
bringing it back into its original state of equilibrium,

Fm. 97. which is therefore 8table. In figure 96 is shown a
sta.te of equilibrium such that when the body is

slightly displaced the couple acts to increase the displacement and to turn the
body away from its origina.! position. In this case the equilibium is unstable.

A floating homogeneous spherc may be turned in any way and the center of
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presmre P will alway, be directly under the center of gravi~y, and the equi·
librium will remain undisturbed. Here the equilibrium is MldTaL

SPECIFIC GRAVITY AND ITS MEASURE"tENT

182. Specific Gravlty.-The relative density of a substance
as compared with some standard substance is known as its
8pecij'w gravity. Solids and liquids are usually compared with
water as a standard, while gases are often referred to air or
hydrogen.

The specific gravity of a substance referred to water is found
by dividing the weight of the given substance by the weight
of an equal volume of pure water at the temperature of 4°C.

The specific gravity of a 8ub6tance is a TaJ.io and is therefore
the same whatever syatem of units is
employed.

Since 1 C.c. of pure water at 4°C.
bas a mass of 1 gram, the density of
a substance in grams per cubic centi
meter is equal to its specific gravity
referred to water.

183. Specific Gravities by Balance.
-The substance, of which the specific
gravity is to be determined, is sus
pended by a fine fiber from one arm

of a balance and weigbed, first in air and then when immersed
in water. The second weighing will be less than the first by the
weight of the water displaced by the substance. The difference
between the two weighings will then give the weight of a mess
of water of the same volume as the substance, and therefore if
the weight in air is divided by the difference between the weights
in air and water the apecijiG gravity is obtained.

184. Mohr's BaJance.-A convenient balance for detennining the
specific gmvity of liquids Us that shown in figure 99. A glass bulb weighted
flO as to sink in liquids is hung from one arm of a balance and exactly counter·
poised by the weight P on the other arm. The glass bulb is hung in the
liquid to be examined and the buoyant foree of the liquid balanced by riders
hung on the balance ann. From the weight and JlOfIition of the riders the
specific gtll.vity of the liquid is obtained directly without calculation; for
the lIeveral riders are 80 adjUJIted that each has one-t.enth the weight of the
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next larger, and the posiLion of each on the balance arm gives the figure for
the corresponding decimal place in the result.

185. Hydrometers of Constant Welght.-These instruments
are usually made of glass and consist of a rather long light bulb
having a slender stem above and a weighted bulb below so that the
instrument floats in a vertical position in the liquid whose den~

sity is to be determined. By means of a scale on the stem the
specific gravity of the liquid may be read. directly from the point
on the scale to which the instrument sinks.

In such a case the weight of the whole hydrometer must be
equal to the weight of the displaced liquid, so that if v is the

FIO. 99.

~ -.'
~=.
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Flo. 100.

volume of the hydrometer below the mark to which it sinks in
a given liquid and if d is the weight of unit volume of the liquid,
then W = vd where W is the weight of the hydrometer.

The specific gravity scale of a hydrometer is not a scale of
equal parts, corresponding divisions being farther apart at the
upper end of the stem than at the lower. The Beaume scale is
an arbitrary scale of equal parts in which hydrometers are often
graduated.

Hydrometers are made for liquids lighter than water and
also for liquids heavier than water.
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If the stem of a hydrometer is slender (compared with the
volume of the immersed portion of the instrument), it will be
sensitive and a small change in density will cause a. large change
in its immersion.

186. Speciftc-gravlty Bottle.-When the specific gravity of
a powdered substance is to be determined, the specific
gravity bottle may be used. This is a small flask having
a carefully ground tubular stopper. The powder to be
experimented upon, after being weighed, is put into the
flask which is then filled with water up to a certain mark
on the stopper. The weight of the whole is then deter
mined and also the weight of the flask when filled with
pure water alone up to the same mark. From these

Fla. 101. three weighings the weight of water displaced by the
powder may be determined, and so its specific gravity may be
obtained. If the powder is soluble in water some liquid in which
it is insoluble must be used.

Problems

1. A piece of metal weighs 300 gms. in a.ir and 260 gmB. in water; what is its
volume, Bpedfic gravity. and density?

2. A eertain block of wood has 110 volume of 80 c.c. and specific gravity 0.8.
Find the volume and weight of water which it will displace when floating.

3. A certain body weighs 240 gms. in air, 160 gms. in water, and 140 gms. in
another liquid. Find the specific gravity of the body and also of the
second liquid.

4.. A block of wood floats in water with ~ of its volume above the surface.
Wha.t is its density?

ri. A hlock of wood floats in water with U of its volume above the surface,
" but when floa.ting in oil % of its volume is submerged. Find the specific

gmvityof the wood and of the oiL
v" 6. A piece of metal weighs 16 gms. in air and 14 gms. in water. Another

substanco B weighs 8 gms. in air, and the two when fastened together
weigh 2 gms. in water. Find the specific gravity of each.

7. A sinker weighing 38 gms. is fastened to a cork weighing 10 gliS. and the
two together are in equilibrium when immersed in water. Find the
specific gravity of the sinker if that of the cork is 0.25.

8. The stem of a hydrometer is graduated upward from 0 to 100 in equal
parts, and the volume of the instrument below the leTO of the scale iB
three times that of the graduated stem. When placed in water it sinks
to the 2Q-mark. Find the density of 110 liquid in which it sinks to the 80
mark, also of III liquid in which it sinks to the Q-point.
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~. A mass of 80 gnu., having a density S. balancelll a mall! of 140 grm.
when both are suspended in water from the arm. of a balance. Find the
den!ity of the lArger mass.

GASES AND ATMOSPHERIC PRESSURE AND BUOYANCY

187. Gases.-The second great division of fluids is that of com
pressible fluids or gases. Those mechanical properties or liquids
which are due silJlply to their fluidity llrc also possessed by gascs.
The compressioility of gases, however, is so great that their
changes of density due to variations in pressure cannot be
neglected.

188. Density of Gascs.-Gases possess weight as is shown by
the fonowing experiment. Pump the air out of a globe of glass
or of metal until it is well exhausted, suspend it from one pan of
a balance and weigh it. Now open the stopcock in the globe, ad
mitting air, and when it is full weigh it again. The difference be- l
tween the two weights is the weight of th~lobe full oClair. At·
temperature O°C. and when the barometric pressure is 16 cms., a
cubic foot of dry &ir weighs about 7f3 lb. or a cubic liter 1.293
gms.

A room 30 ft. long, 30 ft. wide, and 10 ft. high contains under
ordinary conditions about 700 lbe. of air.

The following table gives the densities of some familiar gases
at O°C. and a pressure of 76.0 cms. of mercury.

Gu

Air .
<h:ygen..........•.............
Nitrogen .
Hydrogen ...............•......
Chlorine .
Carbon-dioxide .
Ammonia .

0.001293
0.001430
0.001257
0.00008988
0.003133
0.001974
0.000761

1.0000
1.1057
0.9720
0.0693
2.423
1.5Z7
0.,ss9

180. Torricelll's Experlment.-The first measurement of the
pressure of the atmosphere was made in 1643 by Torricelli, a
pupil of GaJileo.

It was known that water could not be raised more than 34 ft.
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by & suction pump. Torricelli believed that this was 00eaU8e
water was raised in such 8. pump by the pressure of the atmoe
phere. He concluded that as mercury was 13.6 times 88 dense 88

water the atmospheric pressure would be able to support a
column of mercury only )1'3.6 times as high, or about 30 in. in
length, and to test it tried the following experiment.

A tube nearly 3 f~ long and closed at one en~ was filled
with mercury and then the open end being closed with the finger

to prevent the escape of mercury
the tube was inverted and placed
with its open end below the surface
of mercury in a. dish, after which
the finger was withdrawn. The
mercury at once sank in the tube
till it stood at a height of. about
30 in. or 76 ems. above the level
in the dish. The space above the
mercury in the tube was a vacu,um
except for the presence of mercury
vapor.

As 1 c.c. of mercury weighs 13.6
grams., the atmospheric pressure
able to support a column 76 ems.
high must be 76 X 13.6 - 1033.6
gms. per SQ. CUL. and would, there
fore, sustain a column of wauir
1033.6 ems. high. or 33.9 ft.

Pascal, reasoning that if the
pressure of the atmosphere was
due to its weight the presaure
should be less on top of a mountain

than at its base, caused the experiment to be tried and estab
lished the fact.

]90. Magdeburg Hemlspbere8.-0tto von Guericke, of Magde
burg, shortly after he had invented the air pump, demon8trated
the pressure of the atmosphere by means of two hemispherical
cups of copper carefully fitted together to form a spherical vessel
about, 2 ft. in diameter. When the air was exhausted from the
vessel two teams of horses were unable to pull the cupE! apart.
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The force with which the eups are pressed together in such a
case is found by multiplying the srea of the circular opening of
the cups by the difference between the air pressure on the inside
and outside.

191. Barometer.-Instruments for the measurement of the
atmospheric' pressure are known as barometers. The best
barometers usually employ a column of mercury, as in Torricelli's
experiment.

A form much used is the Fortin barometer, the reservoir of
which is shown in the figure. The tube containing the mercury is
sheathed with brass to protect it from injury,
the height of the column being read through an
opening by means of a vernier which sUdes on a
scale gradua.ted on the brass sheath. As the
mercury sinks in the barometer tube it flows out
into the vessel at the bottom snd raises the level
there, it is therefore necessary to provide some
means of adjusting the height of the mercury in
the lower Ve88e1. This is accomplished by Lhe
serew C, on turning which the fiexible leather
bottom of the vessel is raised or lowered until
the surface of the mercury exactly touches the
ivory point 0, which is the zero point from which
the scale is graduated. As the lower vessel is not
air·tight, the external air pressure is freely trans
mitted to the surface of the mercury, The
greatest care if'! taken in filling such a barometer

h . . 1 r I" "d h FIG. l03.-Fortint at no a.u IS e t·c mgmg to Its 81 es, t e mercury barometer.
being usually heated and even boiled in the tube.

un. CapUla1'7 Correctlon.-The upper IUnsee of the mercury col·
umll in a barometer tube is rounded upward ill a mmtscua, higher at the cen·
ter than at the edges, and the height of the barometer is measured to the
higheet point of this curved mcniacua.

The effect of the c~ature is to make the column stand slightly lower
than if the surface ..., ~t. Hence to obtain the true height a small cor·
rection, called the capillary correclilm, which depends on the curvature of the
surface, must be added to the apparent height.

In a standard barometer the tube &1ould be 80 large (2 ems. in dia.m.eter)
that there is no curvature at the center of the surface, in which cue there is
DO eapiUary correction.

•
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Capillary Correctirm MiUil1UJ/ers

Capillary Depression 1.4 0.8 0.5 0.3
Internal Diameter of Tube 4.0 6.0 8.0 10.0

O.2mm.
12.0 mm.

193. Temperature Correctlon.-It must be remembered that tho
scale by which the height of a barometer is read is correct at only one tem
perature, and also that the density of the mercury itself varies with the
temperature; in order, therefore, that barometer readings may be definite,
what is known as the rcduad reading is always given; this is the height at
which it would stand if the mercury had the density which it has at O°C.

Effect of Gravity.-It might be supposed that if the reduced
heights of the barometers at two places were the same that the
atmospheric pressures at those places would be equal, but this
is not necessarily so. The pressure in grams per square centi
meter would be the same, but the weight of a gram depends on
the force of gravity. Near the equator 'ii'" gram weighs 978
dynes, while near the poles it weighs over 983 dynes. If the
reduced height of the barometer in centimeters be multiplied by

the density of mercury at GOC.
and the product by the accelera
tion of gravity at the given place,
the pressure recorded by the
barometer will then be deter
mined in dynes per square centi
meter, which is absolutely def
inite.

194. Aneroid Barometer.-An
FIG. lM.-Diagram of mechani~mof exceedingly convenient and por-

aneroid barometer. table form of barometer is known
as the aneroid (from the Greek,

meaning without liquiJ). A disc-shaped metal box, like a small
blacking box, is provided with' a top made of thin metal
corrugated so as to be extremely flexible. The air is exhausted
from the box and it is permanently sealed, the top being sup
ported by a stout steel spring which prevents it from collapsing.
As the atmospheric pressure increases the spring yields a little
and its point moves downward, acting by means of levers and a
delicate chain to give a greatly increased motion to the pointer
which moves over a graduated dial. A hair-spring serves to
take up the slack of the chain. Such an instrument may be
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FIG. 105.

made as compact and portable as a watch. It is subject to change,
however, and needs to be compared with a mercurial barometer
from time to time. Also the elasticity of the spring varies with
the temperature.

100. Standard Atmospheric Pressure.-It is customary in
stating the densities of gases to give them at what is called at
mospheric pressure. This standard atTIWspheriC pressure, some
times called a pressure of one atTIWsphere, is the pressure of a
column of mercury 76 ems. high at O°C.

When the acceleration of gravity has the value that it has
at Paris (980.94-) this pressure is 1,013,600 dynes per square
centimeter.

At London its value is 1,013,800
dynes per square centimeter.

196. Buoyancy.-T h e law of
buoyancy, known as Archimedes'
principle, that bodies immersed in
a fluid are buoyed up with a force
equal to the weight of the displaced
fluid, holds for gases as well as for
liquids. This may be easily illus
trated by the apparatus shown in
the figure. A hollow globe is
balanced by a solid mass of lead
or brass hung from the other arm of
the balance. When the .globe is
closed and the whole is placed
under the bell jar of an air pump, it is observed that as the air
is exhausted from the receiver the globe settles down; when _air
is readmitted, however, the globe is again balanced by the
weight. The globe with its greater volume displaces So greater
volume of air than the weight, and by the law of buoyancy it
must be buoyed up with So greater force.

If a solid mass of brass is being weighed, using brass weights,
the buoyant force of the air on both sides of the balance will be
the same. But if the density of the weights is greater than that
of the body weighed, the apparent weight of the body will be
less than its true weight. When the apparent weight of a body
is w, its true weight W may be found by the fonnula,



128 LIQUIDS AND GASES

W ~ '" + "'~(~ - D'
where 8 is the density of air, d the average density of the object
being weighed, and d1 the density of the wmghts used.

197. BaUoons.-Balloons ascend in consequence of the buoy
ancy of the surrounding atmosphere. The gas within the en
velope simply supplies the pressure to keep. the balloon distended j

in 80 far as it has weight it is a disadvantage. To ~nd the sup
porting power of a balloon we must determine the weight of the
balloon itself together with the enc10600 gas and subtract this
from the weight of an equal volume of atmospheric air. The
difference is the portative force of the balloon.

As the balloon rises the pressure of the atmosphere decreases
and the gas in the interior expands and completely fills the bal-'
loon, and then as it expands e:till farther the excess escapes
through an opening at the bottom.

ExPANSION OP GASES

198. Expansion ot Gases.-When a vessel containing gas is
enlarged the gas expands, keeping the vessel full however great
its volume may become, and at the same time the pressure of
the gas diminishes.

If a small thin rubber bag containing a little air is closed and
placed under the bell jill' of an air pump, and the air exhausted
from the space around the bag, the latter will be distended by
the expansion of the enclosed air as the pressure upon it
diminishes.

199. Boyle'S Law.-The exact way in which the pressure of
a gas changes when its volume is varied was first investigated by
the English physicist Robert Boyle in 1662 and by Mariotte in
France in 1679.

The form of apparatus used by Boyle is illustrated in figure
106. The short arm of the tube is closed and cont{l.ins a mass
of air separated from the outer air by the mercury in the bend of
the tube. The enclosed air is at the same pressure as the outer
air since the mercury stands at the same level in each branch.
Mercury is now poured into the long arm of the tube until the
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enclosed aIr 18 compressed to one-half its original volume, as
shown in figure 107. The height of the mercury in the long'
branch above that in the closed branch is then found to be just
equal to the height of the barometric column. That is, the
enclosed air is under a pressure of two atmospheres, one due to

Fro. 106. FIG. 107.

the external air pressure and the other due to the height of the
mercury column.

If more mercury is added the air is still further compressed,
and when the total pressure is three atmospheres, the mercury
column( lUI.ring twice the barometric height, the air is found to
be compressed to one-third of its original volume.

The law of compressibility of air, which is also found to be
approximately true for all the more perfect gases may then be
stated thu.s:
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Boyle' • La".-When the volume of a ma"ss of gas is changed.
keeping the temperature cODstant, the pressure varies inversely
as the volume; or the product of the pressure by the volume
remains constant. ./

That is, if a mass of gas has a volume 1:1 at a pressure p and if
the volume is changed to v' while the temperature is keptoon
stant, the pressure will become p' such that

pt1 = p'v' :z constant (1) -

This constant is e.vidently proportional to
the mass of gas used, for if the pressure is kept
oonstant we must take twice the original
volume in order to get double the ma.ss of
gas. We may, therefore, exprc88 Boyle's law
by the equation,'

pv ::< mk

Letting d represent the density or the gas,
m

Since d = v' we have rrom rormula (3)

E ~ E, _ k· (4)
d _d' ,

0'

P'-k (2)
m

where k is a constant which depends only on
the kind of gas and its temperature.

Thus if we have a mass of gas m having
.pressure p and volume tt, and another msss
m' of the Bafl'Ul gru at lM same temperature, but
with pressure p' and volume v' ,-we have by (2)

po p',,'
- - - (3)
m m'

that is, the density of a gas is directly proportional to its pressure·
when the temperature is constant. This is directly s1JJ2.wn by
Boyle's experiment, ror with doubled pressure th~ume is
diminished to one-haIr and the density is consequently doubled.

To study the relation betwoon presSure and volume ror pres
sures less than one atmosphere, Mariotte used the apparatus
ahown in figure lOS.

••
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A long tube of glass closed at the upper end and plunged in a
deep bath of mercury contains a. small mass of air or other gas.
The volume of the air or" gas is given by graduations on the t~be

while its pressure is found by subtracting the height of the mer
cury column CD from the barometric height which measures the
pressure of the external air. The volume and pressure are varied
by raising or lowering the tube in the bath.

200. Variations from Boyle's Law.-Boyle's law is not exactly
true in case oLaoy actual gas.

The following table will indicate the degree of departure from
the law, with increasing pressures, of some common gases: -

J>re.Ute in met.en of mer<>u.)'

Voh&m.

I I IAi. Nic.rosen co. Hyd.....a

1 1.0000 1.0000 1.0000 1.0000
li 1.9978 1.9986 1.9824 2.0011

II 3.9874. 3.9919 3.8973 4.0068

J> 7.9456 7.9641 7.5193 8.0339
ll, 9.9161 9.9435 9.2262 10.0560
~, 19.7198 19.7885 16.70S4 20.2687

It will be noted that air and nitrogen are slightly more com
pressible than if they followed Boyle's law exactly, while hydrogen
is rather less compressiblej the departures from the law are, how
ever, less than 1 per cent. up to 10 atmospheres' pressure. Car
bon dioxid shows marked increase in compressibility as the
pressure increases and it approaches its point of condensation.

e French physicist Amagat. haa made an exhaU.lJtive study of the oom
'biliucs of gases at dilJerent temperaturelJ and uB to plftl8uree as greataa

3000 at.m08pherell- His results show t.hat. all p~", is iOeJtsll6d t.he prod
uct. pI1 slightly diminishes at. fi:rst, but when the 'pressure eJ:ceeda a certain
amount, which depends on the gM and its ~re, the product. ,.
lltead.ily increlU!ell up to the highen PrellflUreII use&"

The Dutch phYllicillt Van der WM11I has shown that the formula

(p + :,) (v - b) - CQnstant,

in which a and b are small constants depending on the kind of gas, expf"elMe8
quite exactly the relation of pl'Cll!lure to volume in gasetI at. oona\ant tern.
perature for a far wider rang~ of pre8llllree t.han the aimple formula of Boyle.
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201. Measurement of HeJabts by Barometer.-The di4erell.ce
in pressure at two different heilhta in the atmosphere is equal
to the weight of the unit column of air reaching from one
level to the other. If the average density of the air between t.he
two levels were known then the height could ea.si.J.y be ascertained
by.dividing the difference in pressure by the average weight of
unit volume of the air.

Let H represent the height in centimeters, P and p the two
pressures measured in grams per square centimeter, and d the
average density in grams per cubic centimeter, then

P-p
Hd=P-p and H- d (1)

As the average density of the air between the two levels depends
on pressure, temperature, and moisture, it is clear that the chief
difficulty lies in determining this quantity.

An appro%imaU result may be obtained by assuming that tbe average PNllJ-o

. sure between the two levels is p ~ p. Then, if do is the denaity of the air at

atandMd atm06pheric pretlllure Ptt and at the average temperature between
the two atations, we have by Boyle'. law

P+p

'" 2.
d, - d '

therefore

and by (1)
H _2p..P-p.

d. P+p ...

0'Approximate
height

If we tiake the average temperature at 15·0. a~d neglect moisture. we find
d. - 0.00122 and p, - 76 X 13.6 _ 1033.6, hence

2 X 1033.6P- P . p- P
H - 0.00122 P + p - 1,694,000 . P + p em•.

p -p
H - 55,600 P+ pft.

Since the final exprell6ion involvee the ratio of' P - P to p + 'P, the pres-
surl!ll may be measured in any units whatever, centimeten of mercury or
inchl!ll of mercury or whatever unit is most convenient.

•
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Puwps AND PRESSURE GAUGES

•

202. AIr Pump.-Air pumps were fi.rst ,made by Otto von
Guerjcke, of Ma.gdeburg, in 1650. For rapid exhaustion when a
vacuum of 0.1 rom. of mercury is sufficient, a. very convenient
pump is Gaede's rotary air pump, shown in figure 109, in which
the cylinder A mounted close to one side of a somewhat larger
cylindrical cavity, is rapidly rotated by an electric motor and
sweeps out the air from the crescent shaped space by means of
two slidingvanea 88, which are carried in slots in
A and are pressed against the walls of the cavity
by means of springs. In this way air is drawn
in at C and forced out at D finally escaping
at J.

For higher exhaustion, pumps are used in
which oil or mercury prevents leakage. In
figure 110 the cylinder of the Geryk pump is

shown in which a deep layer of oil covers the piston and valves
80 that no leakage of air back through the pump is possible.
When the piston is raised the air above it is forced out through
the valve V which is finally lifted by the shoulder S when he
piston reaches the top, permitting the last bubbles of air to escape
through the oil into the upper chamber, while at the same time
oil flows down through the valve, filling the small space above the
piston. In this way the air in the cylinder is romplelely expelled
in each stroke.

Oil pump8 for high ezhatuJti0n8 should never be operaud tDiUwut

, . .

lo'IG. 109.-<laode rotary pump. Fla. 110.-CyliDder
of Geryk air pump.
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a drying tube kJ abIWrb aU water DaPfJr frQ1n the air before it reacltu
the pump, as moisture absorbed in the oil prevents the securing
of a high vacuum.

A most effective pump of this type is one devi.'lcd by Gaede in which three
cylindcl1J, connected in series and mounted one above the other, fann III single

•

Flo. I I I.-Rotary mercury pump.

long cylinder and Arc operated with one piston rod. Air is drawn in at
the bottom and forced Buoocssively through the three eylinders and CllCapcs
at the top. Only a small amount of oil is ul50d and the presence of water
vapor does not interfere with tho action 8JI it does
in m08t oil pumps.

203. Rotary Mercury Pump.----OOe of the
moo perfeet pumps for high exhaustion is a rotary
pump. abo devised by Gaede, in which III peculiar
Ilpiral-fJhllped drum of poree1&in T (Fig. Ill) is
rotated in a cylindrical~ rather more than half
full of menrury. All the spiral drnm rotates in the
direction of the arrow, the IIpace W, inside the spiral
and above the level of the mercury, enlargC!! and f
air is drawn in through the opening L whieh is con
nected by the eurved tube R with the vC88Cl to be
exhausted. But as the motion continues L passes
below the Burface of tbe mercury into Bueh & JXllIition
as L, and the air that hlUl been drawn into the spiral
is caught in the 8pa.ce W t whence &8 the drum rotates
it ia driven out by the mercury through the narrow
space between the turns of the spiral snd ellCIl.pe!J Flo. 112.-Get.ler--
into the space surrounding the dnlm, from which it Toepler air pump.
is removed by an auxiliary pump connected lit R'.

This pump will not ad unkss a tlaCUum of a few millimeters of mercury is
maintained in 1M space around tM drum, and for this purpose tbe rotary
pump tlescribed in the llU!t section is very well suited, both pumps being
eonvenienUy driven by the same electric motor.

204. Mercury AIr Pumps.-A simple form of air pump with which
high vacua may be obtained ill shown in Fig. 112. The vessel R to be
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A

exhausted is connected with B. On raising A which is an open vessel
containing mcroury, the mercury rises into B driving out the air through
the narrow tube f which dips moo a cup containing a little mereury. On
lowering A the mereury sinks out of B, but air cannot re-enter through
I because the mercury rises in that tube balancing the external pressure.
The air in R expands filling B again and is removed as before. The l'lIore
faction may thus be pushed as far W:I desired by alternately raising and
lowering A.

205. MacLeod Gauge.-For measuring the very low reaiduat pre&
sures in the vacua produced by air pumps, a device, shown in Fig. 113, and
known as the Macl.-eod gauge* is employed.

It is connected by the tube C with the exhausted vessel, so that the pres
sure in the bulb A is the residual pressure to be determined. The bulb Dis
ra.ised causing the mercuryw rise inw A and C and compressing thc air in A
inw the upper pa.rt of the narrow tube B. Suppose the air is thus com·
pressed into one-thousandth part of the original v"lume A + H, the pressure
in B will thcn be 1000 times the original pressure, while the pressure in the
tube C is unchanged. The difference between the mercury levels in Hand
C will then measure the difference between the pressures, which in the case
supposed is 999 times the pressure in C, so that 1 mm.
difference in level corresponds to an original pressure of 'OF"
only 0.001 mm. of mercury. 8

206. High Vacua.-In obtaining the highest
vacua chemical means also are employed. Sir
Humphrey Davy was the first to use this method.
Having put into the vessel to be exhausted some
caustic potash and then filled it with carbonic
acid gas, he pumped out the gas as far as possible,
and, having sealed the vessel, left the residual gas
to be absorbed by the caustic potash, and thus
obtained a very good vacuum. Or the tube, in
which some copper filings are introduced, may be
filled with oxygen and when exhausted, sealed and ~~ieoolia~~;:
heated, the oxygen combining with the copper
leaves a high vacuum. By these means vacua higher than a
millionth of an atmosphere may be obtained.

These high exhaustions are called by courtesy vacua, as they are
the nearest approaches to an absolute vacuum that physicists have
been able to make by the most refined methods known to science;
and yet there is reason to believe that in every cubic inch of such a
vacuum there are 400 million million molecules of gas. To (orm

• P!'oIlOUlloe<!. MaQLoud.
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some idea of the vastness of this number, we may consider that
if through the side of 8. little glass bulb of 1 eu. in. capacity,
exhausted to this extreme degree, & minute hole were to be made
through which a million molecules should enter in every second,

it would take 10 years for the pressure in the bulb to
be doubled.

The highest vacua are now conveniently obtained
by enclosing in a bulb connected with the exhausted
tube some fragments of cocoanut or box-wood char
coal, which when cooled to the temperature of liquid
air absorbs powerfully the residual gas.

207. Pressure GaU«cs.--one of the simplest forms
of pressure gauge is theopen manometer. It consists of
a bent tube containing mercury, onearm beingopen to
the air and the other connected with the vessel in
which the pressure is to be measured. Thedifferenoe
between the pressure in the vessel and that of the
atmosphere is measured by the height of one end of
the mercury column above the other. If the di(
crence in pressure to be measured is very small, it is
often best to use water or
even kerosene oil instead of
mercury on account of their
small densities.

208. Bourdon S p r I n g

Flo. 114.- Gaul'e.-A device commonly
OpeD used in steam gauges is the

In&DQmeter. Bourd<m $pring, 80 called
from its inventor. It consists of a FIo. 115.-BourdoD IIpnna:.......tube of brsss of elliptical section, bent
into & nearly complete ring, the ftatter sides of the tube forming
the inner and outer sides of the ring. One end of the tube is
closed and into the other the fluid under pressure is admitted by
a pipe. This end of the tube is firmly fixed, while the closed
end is free though connected with a pointer by levers and rack
work or by a fine chain wrapped around a small spindle (Fig. 115)
by which the motion is greatly amplified.

Suppose the pressure to increase, the flattened tube will
spring a little and become more nearly circular in cross section,
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and in 80 doing it will slightly unbend as if to straighten out,
causing the pointer to move over the sca.le. When this device
is employed as a steam gauge the pipe leading to it is U!ually
bent downward 80 that it fi.lla witb condensed water, preventing
the bot steam from reaching the gauge.

209. Common Suction Pump.-!n this pump there are two
valves opening upward, one in the piston and one at the bottom
of the cylinder. As the piston is raised, its valve being shut, the
atmospheric pressure forces water from the cistern to rise through
the pipe and follow the piston, the lower valve opening and per
mitting this flow. As the piston descends the lower valve closes,
preventing return to the cistern, and the valve in the piston opens
allowing the water to pass through. Such a pump cannot raise
water {rom Ii level more than about 34 ft. below the piston.

Flo. 116.-Lift pump. FlO. 1I7.-Foroe pump.

•
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FIG. n8.-8iphoD.

210. Force Pump.-Water may be raised, however, to any
desired height by the use of the force pump. In this pump the
water is drawn into the cylinder as in the auction pump, but the
downward stroke of the solid piston forces the liquid in the
cylinder out through the side tube into the rising pipe, which IIl&y
be extended to any height. A valve in the side tube prevents
flowing back, and an air chamber is provided which acts as a
spring, the air yielding to sudden movements of the· piston,
which the water column on account of its great inertia could notdo.

211. Siphon.-lf a bent tube is filled with a. liquid and one
end is introduced into a vessel of the liquid while the other end
is open and held at a lower level than the surface, the liquid
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will escape through the tube. Such an arrangement, known as
a siphon, is represented in figure 118.

The upper surface of the liquid in the vessel and also the open
end of the syphon are subject to the atmospheric pressure, but
this is partly balanced on the short side by the (':olumn of liquid
of height h, while on the other it is opposed by the longer column
H. The pressure which is effective in causmg the flow is, there
fore, that of a column of liquid of height H - h. From this it
appears that the velocity of liquid through a siphon would be
the same as from an opening directly into the vessel at the level
of the outer end of the siphon, if it were not for the loss due to
friction in the pipe.

Clearly the liquid can only rise in the siphon to a height where
it can be supported by the atmospheric pressure; water, therefore,
cannot be lifted by a siphon more than 34 ft. above its level and
mercury not more than 30 in.

Problems

1. How high would the atmosphere have to be to cause the barometer
to stand 76 em. high, if its density was the sa.me throughout as at the
earth's surface, taking this density as 0.0012 gms. per c.c.

2. How much higher willa barometer stand at the base of a mountain than
at a station 1000 meters higher, taking the average density of air between
the stations as 0.0012.

J. The air chamber of a force pump contains at the start 600 cu. in. of
air at pressure 75 ems. of mercury. What volume will the air occupy
while water is being forced to a height of 150 ft. above the pump?

4,. How deep must a pond be that an air bubble on reaching the surface
may have twice the volume that it had at the bottom? Suppose the
barometric pressure at the SUrflLCC to be 75 em. of mercury.

6. How deep must a pond be when a bubble having a volume of 12 c.c. at
the bottom has a volume of 30 c.c. as it reaches the surface. Barometer
reading 15 at the surface.

6. A barometer on top of a tower stands at 75.20, at the bottom it stands
at 75.40. How high is the tower if the average density of the air .be
tween the top and bottom is 0.0012 gms. per c.c.?

1. A barometer having a little air in the top of the tube stands at 72; but
if the level of the mercury is raised so that the air space is half IL8 great
as before, it stands at 70. What is the correct barometric height.

8. If the tube in the apparatus shown in figure 108 contains 100 C.c. of air,
and the mercury stands in the tube 15 em. above the level in the outer
vessel, while the barometer stands at 75, find what would be the volume
of the enclosed air if it were at atmospheric pressure, also what will the
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volume of the enelO&ed air become when the wbe is rai8ed sufficiently
to make the mereury stand 20 em. high inside the tube?

9. A glass bottle containing 100 C.c. of air ftoaUl at the surface of a.pond
with ita open mouth downward. Tho bottle weighs 130 grm. and the
density of the glass is 2.6. If the barometric pressure is 75 em. of
mercury, how deep below the surface must the hottle be pushed that it
may just float in equilibrium, neitner tending to rise nor llink? Neglect
the weight of the enclO5ed air. Will the equilibrium be stable or un
stable and why1

10. What. force mUllt be exerted 011 the piston of a fome pump 3 in. in diame
ter t.o raise water 100 fL 1

PART ll.-FLUIDS IN MOTION

FIG. 119.

. , ,
•

212. Steady Flow.-Whcn a fluid is in motion if the pressure,
velocity and direction of flow remain unchanged at every point
in a certain region, the motion there is said to be steady. A line
drawn in the fluid so that at every point it is in the direction of the
flow at that point, is called a 8tream line.

213. ContinuItJ.-In case of steady flow as much fluid must
flow into any region as flows out of it in the same time.

Let the figure represent either an open c~.~nin~e~l~o~r~.~p~;pe; con-veying water. The total volume
of water crossing the section of ::=:C
A per second will be V8 cu. ft. per ~
second if the velocity is v ft. per
second and the cross section of
thc stream at that pointis8 sq. ft.
Il d represents the density at A, or the number of pounds ma.ss
per cubic foot, then vsd is thc mass of water crossing A per
second and similarly v's'd' is the corresponding mass. crossing B
in the same time, and therefore vsd = v'8'd'. This equation holds
for.the steady flow of any fluid whether gas or liquid. But for
liquids since the dcnsity does not appreciably ch&.nge during the
flow, we may take d = d' and so

V8 ""' v'8'

or the velocity is inversely as the cross section of the stream.
If at a narrow place in a stream the velocity is not correspond
ingly great, we roay be sure that the stream is deep at that point.
The extremely small cross section of a stream at the edge of a
dam is due its great velocity at that point.
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214. Momentum of LIquid Stream.-When a. liquid is in
motion each moving particle h&8 momentum and kinetic energy.

When 80 jet escapes through &11

opening in the side of a vessel
the pressure which gives the jet
its forward momentum acts at
thesametimeas& reaction press
ing the vessel in the opposite
direction. rr the orifice is free
to move backward it will do so,
88 in case of the device known
88 Barker's mill shown in the
figure. In case of the end of a
hose the rush of water &round a
curve will by its centrifugal
force tend to straighten the
hose. If the end is free it will
very probably swing over too
far, in consequence of its inertia,

FIG. 120.-Darkllr'B mill.- when it will be flung back again,
thus thrashing to and fro.

215. Turbine Water Wheellf.-The centrifugal force of a
stream 88 it moves by curved
guides is made use of 88 eo means
of obtaining power in turbine
water wheels. Such a wheel is
shown in section in the diagram.
The water flows inward toward the
wheel through the fixed guides,
which cause it to enter in the
proper direction, and then driving
the wheel forward &Qd sweeping
by the wheel guides BB, it escapes
at the center of the wheel. The
guides AA may be made adjust- FIG. 121.-Turbino water wheel

diajp"&m.
able 80 as to regulate the flow of
water. The entering water from the flume is conducted to the
turbine by &pipe which is kept constantly full, thus giving the
advantage of its pressure. The turbine may be set at the



FLUIDS IN MOTION 141

lowest level so that the water escapes directly into the tail
race, or it may be set higher if the water escaping from the
wheel enters a closed draft pipe which leads down tothetail water.

The sinking of the water in this draft pipe produces a suction
which increases the efficiency of the wheel. In the great 5000
H. P. turbines in use at Niagara the water enters the wheel
from below in such a way that the weight of the wheel
and shaft are almost exactly balanced by the upward pressure
of the water, making the friction in the bearings extremely
small.

216. EfIlcleocy of Water Wbeels.-When water flows from
one level down to another it loses potential energy. That pro
portion of the potential energy lost by the water which is trans
formed into useful work in a water wheel is called its efficiency.
It is clear that to be efficient a wheel must as far as possible let
the water down from the higher to the lower level without dash
ing, and the water escaping at the bottom should have little
velocity, its energy having been expended in useful work.

217. Various Water Wheels.-The old-fashioned overshot
wheel, taking water from the upper level and lowering it to the
bottom of the fall, uses the whole energy of the fall, but its size
and weight cause great frictional loss.

Where a small supply of water at high pressure is available,
some form of jet wheel is often best. Here the wheel is driven
at high speed by the force of a jet escaping against cups set
around the periphery of the wheel.

218. Hydraullc Ram.-The hydraulic ram is an appliance by
which a small quantity of water may be raised a considerable
height by using a small fall in a stream. The water is conducted
to the ram through a straight, smooth, inclined pipe offering
little resistance to the flow. At C is a valve opening downward
through which the water at first escapes; but as its speed in
creases, it catches the valve in its rush and shuts it. This sudden
stoppage of the stream causes a grea~ pressure at this end of the
pipe in consequence of the forward momentum of the stream,
and the valve d which opens upward is forced open and some water
driven into the pipe e. The valved then closes and prevents
any return of water from e. But with the sudden stoppage of
the stream the valve C if properly weighted rebounds and opens
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again, the stream again escapes at C with increasing velocity
until the valve is again caught and closed, when water is again
driven through the valve d by the hammer-like blow of the
column of water in A. The action is thus kept up indefinitely,
water being gradually forced up the pipe e until it may reach
many times the height through which the stream falls. The air

F~G. 122.-Hydllllllie ram.

A

FIG. 123.

chamber B is essential to the action of the ram as it presents an
elastic cushion with but little inertia, enabling the valve d to
yield instantly. At f there is a minute opening, the air sniff.
through which, in the recoil of the water, air is drawn in, main
taining the supply in the air chamber. If a hydraulic ram were

perfedly efficient, it would raise one-tenth of
the amount of water flowing into it through
ten times the height of the faU or one-half the
water twice the height Of the fall. But in

h practice the efficiency of a good ram is about
50 per cent.

Rams are now.made in which the supply
'8 pipe is as much as 4 ft. in diameter. In

~~~~;;J these rams the valve which arrests 'the flow
= is moved by a piston operated by water from

a small branch of the main pipe.
219. Velocity of a Jet.-While a liquid is escaping from a

vessel through an opening which is small compared with the
upper surface of the liquid, no change takes place within the
\Tessel except the gradual lowering of the surface or disappear
ance of liquid from the top, while a corresponding mass appears
outside in the escaping jet. If no energy is lost in friction or
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viscosity, the energy of 0. mass escaping at B must be the same
88 the energy of an equal mass at A. But since the potent.ial
energy at B due to gravity is less than at A the kinetic energy
at B must be correspondingly greater; that is, it must be great
enough to cause the escaping mass to rise from B to A when the
jet is directed upward.

If h is the height of A above B we have-
The difference between the potential energy of a mass in at

A and B .", mgh ergs.
The kinetic energy of ml.L88 m escaping at B with velocity

t' = ~mv! ergs.
Therefore

and
(I)

FIG. 124.

(2)

This velocity is the same as that which a freely falling body
would acquire in a distance h, a conclusion known as Torricelli'a
theorem.

TorriceUi's Theorem.-The t1tlocity of an escaping jet ia equal
to the velocUy which a body will acquire in/aUing from the level 01 the
upper surface to that of Ik opening.

The density of the liquid and direction of the jet do not affect
ita velocity.

When the prEESure alone is known, the height of the escaping
liquid required to produce the given pressure may be calculated
and then used in the above (ormula. Thus the pressure on the
level o( B is p = hdg in dynu; using this to eliminate h (rom
equation (1) we obtain

v" = 2p
d

220. Vena Contraeta.-The liquid sa it ap
proaches the opening moves in (rom all sides
along stream lines like those shown in the dia
gram. Liquid coming (rom each side has a
certain momentum toward the axis o( the jet,
hence the jet narrows and does not become cyl
indrical until just after it has le(t the orifice. A short cylin
drical neck o( the size o( the opening is (ound to increaae the
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quantity escaping per scoond, and if the nook IS somewhat
Bared out the flow is still greater.

221. Emux of Gascs.-The velocity with which 1I. gM escapes through
8 mall opening when the difFerence between the prefl8Uretl on the two sides
of the opening is p, is abo determined by Torricelli'lI.theorem.

•- {!j-.
Since for a given pl'e86Ul'C \he velocity of efflux is invcrtlely proportional

to the lIquare root of the density of the gu, the densities of gaI:IelI may be
compared by observing the times in which measured quantitiee eeeape
through a 6mall opening.

222. Energy Due to Prcssure.-When a liquid is foreed Into •
...euel apiust pressure, the worlt done i, equal to the product of the pre.
aut. by the .aluma of the liquid which is introduced. This expenditure
of work i8 not wasted in friction, but exista u energy in the IIUI.!I8, ready to
be transt'onoed into encIKY of motion if an opening allOWlJ the Ill" to
escape. The amount of this energy, since the volume of tbe maB8 m, equala

B,-~·

223. Energy Equatlon.--eoD8ide~r. small In&BB of liquid at a in the
veeeel sbown in the diagram; it is in equilibrium, and mr.y be moved without
offering any resistance from a up to the surfr.ee. Clearly there is no chan~

in its total potenLiaJ. energy aa it is moved from one pan ot the vtllllM'l to
another. At the top its gravitAtion potential energy referred to the eanh
is r. muimum, hut then it baa no energy due to pl"e8SW"e, while at a its gravi
t&tion energy is lees hut ita Pl"e8llUte energy is correspondingly «reater. It
A repreaenta the height of the mlUlll m above some fixed plane, say the surfr.ce
of the earth, its gravitation potential energy referred to that plane is mgh.

We have BOOn that its pressure energy is ~P; and if the mass is in motion it

will have kinetic energy Mrmo', and its tot&1 energy may be written

fA,l + mgh + .li"rmol - enerxY of mase fA.
U the stream is Bowing in conduita or channeb without doing work, the

energy of tbe mase will remain constant except aa it is wasted in in~mal or
external triction. The fact that in steady inotational motion of r. friction-

less fluid, the expression ~p + mgh + Hmv' remain.s con.stant for a little

ffiaes m 811 it moves along, is known ae BtrnOl.Illi.'8 Principu.
A. an illustration of the above equation, conceive the vessel A. in the

figure to be kept filled to a toD8t.ant level while the liquid is Bowing out freely
through the pipe D, and tallow the changes in the maee Wi. A. it moves
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D

c
8

FlO. 125.

downward II groWS 1_ and aD its gravitation energy diminishes while the
preeeure energy iDer el, fobe kinetic energy being lIC&roely changed; but
as it approaches the opening B it.!l velocity increases and consequently more
of ita energy is kinetic and le8IJ due \0 presrsure than at the same level farther
in the v-:l. the pressure at B mwt then be 1elm than at b. When it
reachell C its velocity will be lees,
and consequently the pre8llure
there will be greater than at B.
Throughout D the crosa section,
nnd conaequently the velocity, is h

conatant, and since it is all at the
same level the pressure mwt be
constant except IL8 influenced by
friction in the pipe.

224. Friction In Plpes.-Wben water eecape8 from a reservoir
through a horisontal pipe of uniform section, aa ob in figure 126, tohe velocity
will be the same at all pointe in the pipe, and J tMre ill 7W jridiQn the pree
8Ure will be coIl.!ltant throughout the lengt.h of the pipe and equal to the
abnOllpheric pres&lre at the end b. In that eMe the water will not rise in
&Ily of the gauge tubee shown. In practice, however, there is always lOme
friction in a pipe, and, therefore, a oonlltant e:w;peoditure of energy. But the
energy equation ill

E - ~p + mgh + }imll",

-.--
Flo. 126.

--

«

•

and if the pipe ill level and cylindrical h Rnd II cannot change, coneequently
if there is any decrease in E there must be an equal dccrea.llEl in the first

tenn ~p. and therefore, afall in f1NlMun. If the friction is uniform through-
out the pipe the preseure will
decreaae uniIormly, becoming
t:quaJ to the atm06pheric prelllUre
at the opening b. The height h
(see figure) which determines the
p~re at b when the opening ia
stopped up 80 that t.hern ia no
flow, ia called the preawn Mad.

b When b is open t.he head required
to produce the observed velocity of

eecape reckoned from the law f -...;'2iit; is called the HlocUy head. In the
above case it is h', and the remaining head (h - h') is spent in overcoming
friction.

The los8 of pre88Ure when waier ia flowing in pipes is a fact that has to be
OOnlltanUy taken into account in practice. The friction and consequent
loea of preesure, increase with the velocity of flow.

226. Pressure Varies with Velodty.-The fact just demon
strated that in a hori~ntal pipe of variable section tbe pressure
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c

B
FlO. 128.-Ghapman

exhaust pump.

Fro. 127.

will be greatest when the cross section is the greatest and velocity

least is S<l.....~~!e$jmL~<!.~mpo!tant that it merits a brief ex
amination from another point of view.

Consider a little mass of liquid at A (Fig. 127) where its velocity
is clearly diminishing. It is under pressure on all sides, but since
its velocity is diminishing the pressure backward on its forward

side must be greater than the
pressure on its left which
urges it forward. When the
mass reaches B, however,
its velocity is increasing,
hence the pressure behind it

which urges it forward must be greater than the pressure in
front which is opposite to its motion; the point of slowest mo
tion must therefore be a point of maximum pressure.

226. Aspirating Pumps.-The principle just established is
made use of in aspirators for exhausting air. Such an instrument
is shown in figure 128. It provides flo narrow channel through
which water flows with great velocity, the
stream widening out and moving slower be
fore it reaches the atmospheric pressure at
the open end. The pressure at the narrowest
point must then be very much less than that
of the atmosphere, and air is accordingly
drawn in through the side tube C and carried
out at B by the rush of water.

227. Ball on Jet. etc.-A jet of water or
even of air may support in stable equilib
rium a light ball. The explanation is that
a slight shifting of the -ball, say to the right,
would cause the main stream to rush on the
left, the velocity of flow would be greatest there, and there
fore, the pressure less. than on the right, and so the baU would
be pressed back again.

A card with a pin through it and laid over the open end of a
spool cannot be blown off by blowing through the spool because
the velocity of the air stream as it spreads out under the card is
least at the outer edge where it comes to the atmospheric pres
sure, the pressure nearer the center where the velocity is greater
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will, therefore, be less than that of the atmosphere and the card
will accordingly be pressed against the end of the spool.

Similarly a ball will be held in a cup by a jet escaping around
it, 88 in the ball nozzle used for lire h06e.

If 8. stream of air is directed between two sheets of paper they
are drawn together. So also leaves and other light objects are
drawn toward a moving train 88 it passes.

Problems
1. }i'ind the velocity of the stream of water in ll. pipe having a CfOSB eec

tion of 3 sq. in. and discharging 450 eu. H. of water per bour.
2. How much water will eacape per minute from a 2-.in. hole in the side

of a water tower 50 ft. high.
3. With what velocity will water spurt out of A hole in a boiler in which

the pressure is 80 lb. to the sq. in" in &ddition to atmospheric pressure?
t. The stream of water below a certain dam hllB a CI'OIl8 section of 10 sq. ft.

and a velocity of 5 ft. per see. Find the horse-power available if the
dam ill 16 ft. high.

Ii. What hOl'llo-power would be obtained from a 2O-ft. fall by a turbine
wheel of 80 per cent. efficiency, when the flow is 300 cu. ft. per minute?

e. If the water escaping from a turbine water wheel which ueee the water
from a IO-ft. faJl has a velocity of 6 ft. per llOO., what is the greatest
poeeible efficiency of the whcel1'

1. If tbe efficiency of a hydraulic ram is 50 per eent., how much water per
day will it raise to II. tank at a height of 100 ft. above the ram, when the
supply pipe has II. fall of 8 ft. and diacharges 1 gallon per minute?

8. While water iA Bowing with a velocity of 2.2 ft. per llOO. in a pipe 1 in. in
diameter the pre8llUre drope off from 70 to 10 lhe. per 1Jq. in. in a
length of 600 ft. Find the energy in foot-pounds spent in overcom
in&: friction per cu. ft. of water.

9. Find the hOJ'8&POwer spent in friction in the 500 ft. length of pipe
specified in problem So

10. Derive formulas (1) and (2) of 1219 for the velocity of an eacaping
jet, from the energy equation of 1m.

11. A horizontal water pipe of 1 sq. in. Cr068 aection widens out to a sq. in.
in fJeCtion. If the velocity iA 5 ft. per sec. in the D1UTOWer pipe and the
pressure 5 lhe. to the sq. in., what will be the pressure in the adjoining
part of the wider pipe? Ana. 5.14Ibs. per sq. in.

The pnMur, liVeD Ie g,,_ pr~......., or the u_ ..bove that of the atmoepbere. The
total or ab.olute pr_ure Ia II + 14.1 .. 19.7 lb•• per eq. in.

12. The nozzle of a fire hose has an opening 2 in. in diameter, while the
pipe jU8t back of it is 3 in. in diameter. Find the pressure just back of
the nozzle when it can tbrow a jet 60 ft. vertically upward.

Ana. 20.9 lhe. per sq. in.
NoU.-At the opening of the nOllle the pl'ellllure is that of the atmosphere,

or 14.7 Ibs. peT sq. in. absolute, while the velocity is found from the hei&ht
to which the water is thrown. Uae energy OQ.uation of 1223.



PROPERTIES OF MATTER
AND ITS

INTERNAL FORCES

STRUCTURE

228. Denslty.-On comparing a block of wood or aluminum
with an equal weight of lead or gold, it is clear that substances
differ greatly in the quantity of matter concentrated in a given
volume. The mass of any 8tWStance rontained in unit volume is
known a8 its density.

Demiliu of 8QI'IW SubstanceIJ in Grams per Cubic Centimeter

Sulids

Aluminum ..
Iron .
Tin. .
Copper .
Lead .
Gold .
Silver .
Platinum .
Brass .
Glass .
Oak wood .

2.7
7.2-7.8

7.'
8.8

11.4
19.3
10.5

20.5-22.0
8.3-8.6
2.5-3.5

0.84

Liquida

Mercury., ... 13.596
Sea water. . . . 1.026
Water at 4°C. 1.00
AlcohoL..... 0.8
Ether 0.72

Ga8u at O°C. and 1 Atm.
Air.. . . .. 0.001293
Oxygen.. 0.001430
Nitrogen. 0.001256
Hydrogen 0.00008988

229. Molecular Forces.-When a lead bullet is divided by a
clean cut, if the two halves are pressed together they will cling
with considerable force. This is an imperfect exhibition be
cause of poor contact of the force which originally held the two
parts together. This force is known as cohesion, or when the
attraction is between different substances it is known as adhesion.
A drop of water is held together by cohesion, but it clings to a
glass rod by adhesion.

230. Molecular Theory.-All matter is conceived as made up of
separate molecules which are the smallest portions of the sub
stances that can exist in 8, free state, as in gas or vapor. It is be

148
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Heved that the molecules of 8.ny particular substance are all alike,
and, in substances not !it the absolute zero of temperature, are in
more or less active motion or vibration, the energy of vibration
depending on the temperature. In 6Qlids the vibrating molecules
are held by their mutual attractions in 8uch a way that they can
not move far away from their mean relative positions. In
liquids the phenomena of diffusion, and the Brownian move
ment (§273), show that molecules move about in the mass, and are
not held in fixed positions relative to each other, though the foree
of cohesion may be very great. In gases or vapors there is the
greatest freedom of motion of the molecules, and their average
distance apart is much greater than in liquids or solids, while
there is scarcely any cohesion.

It is supposed that any two molecules or matter attract each
other, according to the Newtonian law of gravitation, with a force
varying inversely as the square of the distance between them for
all considerable distances, but when very near each other the
force of attraction varies with the distance according to some
unknown law, giving rise to the phenomena of cohesion and ad
hesion, until the molecules come into what is called contact, when
a force of repulBion opposes nearer approach.

The experiments of Quincke indicate that molecules must be
less than 5 X lO-t em. apart in order that the cohesive force may
be perceptible.

The idea that matter is molecular in its structure is supported
by a great variety of evidence founrt especially in the phe
nomena of beat, gases, and radiation, as well as in chemical
pbenomena.

z:n. Molecular EqulUbrlum.-The molecules of a substance
may be regarded as in a state of equilibrium under three forces:

-,~-,

FIG. 129.

external pressure, cohesive force, and an internal pressure,due to
the rebounding of adjoining molecules against each other as they
vibrate to and fro. This latter force may be considered. to bal·
&nee the other two.

-
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We may form a. conception of these forces by the following model. 1m·
n.gine a. row of small rubber balls drawn together by springs stretched between
them (li'ig. 129). Let two outer springs also press them together, and let
the balls be thought of as rapidly vibrating to and fro, rebounding against
elloch other, and 80 keeping a. greater distance II.part than if they were at rest.

The force of the outer springs represents the external pressure and that of
the springs joining the balls together the cohesive force,· lIoud these are
balanced by the repulsion due to the impacts of the balls against each other.

In solids and liquids the pressure due to cohesion is that which
chiefly balances the internal repulsion, the external pressure being
usually quite insignificant in comparison. -

But in gases the case is different. In consequence of the great
average distance between the molecules, the cohesion is so insig
nificant that the external pressure alone may be said to balance
the internal pressure due to the motions of the molecules.

This theory of gaseous pressure is more fully discussed in
§270 elseq.

232. Strueture.-When the properties of anyone portion of Ii

mass are exactly like those of any other portion, the mass is said
to be homogeneous. Whether a substance is called homogene
ous or' not depends on the point of view. One part of a brick wall
is just like another part, and so it may be said to be homogeneous;
but if we compare minute parts we find in some spots brick and
others mortar and so there is Ii limit to its homogeneity. So
water is regarded as homogeneous unless we are dealing with por
tions so small that the molecular structure is significant.

If the various physical properties of Ii substance are the same
in all directions throughout its mass, it is said to be isotropic.
Water, glass, and mercury are isotropic. Most crystalline sub
stances are not isotropic, and may be called anisotropic.

233. Crystals.-In solids which pass slowly into the solid state,
either directly from vapor or as the result of the slow cooling of a
fused mass or of separation from Ii solution, there are often formed
masses' called crystals which have regular and distinctive forms
and are bounded by plane faces.

The crystallization begins at certain isolated points and the
minute crystals gradually grow in size, until they may meet and
form a solid agglomeration.

• The spring_ representinl the cohea.ive 10'""" should be MIl~ived .. uertinl I... lor""
die IIl~ they ~ stretched, lor oohcaive force diwini.h"" ... partiel"" aepar..te.
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The study of the fundamental crystal forms has led mmer·
alogists to divide them into six classes or systems.

Some idea of the cause of the formation of crystals may be
obtained by considering the forms which may be built up of shot
when placed together so that each shall touch as many others as
possible. Suppose such a pyramid as that represented in figure
130, where one layer is incomplete; if we think of it as a 'growing
crystal in which the balls represent
the molecules and suppose it im
mersed in a medium in which
there are free molecules surround-

dency (or these to fill out the in
complete surface. for a molecule
will touch more neighbors when Do 30...0. I .
placed along the incomplete edge
than anywhere else, and so may be conceived to be more
powerfully attracted into that position. In consequence a
figure bounded by plane surfaces would result.

The piling of balls would give the crystal (orms characteristio
of the first or regular system, but to explain the variety of crystal
groups it is necessary to suppose that the molecules themselves
have properties different in one direction (rom what they have in
another, and that when built up into crystal forms tbey are all
similarly oriented or directed.

ELAsTICITY AND VISCOSITY

234. Stress and Straln.-When a portion of matter is acted
on by (orces tending to change its size or shape it is said to be
under strus, and the accompanying distortion or change in vol
ume is called the strain.

A stress tending to stretch any portion of matter is called a
len3Wn, while a stress tending to shorten it is called a pre88Ure.

Stress is measured by force per unit surface, as in pounds per
square inch, or in grams or dynes per square centimeter.

235. Strain EUipsold.-When a body is strained, a small
spherical portion of it is in general distorted into an ellipsoid, and
the axes of tbe ellipsoid are the three principal directions of strain
at that point.
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When the strain is the same everywhere throughout a body,
as in case of a stretched wire, it .is said to be lwmogeneoua. In
such a. case the strain ellipsoids are all alike and similarly situated,
as shown in figure 131-

When a fluid is compressed the strain is homogeneous and the
ellipeoids are spberes slightly smaller than in the unstrained state.

The distribution of strain in a bent beam is shown by the
ellipsoids in figure 132. The strain in this case is not homoge
neous and there is a surface of no strain indicated by the dotted
line.

236. Reslstanee to Straln.-A body is said to be ela8tic if
after having been strained it springs back to its original form
when the stress is removed. If the strass is the same for a given

o 0
o 0
o 0

o

FIG. 131. Fla. 132,

amount of strain whether the strain is increasing or diminishing,
the body is said to be perfecily elastic.

When strained beyond a certain point called the limil. of elastic
uy, substances yield permanently and do not return to theorigi:nal
state when the straining forces are removed. In this ca.se there
may be a great internal stress while the body is being strained, but
on a very slight diminution of strain the stress entirely disappears.
Putty, wet clay, and lead all exhibit this permanent distortion
under comparatively small forces and even when the strain is
small; while india-rubber is remarkable for the great strain which
lt can experience without passing its elastic limit.. It is said to
have a wide limit of elasticity.

Even within the limits of elasticity most substances show a
time lag in returning to their original state after having been
strained. Thus when a steel wire is firmly clamped at its upper
end, if the lower end is twisted through an arc well within its limit
of elasticity, the wire when set free returns at once nearly to its
original position, but creeps very slowly back through the re-
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maining distance. This lag is found in metals snd in gl~ but
quartz fibers are remarkably free (rom it.

237. Hooke's Law.-In smallstTaim 0/ elastu bodiu 1M alrua
ia proportional to. 1M &train. This is known as Hooke's law,
having been enunciated by him in 1676. According to this law,
a long spring when stretched 2 em. will exert twice the force
that it would if stretched 1 em., and the tension required to
stretch a spring' a small distance is equal to the pressure when
the spring is compreased an equal amount.

Careful experiment, however, shows that the law is not {':!':

actly true. Most substances offer slightly more resistance to a
given small compression than to an equal extension.

An illustration of this law is afforded by the ordinary spring
balance in which equal divisions of the seale correspond to equal
increments of weight. In this esse the elongation or compression
of the helical spring may be relatively very great, yet be<:suse
of its shape the distortion or strain of any little portion is ex
tremely minute and Hooke'slsw holds very nearly true.

238. Elastlclty.-1n elastic bodies the elasticity is measured
by the ratio of the stress to the corresponding strain.

El
.. stress, RStlClty = t . •

s ram

In bodies which are homogene<lus and isotropic there are two
principal kinds of elasticity, that in virtue of which the body
resists change of volume and that resisting change of shape.

The first is called volume elasticity and the second rigidity.
Volume elasticity is pollS ICd by all bodies, fluids ~ well as
solids, but rigidity is a characteristic of solids..

In some strains both of these elasticities are involved; for
instance, when a wire is stretched there is a sidewise contraction
as well as an elongation, so that the resistance to stretching
depends on both the rigidity and volume elasticity of the sub
stance. The elasticity of stretching or compression is SO im
portant In engineering that it has received a special name and is
known as Young's modulus.

239. Volume E1a8t1dty.-When a body is 80 strained that
every little cubical portion is compressed into a smaller cube
the corresponding stress must be a pressure equal in all directioDB.
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provided the substance is isotropic or equally compre86ible in
every direction.

This kind of stress is called hydrostatic pressure booause it
is the only kind of stress that can exist in fluids at rest.

The lIOlume elasticity or bulk modulu3 of a substance is the ratio
of the increase in pressure to the corresponding compression
per unit volume.

Thus this elasticity will be represented by

,E V I el ti"t pressure lDCrease = p
,.. 0 ume as ct y "'" change in unit volume .. VP,,

G

FIG. 133,-oel'8ted'!
piesometer.

where p is the ill(ltell.ll(l of pressure causing a contraction v in a
total volume V.

The volume elasticity a of solid may be
found bY8ubjecting a long bar or the sub
stance to hydrostatic pressure in a strong
tube having thick glass windows through
which its change in length may be ob
served by fixed microscopes.

240. Compresslblllty or Llqulds.

Liquids are, as a rule, somewhat morc
compressible than solids, buton the o€her
hand 80 great is their resistance to com
pression that for most practical purpot;es
they may be treated as if incompressible.

The compressibility of a liquid may be
measured by the apparatus shown in
figure 133, known asOcrsted's pUzometer.
In this instrument the liquid to be tested
is contained in a bulb of glass terminat
ing in a long narrow tube of uniform dia
meter, open at the end and carefully
graduated. This bulb A is surrounded
by water in a stout cylindrical vcssel of
glass and subjected to pressure by means
of a piston forced in by a screw. A

glohule of mercury in the narrow tube separates the liquid in the
bulb from the surrounding water, From the number of ecale
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divisions through which the mercury moves down toward the
bulb as pressure is applied, the apparent compressibility of the
contained liquid is determined, the relation between the volume
of the bulb and the volume contained in one division of the
capillary tube having been previously ascertained. Although
the pressure is the same on the outside of the bulb as on the inside,
its volume diminishes in consequence of the compression of the
glass of which it is made, so thaI. the experiment gives the differmu
between the oompressibility of the liquid and that of the glass
bulb.

A thermometer gives the temperature of the liquid examined,
&Od the pressure may be determined from the amount of com
pression observed in a tube M containing air and placed open
end downward in the cylinder.

241. Elasticity of Gases.-In case of a gas it is necessary to
distinguish between its elasticity when the temperature is kept
constant during the compression, and its elasticity when com
pressed. so suddenly that there is no time for the How of heat to
take place. The first is called isothermal elasticity and the
seoond adiabatic elasticity; the latter is always greater, being,
in ca.~ of air, oxygen. hydrogen, a.nd nitrogen, about lAO times
as great as the isothermal elasticit.y.

The illOthennal elallticity of a gas may be calculated from Boyle's law.
SUPp<llle the pressure is increased from p to p', the de<:rea.ae in volume will be
" - ,,' and we have

E-"P'-P,-,
But by Boyle's law fie - p'.', therclo",

aod

substituting in (1) we find

E - p'.

(I)

But the difference between p and p' ia suppoaed extremely smsIl, IiIO that
for gaM. kqJl at OOMCant tempmrture 1M rolu_ tkuticitJJ 18 equal 10 tile
",.t..UN:.
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(I)

Comp'..-ibil;lY Voh,,"e E1...tieily
SlIblct..."" Temp. io millioJl.~ 01

volume C.t-
Dy".. per MI. om. 1Lb-. pu<" oq. IDOhrnOllp ere

Steel. ............. ...... 0." 188.00 X 1010 27.00 X 10'
Gla38.............. ...... 2.44 41.00 X IOu 6.00 X 10'
Ateroury ........... 0' 3.00 33.00 X lOll 4.8 X 10'
Glycerin ........... "" 25.00 4.0 X lOll 0.58 X lO-
WaWr............. "" 4<1.00 2.2 X 101• 0.32 X lo-
Ether .............. ""

.
191.00 0.52 X 10" 0.07 X 10-

Air { Ai. nonnal } 1,000.(0).00 l.OOXIO· 14.7pressure

242. Rlgldlty.-lf a cylindrical rod or wire is twisted about
its axis without change of length it may be imagined divided

into sections of equal thickneB!l, in each of
A AI B 8/-'--f which there has been no change in volume

but simply a distortion or the little elements
of which it may be conceived as made up.

Take such a little bleck as that represented
in figure 134. If the base CD is firmly fixed,
a (orce F applied to the upper surface will

strain it into the position A'B', just as a thick book lying on "
a table may be pushed out of .shape by force applied to, the upper
cover. The strain in .this case is a pure distortion without
any change in volume and is called a 8hear, and the forces
bringing it about constitute a 8hem:ing stres8. The strain is
measured by the ratio or the displacement AA' or 2: to the hci~t

h, while the stress is the rorce applied per unit area; or if 8 is t:he

ares. or the upper surface of the block the stress is ~. The

rigidity n, or elastic resistance to distortion, may thererore be
expressed thus:

F
S - stress Fh

Rigidity,.,. n = = -
x . Sx

. h - stram

In case of a wire clamped at one end and twisted at the other,
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it may be mathematically demonstrated that the moment of
the force of torsion, T is expressed by the formula

1I"r4a
T = n2'f""'

where n is the coefficient of rigidity of the substance of which
the wire is made, r is the radius of its cross section, and, l its
length, while a is the angle (in radians) through which it is,
twisted.

By measuring the moment of force required to twist a given
wire through a measured angle, the coefficient of rigidity of the
substance of which the wire is made may be determined by the

_use of this formula.
Rigidity

SteeL •••...... 82 X 1010 dynC6 per sq. em., 12.0 X 10' Ibll. per sq. inch.
Brasa ','" ..38 X 10lo " "" ., 5.5 X 10'" " " "
Glasa 24 X 1010 " "" " 3.5 X 10'" " " "

243. Young's Modulus.-When a rod or wire is stretched by a
weight the elongation is very nearly proportional to the stretch
ing force, and exactly proportional to the length of the wire.
In this case the stress is the force per unit cross section and the
corresponding strain is the elongation per unit length. The

, elasticity of stretch for the substance of which the wire is made,
or Young's modulus, as it is commonly called, may be represented
by Y and is determined by the ratio

F
S = stre8S Fl

y =. =-,
, t' B,
l=sralU

where F represents the stretching force, e the elongation of the
wire, l it~ length, and S its cross section.

Young', Modultul

Copper 12 X lO" dynes per sq. em., 17 X lO'lbll. per sq. inch.
B~ 11 X 1011 " "" " 16 X 10'" " ,. "
Iron ,19 X 1011 " ,," " 27 X 10'" "" "
SteeL 22 X 1011 ., "" " 32 X 10'" "" "

244. Beams.-When a floor beam sags under a load the upper
part is compressed and the lower part stretched. But the re

~



•

158
•

PROPERTIES OF MATTER

&.stance to longitudinal stretching or coq:tpression is measured
by Young's modulus, so that the stiffness of 8. beam is proportional
to the modulus of elasticity of the material of which it is made.

In case of 8. boo.m supported at both ends and loaded at the
middle, the sag or deflectioD V at the middle is expressed by the
formula.

FI'
y = 4h3bY'

•
wh.e~ l is the length of the beam, b is its breadth, and h its
height, F is the load, and Y is Young's modulus for the material
ol the beam.

FrOm this it appears t.hat a beam having twice the breadth
of anallier would sag half as much, other things being equal,
while if its depth 1tere twice that of the other it would only sag
one-eighth 88 much. For this reason Roor beams are pl.aced on
edge, the breadth having but little influence on the stiffness
compared with the depth.

ZM•. V18~8It1.-Wben a solid is strained beyond ita elastic
limit the strain may go on increasing indefinitely at a. rate which

, depends on the stress to which it is subjected. Most metals
show a viscosity oC this kind when the distorting Coree is great
enough, as seen in wire drawing and in the making oC lead pipe.
A strip oC lead when stretched with a moderate weight will con
tinue slowly elongating year after year. A glass fiber Castened
at one end and having a small twisting Coree applied at the other
will twist more and more as times goes on.

But when a subetance yields continuously in this way to the
rJOlI amallut !MCU, &8 in case of tar, pitch, or syrup, it is said
to be a ui3cDua fluid. In such a fluid one layer slides over an
other with 8. velocity which depends on the.stress and on the vis
006ity, the slower the motion COt a given stress the more viscous
the substance is said to be. '

Viscosity may be considered a kind oC internal friction be
tween ·contiguous layers, and the energy spent in overcoming it----- - ...
appears as heat.

All known liquids and even gases are more or Jess viscomi,
and in consequence energy is spent in heat and there is Joss oC
pressure (§224) whenever a fluid flows through a long pipe.
The outer layers next the wall oC the pipe are nearly stationary
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in 8uch a case, while the velocity of 60w increases toward the
center or axis of the stream.

The usefulness of a lubricating oil depends, ~ong other
things, upon its viscosity.. If not viscous enough it will be
squeezed out of the bearing, while if too viscous it will offer need
less resistance to the motion.

The viscosity of a fluid may be determined from the time re
quired for a given quantity to escape through a lon,g tube of small

. diameter, or it may be found' by an, apparatus called a viscosi
meter in which a long inner cylinder is supported by a torsion'wire
in the axis of an outer cylindrical tube which can be rotated.
The space between the two tubes is filled with the oil or oJ,her
liquid to be rested and the torsion effect on the inner cylinder is
measured when the outer one is turning at a constant rate of
speed.

The visoosity of a substance depends on its temperature, and
it is noteworthy that heaJ.inJj a It"qw"d maku it le$1J viuolUj whiu
the opposite is true of gau8.

246. Energy Absorbed by Visooslty.-The ab&orption of energy
through viscOI:Iity is well shown by the following experiment, due to Lord
Kelvin (Sir Wm. Thomson).

Take two eggs, one raw and one bard-boiled, and suspend each like a tor
sion pendulum by means of a fine wire attached to a wire sling enclosing the
egg, the long axes of. the eggs being vertical; then give each egg a turn or two
and let it go. The boiled egg will continue oscillating for a long time, wbile
the raw egg will almost immediately come to rest. The oscillating motion
of the shell is 80 rapid that the inner layers of the raw egg Illip on the outer
oncs by their inertia, and the internal friction or visoosity of the en caUllCll

the energy of vibration to be l()lJt in heat.
This principle baa been applied by Lord Kelvin to prevent the violent

hinging of a mariner's compass, due to tbe motion of the ship. The com
pass box, hung on gimbals so that it can swing freely in any direetion, is
made with a double bottom, and the space between the two bottoms is partly
filled witb a viscous liquid, such as glycerin. After any disturbance the
glycerin flowing between the two surfaces of the box tranaforms the enel'lY of
motion into heat, and the box is promptly brought to rest. .

DIJo'FUSION AND SOLUTION

247. nl1rWllon.-lf a. strong solution of copper sulphate is
introduced by a. tube into the bottom of a. tall vessel containing'

1
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pure water, the denser blue solution will at first be sharply sepa
rated from the clear water above. By degrees the sulphate will
be seen to steal upward into the water until in time it will be uni-·
{ormly diffused throughout the liquid, just as a gas expands and
fills a vessel in which it is set Cree, though diffusion in liquids is
extremely slow.

Stirring a mixture of two liquids increases the surface through
which diffusion takes place and so greatly quickens the pro<:e88
oC complete mixture. When no diffusion takes place between the
liquids they will not mix.

:us. InterdlffuslOD 9f Gases.-Gases diffuse into each other
very Creely, as shown by the following experiment. Two globes
are connected together, the upper containing hydrogen and the
lower carbonic acid gas. In spite of the density of the carbonic
acid being 22 times that of hydrogen, it will diffuse upward and the
hydrogen downward till finally a uniform mixture will fill both
vessels. Each expands and fills the whole space 8.8 if it alone
were present.

249. Solution or SoUds in Llqulds.-Wben a solid is placed

l
in a liquid a certain a.mount will be dissolved, after which no
more will be taken up, and the liquid is S;&id to be saturated.
The per cent. that can be dissolved depends not only on the sub--
stance, but on the temperature, solubility usually increasing with
rise Vl temperature.

The volume of the solution is usueJly less than the combined
volumes of the two constituents and the process of dissolving is
often accompanied by a change in temperature.

Solution 0/ Liquith in Liquids.-Two liquids that diffuse into ..
each other may either mix in any proportion, as in esse of water
and alcohol, or one may only dissolve a limited amount of the
other. Thus if water and ether are stirred together at a tempera
ture of 10°C., the mass will separate into a lower layer of water
containing 10 per cent. of ether and an upper layer of ether con
taining 1~ per cent. of water. At 10°C. ether will dissolve any
amount of water less than 1}B per cent. and water will dissolve 10
per cent. or less of ether. As the temperature is raised water will
dissolve less ether, while ether dissolves more water. f

250. Solution or Gases In Llqulds.-80me liquids, such as .
. water, dissolve all gases more or less freely. When there is
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simple solution without chemical union the gas is absorbed mom
freely when the liquid is cold and is driven off when the liquid
is heated. Thll8 when water is hea~ the absorbed air escapes
in hubbies before boiling takes place.

The amount of gas absorbed by a given liquid is proportional to
the pressure. Soda water is charged with carbon dioxid gal! ,

under pressure, and when the pressure is relieved the gas escapes
in bubbles, causing effervescence.

The power of water to absorb various gases is shown in the
following table, the figures giving the volume of gas at one atmos
phere pressure absorbed by unit volume of water.

Abtor'Jll1'on of Gue. in WaUl'"

Ou I At O"'C. I At l5"e.

Oxygen•............. 0.049 0.030
Hydrosen........... 0.021 0.019
N~rogen............ 0.023 0.015
,.. bo' 'd 1.79 1.00var me a<:1 glUl ....

Ammonia............ 1140.00 756.00

251. Absorption of Gases in SolldH.-eertain porous 80lide
ha.ve a. great power or absorbing gases. Boxwood charcoal will
absorb 90 times its volume of ammonia and 35 volumes of car
bonic acid gas. This absorption seems to be due to the conden
sation of a layer of gas 00 the surface of the body.

It is by the condeoSlLtion of a surface film of gas over a body
that the so-called Moeer's breath figures are explained. If an
engraved die lie for some time on a polished plate of metal or
glass, on removing the die and breathing on the plate the engraved
• •linage IS seen.

Platinum in the porous state, known as spongy platinum,
absorbs hydrogen gas 80 powerfully that if placed in an escaping
jet of hydrogen the heat developed by the condensation is suffi
cient to ignite the jet.

There is what seems to be a true solution or gases in BOrne solids
disoovered by Graham and called by him occlusion. By heatin~

iron wire and then allowing it to 0001 in an atmosphere of hy
drogen, it was found that it occluded 0.44 times its volume of the
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p~ure.

gas, while platinum occluded 4 times its volume 01 the same gas.
H. is probably in consequence of this that hydrogen readily dif
fuses tbrough iron and platinum when they arc red-bot. The
most remarkable substance in this respect is palladium which
absorbs 960 times its own volume of electrolytically developed
hydrogen and at the same time expands about 7(0 of its volume.

262. Colloids and Crystallolds.-lt was found by Graham that
a diaphragm of parchment or bladder would allow certain su~

stances in solution, such as salts, to freely diffuse through it, while
otheF substances, such as albumen, starch, gum, glue, or gelatin,
could not pass through or only very slowly. He was led, there
(are, to divide substances into two classes, crystalloids and

colloids (from the Greek word for glue), which
could be separated in this way.

2053. Osmotic Pressure.-If n. strong 80lu-
tion of sugar or glucose is placed in a vessel
opening above in a tube and closed at the
bottom wit.h a membrane, such as a bladder,
and if the whole is set in a vessel of pure water,
diffusion of water takes place through the
membrane, and the solution accordingly rises

Fr:a. tss.--<>amotie
in the tube until the pressure of the solution
in the vessel is sufficient to prevent any more

water from entering. The increase pressure in the interior when
equilibrium is reached is known as the Qsmotic pressure of the dis
solved substance.

Such a membrane, however, is not lUited for mlla4UrtmtnLt of osmotic
pre8l!Ure, for sugar diffu8e$ through it to lOme erlent, though not lUI rapidly
&II water, alao it 1acb tbe strength and rigidity needed to IUpport tbe pres.
lJUre developed.

Pfeffer showed how to form by chemical mea.tlll within the lUblrt.ance of a
porous earthenware cup or cell, a membrane which was entirely impervious
to sugar in solution while it freely transmitted water. A_l~
membrane formed in this way bas great mechanical IJt,rength, and H. N.
Morae who haa greatly improved the Pfeffcr cell hllJl been able by itll meanl
to mellJlure Oflmotic preasuree llJI high llJl 28 atm08phcTell,.or 400 lbs. per llqu&re
inch.

Investigation showe that OIlmotic preseure is proportional to the number 'of
molecules of the dissolved eubst.8ncc in 1 gram of solvent, and when aquCOU!
IIOlutions of different subatanceJ have equal 06motic pressures, the number
of molecules of diseolved substance per ,;ram of pure aolvent ia tbe 8&lDe in
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one as in the other, just 11.8 equal volumes of different gases lit the Mme
temperature and pressure contain equal numbers of molecules (Avogadro'.
law).

CAPfi,LA1UTY AND SURFACE TENSION

254. CapUlarlty.-Under this head are grouped a number
of phenomena depending on the (orce of cohesion at liquid sur
faces. Some of these are the upward curvature of the surface of
water where it meets the side of a glass vessel, the clinging together
of light bodies floating on the surface of water, the forms of drops
and bubbles, and the rise of liquids in fine bair-like or capillary
tubes. (Latin Capillus, a hair.)

To understa!1d these phenomena we must first examine how the
conditions at the surface of aliquid differ from those in its interior.

2M. Surface Tenston.-lf a mass of olive oil is floated in a
mixture of alcohol and water of the aarna density as the oil, it will
gather itself up into a spherical ball. Draw it
out by means of a g1a88 rod into any long or
irregular shape, and 88 soon as it is left to
itself it returns to its spherical form, exactly as
if covered with an elastic skin. When a camel's
hair brush is immersed in water the bristles
stand apart as freely as in air, but when it is
withdrawn they cling together by the contrac
tion of the surrounding water surface. Wet
threads cling together when drawn outof water.
So also a drop of mercury resting on a table is
drawn up into a smooth rounded ma88 by the Flo. 136.-Wat.er

hammer.
contraction of the surface, in spite of the
weight of the mercury which tends to Batten it out.

2&6. Cause or Surface Tenslon.-That the particles of a
liquid attract each other and are held together by a stroD.@: force
of cohesion II!Sy be shown by the water hammer, which is a bent.
tube (Fig. 136) partly filled with water from which the air has all

. been boiled out, the tube having been sealed up while boiling so
that it contains simply water and its vapor with scarcely any air.
The absence of air causes the water to strike the end of the tube
with a sharp metallic click when it is shaken, hence its name. If
the water is all run into one arID: of the tube, completely filling it,
and is jarred into good contact with the sides of the tube, it may
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FJa. 138.

Flo. J37.

.---~
----

---~-

then be held in the position shown in the figure and tbe water will
remajn in the full arm in spite of the fact that the pressure of the
vapor in theother branch is quite insufficient tosustain theoolumn
of water; for if a slight jar is given to the tube, the liquid sinks to
the sa.me level in each branch. In this case the column of water
is sustained by clinging to the walls of the tube and by the cohe
sion of one particle to another, and it is under negative pres
sure or ten8ion as much as is So rope supporting a weight.

But this force of cohesion can be de
tected only between particles that are
exceedingly close together.

The small distance within which all
those particles lie that have any sensi
ble attraction for a given particle may

be called the radius of the sphere of molecular attraction. II the
spheres of action are represented by the circles about A and B, itia
clear that the par:ticle at A is in equilibrium, so far 88 the cohesive
forces are concerned, being equally drawn in all directions, while B,
which is nearer to the surface than the radius of the sphere of
action, has the downward attraction of liquid below the line ab
balanced only by the upward attraction of the medium 'above the
liquid surface. If the latter is a free surface with air or vapor
above, the downward attraction will
be in excess and the tendency is to
drag particles away from the sur·
face and into the interior of the
liquid. In consequence of this the
surface tends to contract. If the
upper surface of the liquid were in contact with a substance whose
attraction for the particle B was greater than that of the liquid
below ab, the upward attraction would be in excess and the
surface would tend to enlarge. Thus a drop of oil on a clean
glass plate will spread 01J,t over the whole surface of the glass.

Some idea of the size of the spheres of attraction may be formed
from the study of soap films.

Let figure 138 represent a section of a soap film in which the
circles indicate the spheres of attraction. Particles in the middle
of the film, between the two dotted lines, are farther from the

. surface than the radius of the sphere oJ action, and no change in
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the contractile force of the film is to be expected so long 88 the-two
surfaces are thus comparatively independent of each other, but if
the film is made thinner than the diameter of the sphere of action
.Ito change in the tension of the film is to be expected. Such a
ehange--a sudden decrease in tension-is observed when the
thickness of a soap film is about 100 millionths of a millimeter,
indicating that the radius of the sphere oC action in the soap
solution is about 50 millionths of a millimeter.

267. Measure or Surface Tenslon.-Tbe surface tension of a
liquid is the force with which the surface on one side of a line
.one centimeter long pulls againstthaton the olherside cfthellne.
Thus it is the contractile force which a square centimeter of
.surface (Fig. 139) exerts on each of its bounding sides. In the
diagram the arrows marked T indicate the outward forces due to
the tension of the surrounding surfaoe required to
balance the contractile force of the surface inside
the square.

us. Surface Energy.-H a strip of surface one
centimeter wide is made one centimeter longer than

fi h ·1 FlO. 139.at rat, t e work done is measured by the contracti e
force or surface tension Tmultiplied by the distancethatitisdrawn
out. Thus if it is drawn out onc centimeter, increasing the area
of the surface by one square centimeter, the work expended is
T ergs. This work is stored up as energy of the surface and is
expended when the surface contracts. Particles of liquid near
tbe surface have thus more energy tban particles in the interior,
and the increase in energy in ergs per square centimeter of sur
face is numerically the same as the surface tension in dynes per
linear centimeter.

The following table gives some values of surface tensions at
ZOOC.

Sur/au Tmrwna in Dyne, per C",i~

Sut»aoae I Air I W.ter IMer<:url'

Water., ........ 73.5 ......... 1 412
Men:ury....... 539.0 412.0 .........
Olive oil. ...... 34.3 20.6 335
Alcohol. ....... 24.5 ........ . .........
Ether.......... 17.6 ........ . .........
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The tensions just given are for the interface between the sub
stance at the top of the column and the ODe at the side.

2.59. Variations or Surfaee TeD8Ion.-The surface tension of a.
liquid depends on temperature, in general being less with higher
temperatures i it is also in case of water greatly affected by im
purities. Pour So little water into a Bat-bottomed porcelain tray,
but not quite enough to cover the bottom. If a few drops of
alcohol are added at any point, the water will rush away (rom that
spot in every direction leaving the porcelain surface bare. If a
drop of ether or alcohol is held near the surface of clean water on
which lies some lycopodium powder, this will be dragged away
from near the drop. The surface tension of the liquid is weak
ened by alcohol and even by the vapor of alcohol or ether and the
surrounding uncontaminated liquid with itsgreater surface tension
contracts and draws the other after it. In thesame way arc to be
explained the lively movements that are noticed when minute
fragments of camphor are dropped on clean water. The surface
tension is weakened by the impurity at. the first point of contact
and as the liquid is drawn away from that point the camphor

also moves, leaving a. trail of contaminated
surface behind it.

260. Pressure Due to Surface Tenslon.
The contractile force of a curved surface pro
duces a pressure inward on the concave side.
Let the figure represent a drop of water which

Fla. 140. we may imagine free from gravity. It will at
once assume a. truly spherical form and the

liquid will be under pressure in consequence of the tension of the
surface.

To determine the amount of this pressure consider the drop as
in two halves separated by the plane abo All around the circum
ference of this section the surface tension is pulling the two halves
together. The amount of this force will be 21rrT if r is the
radius of the drop and T the tension.

But this force is balanced by the pressure of one-half of the
drop against the other. Calling p the pressure per square cen
timeter, the total pressure is 1rrt p. But since these two forces
ba.lance we have .

21fTT = 1fT'p;
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FiG. 141.-Contad angle.

Notice that this pressure increases as the size of the drop dimin
ishes, and in a water drop one-hundredth of a millimeter in diame
ter it amounts to 150 grams per square centimeter.

This same expression gives the pressure, due to surface tension,
of the air or vapor inside of a bubble in a mass of liquid.

In a. soap bubble there is a thin film of the soap solution having two BUT~

faces to be considered. Each of these has contro.ctile force and consequently
the t{)ml pressure illl'lide of the bubble is

2T 27'p--+-'
TI 11

where TI and rl are the mdii of the outer and inner surfaces of the bubble,
respectively. Since these radii are practically equal, we have

4T
p --",

261. Contact Angle.-When a clean plate of glass IS dipped
into water the liquid rises in a curve
against the glass. The free surface of
the water is here enlarged in spite of
its contractile force by the expanding
force of the surface of contact between
the water and glass.

This expanding force or negative
tension is due to the great attraction
between the water and glass, as ex
plained in paragraph 256. Let E represent the amount of this
expansive force or negative tension of the surface between water
and glass, and let T represent the tension of the water surface.
Then it is clear that the liquid will rise until the upward and
down~ard forces are in eq~ilibrium; that is, until E = T COB x.

The particular angle x at which equilibrium takes place is
known as.the contact angle for the two substances involved. In
case of kerosene oil and glass E seems to be greater than T, and
hence there can be no equilibrium, the angle x becomes 0", and
still the edge of the oil creeps up. It is in this way that a film of
oil spreads over the whole surface of a glass lamp.
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The case of mercury and glass is different, the mercury curves
dcum instead of up at the line of contact and the angle x is about
140°, indicating that the surface between mercury and glass has a
positive tension, or contractile force.

262. "Rise In Capillary Tubes.-If a large glass tube, l;>aY, 2
in. in diameter, is introduced into water, the water rises
around the edge on the inside until the weight of the water raised
above the original level is just equal to the total upward pull of
the contracting surface. This upward pull is equal to the tension
per unit length multiplied by ,the inner circumference of the tube
or 211"rT, where r is the radius of the tube and T the surface tension.

If small tubes are taken the weight of liquid required to balance
this force cannot be secured without raising even the middle of the
liquid above the original level, and the smaller the tube the

greater the height to which the liquid will
rise. Let h represent the average height of
the column, then r"'rrh = the volume of liquid
raised; and if d is its density, its weight in
grams will be r21rhd and its weight in dynes
r21rhdg, and this is equal to the sustaining
force 211"rT.

211TT = r 21rhdg,

2Th --.
- rdg

FIo. 142.-Rise in eapi\.
lp,ry tube. Hence the height to which liquid rises in

a capillary tube varies inversely as the
radius of the tube, a relation known as Jurin's law.

Of course if the contact angle is not zero, we must write
T cos x in the above formula instead of T.

The pressure within the liquid in a capillary tube is less than
the atmospheric pressure at all points above the level surface of
the liquid in the open vessel, decreasing according to the hy
drostatic law, toward the top. The curved surface at the top
exerts a back pressure against the atmosphere equal to the pres
sure of a column of liquid of the height h.

The height at which a liquid wiU stand in a capillary tube is
independent of its slwpe, depending only on the size of the tube at
the point where the curved rnrface or meniscus stands.
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A liquid cannot rise and overflow the top of a capillary tube,
however short it may be, for as it reaches the top the curvature of
the surface changes, becomir.l.g less until its upward pressure is
just balanced by the column of liquid below. .

The rise of oil in lamp wicks and of sap in vegetable fibers are
familiar instances of capillary action.

263. Depression of Liquids In Tubes.-In cases where the
contact angle is greater than 90°, as between mercury and glass,
the surface of the liquid is rounded upward in a small tube and
the level of the liquid is depressed. In this case the surface
being concave downward produces a downward pressure. Thus
in a barometer the mercury column stands lower than it would
normally do unless the tube is so large that the center of the
column is sensibly flat. (See §192.)

264. Eflect of Curvature or surraee.-In a conical tube a
drop of water will be concave outward at both ends, but since the
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smaller surface has the smaller radius of curvat~re, it will exert
the greater pressure against the air and the drop will move toward
the small end of the tube, while a drop of mercury which rounds
outward at both ends will be driven toward the larger end (Fig.
143). Consequently a drop of mercury will be in stable equili
brium at a widening in a narrow tube, while a drop of water will
seek the narrowest point (Fig. 144). .

If a capillary tube. is connected at the bottom with a larger
vessel of water (Fig. 145), when the water in the large vessel is at
A, level with the top of the capillary tube, the surface of the
water at E is fiat.· If the level is raised to B in the large vessel,
the surface at the end of the capillary tube will round up, taking
exactly the curvature necessaor to balance the hydrostatic pres-
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Flo. 147.

sure due to the height of B above E. On the other hand, if the
level is lowered to C the surface at E will become concave with a
curvature that will give an upward pressure equal to that of a
column of water from A to C.

When a narrow glass tube is dipped in water and withdrawn a
short column of water will be held in the lower end, the lower con
vex surface acting together with the upper concave one to sup- .
port the liquid.

266. Small Floatlnl' BodIes.-When a Boating body is wet
by a liquid, the liquid rises around it and drags it down by the
weight of tbis raised mass. So a hydrometer with a glass stem
around which the liquid rises will sink lower than it. otherwise
would.

Around bodies which are not wetted the liquid curves down,
and consequently the body is buoyed up by the weight of the

liquid displaced in consequence of the curva
ture. For instsnce, if a clean needle is laid
esrefuUy on water it will Boat. The liquid is
bent down -where it meets the needle and

therefore the volume of water displaced is much greater than the
volume of the needle itself and so the weight of the displaced
water may be equal to the weight of the needle.

266. Attraction and Repulslon.-When the liquid rises around
Boating bodies they are drawn together as soon as they are near
enough for the curvature of the surface due to one to affect the
other. Notice how small Boating pieces of wood or cork cling
together as BOOn as they are wet, 80 also bubbles in a cup of cocoa
cling together, and are also drawn to the sides of the cup where the
surface curves up.

If the cup is filled to the brim and enough added to make the
surface curve down slightly at the edgel!, the bubbles will at once
rush away from the edge.

Bodies which are not wetted and around which the surface
curves down are also drawn together, but are driven away from
bodies around which the surface curves up.

267. EJ:plsnstion of Attraction of Floating Bodles.-When two
small .floating objects are both wetted the liquid rises higher be
tween them than it does on the ouwde, as shown in the upper part
or figure 148, and since the pressure at any point in the liquid



SURFACE TENSION 171

higher than the level surface is less than the atmospheric pressure,
the pressure on the outside is greater and they are forced together.

In the second ease the liquid stands higher around the floating
bodies on the outside than it does between them, and since the
pressure in the liquid at points below the level surface is greater
than the atmospheric pressure, they are pushed toward each
other in this case also.

But when the liquid wets one and not the other,~
the surface is lowered on the inside of the wetted -=-4n-..01_;u;;T

one and raised on the inside of the other 80 that~
in each case the pressure on the inside is greater·~=c.,-- _ =
than on the outsid~ and the two are urged apart. --=_.,;--0,.._

268. Soap FIlms.---80me most interesting _n~
illustrations of surface tension are found in the~
phenomena of soap films. When a loop of thread ---

Flo. 148
isJaid on a soap film formed in a wire ring and
the film is broken inside the loop, the latter will be drawn into an
exact circle, for it is pulled equally in every direction by the con
tracting film. And this circular loop may be moved from one
part of the film to another without changing shape, showing that
the tension does not depend on the width of the film.

10'10. 149.-Loap in. map film.

If wire frames forming the outlines of cube, tetrahedron, or
cylinder are dipped into a soap solution and then carefully with
drawn, symmetrical figures of great beauty are formed by the
films.

By blowing a bubble between two rings and then drawing the
rings apart until it becomes cylindrical, the ends will be seen
to bulge out, showing that the air within is under pretl8W'e, and
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the radius of curvature of the spherical ends will be found to be
twice that of the cylindrical surface. Why is this?

289. EqulUbrlum of Cylindrical Film and Formation of Drops.
If such a cylindrical film is short relative to its length, it is in stable
equilibrium; but if it is longer than its circumference, it is un
stable and will collapse at one end and bulge out at the other
because by so doing the surface will become smaller. This will
result in its breaking into two bubbles, a large and a ·smallone
(Fig. 151), with So very small one between them; a result which is
of interest, beCause it illustrates why a thin jet of water breaks
up into drops. Imagine a thin cylindrical jet escaping from a
vessel of water. It is under pressure sidewise from the contrac-

--§,,o ,,,,
Q
o
g

o
o
o

o
o

()
o
g

FlO. 151.-Breaking or ull$w,blc
cylindrical bubble.

FlO. 152,-Jet breaking
into drop&

tile force of the surface, but since it is long enough to be unstable
it yields, becoming first undulatory, as shown ~n the upper part
of the figure, then finally breaking up into alternate big and little
drops which are elongated when first separated and vibrate from
this to the flattened form, finally settling down to spherical shape.
These details were first made out by Savart; they may best be
studied from photographs made when the stream is instantane
ously illuminated by an electric spark.

Problems

1. Find the diameter of a drop of water in which the pressure ill twice tho
atmospheric pre8llure on its surfa.ce, taking surface tension 01 wu.ter as 14
dynes per 'em.
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2. Two flat glass plates, 10 X 10 em., placed face to face in a. vertical posi
tion and separated only by bits of tinfoil, have the lower edges immersed
in water which rises and fills the space between the plates. Find how
much less the average pressure is between the plates than on the outBide
and thence find the force with which they are pressed together.

3. In ease of a soap bubble 5 em. in diameter, how much greater is the pres
sure within the bubble than without? Take surface tension 70 dynes
per em. Give answer in dynes and also in grams per sq. em.

f. A glass hydrometer having a stem 8 mm. in diameter f10atlf in water.
With what force due to surface tension of water wetting its stem is it
pulled downward ?

fl. How much deeper will the hydrometer in the last problem sink than if it
had floated in a liquid of the same density that did not rise on its stem?

Ans. 3.8 mm.

KINETIC THEORY

270. Kinetic Theory of Gases.-It was shown by Daniel
Bernoulli (1700--1782) that the pressure of a gas could be best
explained as due to the impacts of its molecules against each
other and the walls of the vessel. In recent years Clausius and
Maxwell especially have developed this theory, showing that the
characteristic properties of gases are in harmony with it, and it
is now generally accepted as giving a true conception of their
structure.

In this theory it is assume~(J;hat the molecules of gas are
constantly striking against each other or the walls of the vessel
and rebounding.tt}Vhen two molecules approach each other, at a
certain distance they experience a repulsive force which increases
as they come nearer until further approach is stopped by the force
and they are repelled apart or rebound. The distance between (
their centers when they are nearest together and about to re-- L,...
bound is called the diameter of the molecule. The molecule
on rebounding soon gets out of the influence of the other and
then flies in a straight line until it meets another from which it
rebounds, either directly or glancing off sidewise, changing both
its own motion and that of the-molecule against which it strikes,
and so it continues its path zig-zagging about. The average
distance that a molecule travels between two success.ive impacts
is called its mean free path. The velocity of a particular molecule
is doubtless changed at every impact not only in direction, but
in amount, sometimes increased and sometimes diminished, but
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(2)

there is no 108s of energy on the whole; whatever one molecule
loses the one impacting against it gains. The average kinetic
energy of the molecule, and consequently its average velocity,
remains unchanged unless energy is in some way communicated
to the gas (rom outside.

271. Pressure of a Gas.-An expression for the pressure of a
gas may be deduced in an elementary way b~eglecting the size
of the molecules and their impacts against each other and con
sidering each molecule as rebounding only from the walls of the
vessel. Imagine a cubical vessel one centimeter each way, and
for simplicity conceive the whole number of molecules N con
tained in it to be divided into three equal groups, one group
rebounding between the sides AD and Be and producing pressure

against them, the other groups being directed
/ i {.. against the other p&irs of sides. If V js the''i:'+=1! velocity of a molecule, it will strike against the
/~)..---I; C sid£UQC once every time thp.t it.tt\vels across

the v'~ssel and back again~ ti'm:tance of 2 ems.
FlO. 153. The number of impacts per second of one molecule

against the side BC will therefore be ~. The momentum of

the molecule before~~ct is m V toward the side, after impact
it is mV in the opposite'{iirection; the total change in momentum
of the molecule in one impact is 2mV where m is the mass of the

molecule. But there are: impacts per second, so that each

molecule in rebounding from one side experiences a change of

momentum per second 2mV X : = mV2 and since the whole

number of molecules impacting against the side BC is ~ the totat

change in momentum produced by that silk in OM seamdis MNmV2,

and this is, therefore, the force against the side. But since the
side BC has unit a~theforce againstit equals the pressure, hence

p - ~NmV' (1)
where p represents the pressure of the gas.

Now, the product Nm is the total mass of gas in one cubic centi
meter, or its density d, and hence:

~ ~ ~V'

--
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MaxweU'" Law.-lt has been shown on mechanjcal grounds,
by Maxwell and others, that when two masses of gas are at .
the same temperature, the average kinetic energy of a molecule
of the ODe is equal to the average kinetic energy of a molecule
of the other.

That is
Mm,V.' - 72f11·,V,1 (3)

where ml and m, are the masses of the molecules of the t.wo gases
and VI and VI are their velocities.

Bqyk'8 Law.-According to the law just. stated the kinetic
energy or the molecules in a mass of gas is determined by its
temperature, and hence V changes only when the temperature
of the gas changes. Formula (.. ) above, then, is in a&n~m.rn.t(

C~ith Boyle's law and expresses the fact that the pressure of a
-"s-is proportional to its density when the temperature Js CODstant.

This formula may be used to calculate the average molecular
velocities. giving as follows:

.J "

.. ""

Mean VdocilV 01 Moleculu ill CaM:I at O"C.
Hydrogen 1&43 meterll per !lee.

N" "2 " ""ltrogen .
Oxygen 481
Carbon dioxide 392 ..

Arwgooro'a Law.-When two different gases have the 8ame
pressure we have by equation (1)

~NlmlVl' = JiN,m,V,' (4)

If the two ma.sses of gas are also at the 8ame u,npeTalure,
we have by (3)

)imIV1"= j,i"mI V,'
and combining the two equations we find

(5)

N I -= N,;

that is, the number of molecules per cubic centimeter is the same
in aU gases at the same temperature and pressure. This is
known as Avogadro's law, and was reached by him from purely
chemical considerations.

272. Moleculal' Magnltudes.-The number of molecules in a
gas at one atmosphere pressure and O"C. is found to be 26.5 X lOll
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per cubic centimeter, or 434 m.Hlion million million per cubic
inch. Several different methods lead to approximately this re
sult, but the most accurate determination is by an electrical
method to be explained later (§614).

The mean free path or average distance that a molecule travels
before striking against another may be deduced by the kinetic
theory when the viscosity of the gas is known.

Also by several different lines of reasoning that cannot here
be discussed the effective diameters of gaseous molecules have
been approximately determined.

,

Molecular Magnitudes in GaIfflIJ at Al=pheric Presaure and O"C.

Diameter of mole-
OQ MOIJ>. free path eule in rnilliontlul Number per c.e.

of. millimeter

Nitrogen ........ .0000098 mm. 0.28 26.5 X 10' X 10" X 10'
Hydrogen ..... , . .0000185 mm. 0.21 " " " "
CHroon dioxide' .. •()()()()()68 mm. 0.37 " " " ..

•

•

The numbers representing thc diameters must be regarded
as only approximations to the truth, but which doubtless ex
press the true order of magnitude, being probably neither 10
times too large nor too small.

In case of nitrogen at atmospheric pressure the mean free
path is about 13 times the diameter of the molecule. More than
one million such molecules in a row would be required to make a
length of 1 mm. Lord Kelvin has estimated that if a drop of
water were magnified to the size of the earth, Hthe structure
of the mass would thcn be coarser than that of a heap of fine
shot, but probably not so coarse as that of a heap of cricket
balls."

273. Brownian Movement.-The English botanist Brown in
1827 on observing with the microscope very fine particles held
in suspense in a mass of water, discovered they were in constant
irregular motion, and the smaller the particle the more lively was
the motion observed., It is a spontaneous motion that never
ceases, and is believed to be caused by the incessant motion of the
molecules of the liquid, which bombard the particle on all sides
driving it hither and thither.
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The French physicist Perrin has made & careful study of this
phenomenon using an emulsion in water of exceedingly fine
grains of mastic. He finds by exact measurement of the dis
tribution of the grains and the amount of their motions that they
distribute themselves just as should be expected from the kinetic
theory, and even deduces by inference from his mea.surements
the number of molecules in a cubic centimeter of gas under stand
ard conditions, finding 30.5 X lOtS, in good agreement with
determinations by other methods.

_&lop Bubblu, C. V. DoTS.
BToumianM~ (1MM~ RttU«Y. J. PERRIN. translated by

F. SoDDY•

•



WAVE MOTION AND SOUND

SURFACE WAVES

FIG. 154.-orlgin Qf a water wave.

2,

I,

274. Wave Motlon.-The phenomena of wave motion are
perhaps most easily grasped from the study of water waves.
Looking upon a series of waves coming across a smooth lake
from a passing vess.el, we notice the steady advance of a definite
form of motion, having a velocity which is quite independent of
that of the vessel, and carrying energy, for the water in a wave
is in motion and has kinetic energy.

The water over which the waves have passed is lett calm,
and if a floating cork is observed it will be seen to rise and move
forward with the crest of the wave, then sink and move back
ward in the trough, repeating the motion with the next wave,
and coming to rest in its original position when the disturbance

has passed. The motion of the cork,
which is that of the water in which it
lies, shows that the wave does not
carry along with it a mass of water,
but that the motion and energy are
passed along from one mass of liquid
to the next.

A wave may be defined as a form
or configuration of motion advancing

with il finite velocity through a medium.
By means of waves energy is transmitted, being passed along

fram one part of a medium to the next by the interaction of adjoin
ing parts.

276. Origin of a Series of Water Waves.-When a stone is
dropped into a smooth pond, water is carried down by the
motion of the stone, as shown at A, figure 1M, and also thrust out
in a ridge at B; beyond C the surface is undisturbed. Then it
begins to rush back toward A from the surrounding parts and
B sinks, at the same time the forward part of the wave between
Band C is urged forward, in part by its forward momentum

178
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FIG. 155.~Motion in "simple oscillatory water wave.

I
-0-

and in part by the pressure. The rush toward A does not stop
when A has risen to the level, but continues until the kinetic
energy of the flow toward A is spent in heaping up water at A
at the expense of the hollow at B, as shown in 2, figure 154.
Thus there are set up oscillations at A, the energy of which is
gradually spent in sending out·waves. Each wave take8 with it a
certain definite quantity of energy which remains with it as it
advances.

:no. Motion In a Water Wave.-In a series of water waves
the motion of the particles is as shown in figure 155, each particle
moving around in a closed curve, which in the simplest form of
wave is a circle. In the diagram are shown the paths of motion of
nine water particles which were originally equidistant and one
eighth of the whole wave length apart. Each moves clockwise
in a circle and all with the same uniform velocity; but while
particle a is at the top of its path, b is back of the top by one-

A,

eighth of a circumference. The position of each in its path is
called the phase of its motion; a and i are said to be in the same
phase, while the phase of e is opposite to that of a and i; also c
and g are opposite in phase because they are a half-circumference
apart in their motion.

Each particle in the diagram differs in phase from the next one
by one-eighth of a complete revolution. Of course all the par~

ticles which were between a and b in the undisturbed condition
of the surface will still be between a and b and will have interme
diate phases, thus forming the surface of the wave between those
points.

It will be seen that the wave is advancing in the direction of the
long arrow at the top, for an eighth of a period later b will be at the
top and (j will have passed beyond, and the position of the crest of
the wave will be as shown by the dotted line. In the time of a
complete revolution or period of the particles the wave will ad
vance from a to i and a new crest will have come to a.
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The wave length is the distance between particles in the same
phase of motion, in this case from a to i.

The amplitude of the wave is the radius of the circles, which is
the distance that a particle is displaced from its equilibrium p0

sition; it is one-half the vertical height of the wave from trough
to crest.

The velocity of a wave is the velocity with which a particular
phase of motion moves along; for example, it is the velocity with
which the crest of the wave moves along. Since a wave travels
the whole wave length X, in the period of revolution of a particle
P, we have ,

V ~p

where V represents the velocity of the wave.
The frequency of a series of waves is the number passing a par

t.icular point per second. If n waves p8SS per second there must
Of'! n complete waves in the distance V traversed by the waves in
....ne second, or

V = n)..

The velocity of the particle in its circular orbit must not be confused
with the velocity of the wave. It is always less than the wave velocity and
depends on the amplitude of thc wave. A mechanical wave model devised
by Lyman exhibits the motions in figure 15.5 and admilllbly illustrates the
motion in water waves.

277. Decrease of Amplitude with Depth.-In consequence of
their difference of phase, the particles a and b, near the crest of

F,o. 156.-Amplitude of wave decrea8e8 with increased depth.

the wave, are nearer together than their positions of equilibrium,
while near the trough of the wave eand f are farther apart. But
since water is practically incompressible its volume does not
change and a little mass of water which was originally of cubical
form must become elongated vertically near the crest and hori
zontally near the trough as shown in figure 156. The water par
ticles on the lower surface of the cube must, therefore, have less
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amplitude of motion than those at the surface, as is evident from
the figure. At a depth, equal to the wave length the amplitude is
only U3S of that at the surface. .

278. Velocity of Oscillatory Waves.-Tbe type of water wave
described is known as a simple oscillatory wave and the varieties
of form observed in ocean waves are due to a number of such
waves superposed. In a smooth pond it may. easily be observed
that two independent series of waves may cross each other,
producing a complicated resultant motion; but after they have
passed, each is found to have kept its original motion undis
turbed.

It is shown in treatises on hydrodynamics that the velocity of a
simple oscillatory surface wave is expressed by the formula

-v = ~~~.
From which the following velocities are found:

WalHllength Velocity

75 ft. 13.3 miles per hour
300 ft. 26.6 miles per hour

1200 ft. 53.2 miles per hour

From this it is clear that a group of waves, as we see them in the
ocean, resulting from the superposition of a variety of waves of
different lengths, must continually change- in form, as the com
ponent simple waves travel with different velocities.

279. RlppIes.-The formula just given for the velocity of a
wave assumes that forces due to the weight of the liquid are the
only ones involved. But the surface tension of the liquid also
plays a part, though it is entirely insignificant except in very
short waves or ripples. The complete formula for the velocity
of a wave is

V = ~gA +2..T
211" 'Ad '

where T represents the surface tension of the liquid and d its
density. The effect of surface tension is to increase the velocity
of shorter waves. When water waves are about 17 mm. long
their velocity is a minimum, being 23.3 ems. per second. Longer
waves travel faster because gravitation force predominates, while
in shorter waves surface tension has the principal effect.
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CoKPRE8SIONAL WAVES

280. Compressional Waves.-Waf,er waves oC the type just
considered are wrjace waves, and can only exist at the·surface of
a medium. But the kind of wave now to be studied can-travel
in every direction through an elastic medium.

Consider the model shown in figure 157, which represents a
series of equal masses resting in a. frictionless groove and con
nected by springs. If the first mass is moved toward the second,
the latter will move beeause the spring between the two is com
pressed. But it wiU not begin to move until after the first mass has
approached it; for 1/ the two moved exactly together there would
be no compression of the spring bet.wee.n them, snd consequently
no force exerted on the second mass to move it. As the sec
ond mass moves forward there is compression of the second
spring, fonowed by motion of the third roMS, and 80 on, the
masses being set in motion one after the other &8 the wave of
compression reaches spring after spring.

So also if the first maas is drawn
away from theothera, the fitst spring
is stretched, causing motion of the

FlO. 151.-Illultrating elfllticity second mass which stretches the
and inertia of medium.

second spring. The motion is. there-
fore communicated through the whole seriesasa wave accompanied
by stretching or expansion oC the springs.

Such a wave of expansion or compression illed up whenever a mat.eria.l
object. is set in motion or brought to reet; lor all bodiee may be eonsidered
Boll made up of mallllive particles in elastic equilibrium with each other,like
lhe balls and Iprinp in the diagram. Tbu., when a cha.ir is lilted, a wave
of eltpanaion runl down through it, and when it ill set on the floor a wave of
compression runa up.

281. Newtoo's Formula for Velocity of a Compressional Wave.
-The velocity of such a wave depends on the elasticity and den
sity of the medium. Recurring to the illustration, it is evident
that making the springs between the balls stiffer will increase the
speed with which the motion will be communicated from one ball
to the next, while if the masses of the balls are made greater the
effect will be to make the speed of the wave less.

It was proved by Newton from the principles of mechanics that
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the velocity of a wave of compression or expansion in a medium
of which the volume elasticity is E and the density d is upressed
by the formula,

v~~.

A simple proof of this formula will be found on page 683.
282. Motion In a Series of Compressional Waves.-If the

first of the series of balls represented in figure 157 is made to
oscillate regularly backward and forward, now moving toward
the second ball and now away from it, a series of waves will be
sent along the row of balls, alternately waves of compression and
expansion; and each ball will oscillate just as the first ODe does,
though the second will always be in a phase oC motion a little be
hind the first, the third will lag behind the second and so on.

This is precisely the kind of motion which is set up in air by a'
tuning-fork or other rapidly vibrating body, and which excites

OOOOOOCDOOOOO
I ~ _ _ " ~~-, - - -____ -_---I __+
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j ~

.l'Jo. 158,-Motion of pRrtic1ea in Il. lIOund wave.

in our ears the sensation of sound. Such waves in air are accord·
ingly known as sound waves.

The details of ~he motion in a sound wave may be understood
from figure 158.

The diagram illustrates the relative phases of motion of a series
of particles in the wave one-eighth of a wave length apart. Each
particle is shown as a black dot on a short straight line which rep
resents the path in which it oscillates, the center of the line being
its equilibrium position. Suppose the first particle is made to
oscillate in simple harmonic motion, then that will be the mode
of vibration of all the particles, and each will move back and for
ward keeping vertically under an imaginary companion particle
that is supposed to move with uniform velocity around in the

-corresponding circle shown in the diagram.
It will be seen from the positions of the companion particles

in the circles that. taken in the order in which they are numbered,
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each is one-eighth of a complete vibration behind the phase of the
preceding particle; indeed, the associated circles are only used to
show the relative phases of the numbered particles below, which
represent actual particles in the medium.

Particle 1 is at the end of its path, while the second particle
is moving toward the end and will be there an eighth of a period
later, when 3 will be in the phase now shown by 2, and 80 on;
therefore the wave will have moved forward in the direction of the
long arrow underneath. It will be seen that particles 1 and 9 are
in th~ same phase, and accordingly the distance between them is
the wave length. The particle at 7 is in the center of a condensed
region, where the particles are closer together than normal, while
those at 3 and 11 are the centers of rarefied or expanded regions.
In the oondemed region the partides are moving forward in the di
rection in which the wave is advancing; in the rarefied regicm they are
moving apposite to the wave. There are intermediate points where

• >

f-t-t-t-1--4tt+-t-1= --t
R C R

Flo. 159.-Motion of air layelll in'sound wave.

the medium is neither condensed nor rarefied where the particles
are for the instant at rest at the end of their paths of vibration, as
at 1, 5, and 9.

It must not be forgotten that each of the particles considered
is only one of a layer all vibrating in the same way. This is rep
resented in figure 159, where the dots of the previous diagram are
replaced by heavy lines which represent successive layers of par
ticles, differing in phase by one-eighth of a period. The small
a.rrows indicate the velocities of the layers at the given instant,
and the instantaneous position of the regions of condensation
and rarefaction are marked by the letters C and R, respectively.

To sum up, in a compressional wave the particles vibrate
longitudinally, or back and forth in the direction of advance of
the wave, and there is a progressive change in phase, in conse
quence of which alternate regions of compression and rarefaction
are produced.
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The amplit'tllk in such & wave is the distance that a particle
oscillates on each side of its equilibrium poeition, or half the whole
distance through which it vibrates.

283. Dlustratlon.-The propagation of a wave of compression
or rarefaction may be very well shown in a regular spring a meter
and a half long which is supported by threads in a horizontal
position, as shown in figure 160. The turns of the spring should
be rather large and it should be of such a stiffness that a wave will
take a second or two to travel its length.

FIG. 160.-8pring waV(l modol.

SOUND

284. Sound CommunIcated by Wavcs.-There are three
principal evidences that sound is communicated by compressional
waves through material bodies. First, sound is not communi
cated through a vacuum; second, the motions of sounding bodies
are such as might be expected to set up compressional waves;
and, third, the observed velocity of sound is the same as that of
compressional waves, both in air and in other media.

28S. Sound Requires a Material Medlwn.-Place &n alarm
bell rung by clockwork under the receiver of an air pump, 88 in
figure 161, so that it lI1&y rest on a m88S of soft cotton, or is other
wise supported so that no vibrations can be transmitted through
its supports to the plate of the air pump. When the air is ex
hausted from the receiver the bell is no longer heard, however
vigorously it lI1&y be ringing. Sound 1l.I(U.le8, therefore, do not pau,
Utrouglt a vacuum, tMr require a material medium.

•
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286. Sound Originates In Vibrating Bodles.-AU sources of
sound are vibrating bodies capable of setting up air vibra.tions.
A brass plate supported at the center and covered with sand if set
in vibration by a. bow may be made to give out a variety of differ
ent sounds, but in each case there is a characteristic arrangement
of the sand showing that & particular mode of vibration or the
plate corresponds to each sound. (See Fig. 199.) Tuning-forks
are set in vibration by being struck, strings by being boWN. the
vibrations of the string being evident to the eye or causing 8. buzz
ing sound when the string is touched with a piece of paper. In

reed instruments the metal tongue of
the reed vibrates strongly when sound
ing, and eveD in flutes and organ pipes
it may easily be shown that the air
is set in strong vibration.

Z87. Veloettyor Sound.-Theveloe
ity of sound in air Wag determined
by two Dutch observers, Moll and Van
Beck, in 1823, by timing the interval
between seeing the flash o( the dis
charge of a distant cannon and hear
ing its report.

Cannons were set up on two hills
De-arly 11 miles apart, and by observ
ing alternately first (rom one hill and
then from the other the observers

}'!o. 16J.-BelJ in vlLcno. Bought to eliminate the influence of
any air currents which might exist.

At the same time the temperature of the air was observed at a
number of points between the two stations. The velocity was
thus found to be 1093 ft. or 333 meters per second at O°C.

Regnault (1810-1878) conducted an extensive series of inves
tigations on the velocity of sound in the Paris water mains, which
afforded large tubes free from wind disturbance and at a uniform
temperature. He made use of an automatic apparatus by which
the instant of discharge of a pistol was recorded electrically on the
rotating drum of a chronograph, while the arrival of the sound at
the distant station, where it caused & thin stretched membrane to
vibrate, was electrically recorded on the same drum. By these
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experiments he found that the velocity was io8uenced by thf;' size
of the pipes to a small extent, and also that very intense sounds
traveled slightly faster than feebler ones. He also conducted
experiments in the open air, using the same recording apparatus,
and found the velocity of sound in dry air at O°C. to be 330.6
meters per second.

Bosscha de4lrmined the velocity of sound by. causing two little
hammers to give simultaneous taps at regular intervals, the fre
quency of the taps being determined by a pendulum which made
electrical conncctions at every swing. If onc of the sounding
instruments is placed beside the observer while the other is moved
away, the taps are no longer heard simultaneously, but those
from the more distant one come later; if moved far enough apart
80 that the sound from the tap of the distant hammer reaches the
ear at the same instant as the next succeeding tap of the nearer
hammer, the two are again heard simultaneouly, and the distance
between the two BOundersdivided by the time interval between the
taps gives the velocity of sound.

288. Velocity ot Sound In Water and In Solids and Gase8.
Colladon and Sturm measured the velocity of sound in the water
of Lake Geneva by causing a bell to sound under water and
using as a receiving instrument a sort of ear trumpet with the
outer end closed by a rubber diaphragm and placed beneath the
surface of the lake. The velocity was found to be 1435 meten per
second. In solids the velocity of sound i.s usually measured by
the longitudinal vibrations of rods or wires as explained later,
§342.

The velocity of sound in various g38eS and vapors has been
determined by comparison with that in air by the method of
Kond', 1335.

The velocities of sound in some common media are given in tbe
following table. The velocity of sound in wood and steel is so
great that a person standing near one end of a long beam or raU
that'is struck at the farther end hears two sounds in quick succes
sion, first that transmitted by the solid and then that through air.
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Velocitiu of &und

Medium

Air at Oec. and 76 ems. prelllIure {
Regnault .
8oBBcha .

Mete.."" _.
330.6
331.6

FL per_.

mean
Hydrogen at OOC. aDd 76 ems. presllure .
Carbon dioxide at o"e. and 76 em&. presaure .
W..ter at 13"C .
Braae rod .
lron rod .
Steel rod _.
Pine-wood rod (along the grain) _ .

331.1
1,286.0

261.0
1,437.0
3,600.0
4,950.0
5,000.0
3,300.0

1,086.7
4,219.0.....
4,715.0

1l,800.0
16,240.0
16,410.0
10,830.0

289. Velocity or Compressional Wavcs.-The velocity of a.
compressional wa.ve in air may be readily calculated by Newton's
formula

It was shown by Newton that the elasticity of a gas at constant
temperature is equal to its pressu.re (see §241). But on substitu
ting pre88ure for elasticity in tbe above formula the calculated
velocity was found to be too small.

Laplace pointed out that tbough the average temperature of air
is not changc<l by the passage of BOund waves, yet in the com
pressed part of a wave the air is heated for the instant, and where
it. is rarefied there is cooling, and t.hat t.hese changes take place SO

rapidly that there is no time for heat. to Bow frQm one part to
another, 80 that the air is pract.ically in an adiabatic condition
(1241). The effect of heating during compression is to resist. the
compression, and cooling during expansion acts to oppose the ex
pansion, the effective elasticity in this case is therefore increased
and in case of air has been found to be 1.40 times as great as if the
temperature had remained constant. The formula thus becomes
for a gas like air,
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Substituting the values for air at normal temperature and pres
s~re, and expressing both pressure and density in C. G. S. units,
we have

/76 X 13.6 X 980 X 1.40
V = '\J 0.001293 = 33,120 ems. per sec.,

which is in good agreement with the velocity of sound as found by
experiment.

In case also of solids and liquids the results obtained by the
formula agree with velocities obtained by direct experiment.
The elasticities of these substances are so much greater than that
of air that the velocities of sound in them are large in spite of their
great denf>ities.

Thus in water the elasticity or ratio of pressure increase to cor
responding decrease in vqlume is, in C. G. S. units,

76 X 13.6 X 980 2 6 0" d0.000047 =.1 Xl yues per sq. em.

or 15,230 times that of air, while it has only 773 times the density
of air..

290. Influence of Temperature and Pressure on Sound Veloc
Ity In Alr.-From the formula in the preceding paragraph it is
clear that the yelo.city_oLsQ..U_nd In air is independent of the pres~

sur~ for when- the pressure is increased the density increases in

the same proportion, by Boyle's law, and the ratio 5remains

constant, and consequently the velocity is constant so long as the
temperature is not changed.

But if the temperature is raised, pressure being constant, the

density diminishes and the ratio 5increases. Hence th~ velocity
•

of sound in air is increased 7546, or about 2 ft. or 0.60 meters
per second per degree Centigrade rise in temperature.

291. Influence or Pltflb on Velocity or Sound.-It may be
easily noticed that the notes of music coming from a distant band
are heard in the same relation to each other as if the band were
near. There is no confusion of the melody such as would result if
high-pitched sounds traveled faster or slower than low ones.
Regnault made careful observations on this point and concluded
that the ~!Q(:iliu.!L8Qlt}}<1 i.1i the 8ame whatever the '[J'ikh may be,
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It will be shown later that the pitch of a sound depends U'porr
wave length, hence we conclude that the velocity 0/ .wund u the
same/or aU wave lengtJu.

REFLECTION AND REFRAC'110N OF WAVES

292. Reftedlon of Water Wa't'elJ.-When a water wave meets
an immovable obstacle it is turned back or reflected. Since the
obstacle does 0-01. move, it cannot receive energy from the incident
wave, and therefore the reflected wave carries the energy away.
Each point of the obstacle reacts against the waves which meet it
and 80 produces a periodic disturbance and may be regarded as
a center from which waves are sent out. The reflected wave as a
whole is the resultant of these little waves coming from each point
of the obstacle.

Suppose a wave from a center 0, figure 162, meets a straight
wall Be. When in the pollition AED the disturbance has just

reached the wall at E and is about
starting back. By the time the wave
at A has advanced to B and at D
has reached C, the part of the wave
reOectcd at E will have returned an
equal distance to F.

If the wall had not been there the
wave would have advanced to the
position of the dotted line BGC, but
since after reOection it has the same

0' velocity as before, the reOected wave
Jo'IU. 162.-Refteetion of _.VelI. will at each point have gone back

from the wall as far as it would have
passed the line Be if the wall had not been there. The front of <.
the returning wave BFC has therefore the same curvature as BGC
if the wall is fUJ1. The returning wave is therefore circular
having its center at a point 0' which is as far hack of the wall as
the center 0 is in front of it; and the line 00' is at right angles to
the wall.

Another method of looking at this Bubject is interesting. The effect of
the vertical wall i8 to oppoee any forward or backward motion of the water
partic1e& next to it without interfering with vertical motions. Let us now
imagine the wall removed and that whenever a Wllve etartll from 0 an
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exactly equal wave sets out from 0', The waves will meet along the line
Be and the forward or backward movement due to the one will be eXlWtIy
balanced by that of the other, while their vertical movements will be added.
There results, therefore, an up-and-down oscillation along the line Be
exactly as if the wall were there.

On each side of the line Be there will be waves coming toward the line
and others going back from it exactly as if reflected from it. And indeed
they may be properly regarded as reflected, for there is no tnmsIer of energy
acrose the lino Be bocaus6 there is no forward or backward motion acroes
that line, and if a thin wall were slipped in along Be separating the two sy&
terns of waves the motion would not be chauged on either side.

N

FlO. 163.

o

0'

293. Angle of Reftectlon.-When a wave front meets a re
flecting surface obliquely, the direction of the wav.e front and
its direction of propagation are changed
as shown in figure 163. At W lisshown
a portion of a wave front approaching
P where it is reflected, afterward ad
vancing as shown at W2 as if it came
from 0'. The angle i between the di
rection of advance of the incident wave
and the normal to the surface is called
the angle of incidence, white the angle
,. between the direction in which the
reflected wave moves and the normal
N is called the angle of reflection. The angle of reflection is
equal to the angle of incidence. For the angles a and bare
clearly equal and the angle i is equal to a, and T is equal to b,
since the lines DO' and NP are parallel.

It is interesting to see how the reflected wave may be re
garded as the resultant of little waves coming back from each
point of the reflecting surface. Let AB (Fig. 164) be a wave
front meeting the reflecting surface AC at A. The disturbance
at A causes a little circular wave to go back which will have a
'radius AD equal to BC by the time that the wave front at B
has reached C, since the velocity of the returning wave is the
same as that of the advancing one. So also the circular wavelet
starting backward from F when the advancing wave has reached
the position FG, will have a radius FK equal to GC when the wave
front at Breaches C.

From each point in succession of the reflecting surfar,e between
A and C these elementary waves spread out just as from A and



192 WAVE MOTION AND SOUND

E

o

\

Fro. 165.

Fro. 164.

F, in arcs of circles whose centers lie on the line AC. The
envelope of these circles is the line DC which is tangent to all of
them. All these elementary waves therefor~ act together and
combine to produce a new wave front along the line DC. Since
AD is equal to Be and is at right angles to the tangent DC,

just as Be is at right angles to AB,
the two triangles ADO and ABC are
equal and the angle of incidence
BAC is equal to .the angle of reflec
tion DCA.

While the elementary waves are
conceived as spreading out in circles in every direction, they
produce an effect only along the wave front DC where all act
together, for it may be shown that they interfere (§319) with
each othl:1c in other directions, such as off to one side, unless
the reflecting /JUTface is very small. If the distance A C is not
more than the length of a wave, regular reflection will not take
place, but the reflected wave will spread out in all directions
as if the reflecting surface were the center of disturbance.

294. Refraction of Waves.-When waves pass from one
mediumintoanotherthereisgenerallya change in velooity, which
causes the direction of the wave to change when it meets the
surface of separation obliquely.

Let AB represent the ad
vancing wave front, meeting
at A the second medium where
the velocity is less. While the
wave front advances from B to
D in the first medium, the wave
from A will have gone a le88
distance AC in the second
medium in consequence of the smaller velocity. The new wave
front will be CD, tangent"to the elementary waves from A and
from all points between A and D. The direction of advance
of the wave is changed toward the Perpendicular, from BD to
DE. An intermediate position of the wave, where part is in
one medium and part in the other shows a sharp bend at G.

If the velocity in the second medium were greater than that
in the first the wav.es would become by refraction more oblique
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to the surface of separation instead of less oblique all in the case
illustrated.

The law of refraction will be more fully discu.ssed in connec
tion with the study of light.

The refraction most commonly noted in water waves is when
they run obliquely into shoal water near shore, where their
velocity is retarded. The effect is to swing the wave front
around more nearly parallel with the shore.

295. Reflection of Sound.-In the reflection of sound the
same principles apply as in case of water waves. Sound waves
reflected from a large flat surface appear to come from a point
as far behind the surface as the sounding body is in front of it.
Echoes from buildings, cliffs, and even from a wooded hillside
are familiar examples of the reflection of sound. If there are a
series of cliffs or shoulders of rock at different distances multiple
echoes are heard. A pistol shot from a boat on a smooth lake
comes as a single sharp sound followed by faint echoes from the
distant shores, but if the water is rough the shot is followed by a
reverberating roar as the sound comes back reflected from wave
after wave. .

By means of a large parabolic mirror the tick of a watch
placed at its focus is reflected so that it may be heard 50 ft.
f,way by an observer having his ear at the point on which the
!3flected waves are converged. The proper position to hold the
ear may be found by observing where the image is formed of a
~ight placed at the focus of the mirror, showing that the law of
reflection is the s~me for sound as for light.

A watch is used in this experiment because the waves of
sound which it gives out are so short, even relative to the size of
the mirror, that the law of regular reflection holds.

In rooms with arched ceilings focal points may sometimes be
found such that sounds going out from one point are converged
toward the other. A person holding his ear at one point can
hear the slightest. whisper coming from the other.

There are (·th~r kinds of whispering galleries in which the
effect depends not· on regular reflection, but on the gradual
deflection of a wave as it runs along a smooth surface.

296. Reflection and Refraction of Sound Waves.-Whenever
sound waves meet the surface between two media usually both
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FIG. 167.-Sound waves changed by wiud.

FIG. 166.

reflection and refraction take place. If there is a very great
change of density and elasticity most of the energy goes into the
reflected wave, and the refraction will be slight. On the other
hand, if the two media, like two strata of air at different tempera
tures, differ only slightly in their properties, most of the energy
will be transmitted in the refracted waves into the second medium
and but little will be reflected back from the surface.

If a lenticular bag of thin rubber is filled with carbonic acid
g~ (C02) in which sound
travels more slowly than in
air, the sound from the ticks
of a watch will be concen_ /E

~/ tratcd at a focus conjugate
to the position of the watch,
just as light is converged by
a lens of glass which retards
its waves. For in passing

through such a lens the middle part of the wave AB is more
retarded than its edges, so that it is transformed in"to the form
CD which is concave toward the ear at E.

297. Effect on Fog Signals.-Qn account of re8ection and
refraction from strata of
air of different tempera-
tures, or from foggy
layers, the sound of a fog
horn may be entirely un
heard by a vessel near the
shore and in danger. If the
lower portion of a horizon
tally moving sound wave is
in warmer air than the
upper part it will travel faster and cause the wave front to
change its direction and may even cause it to curve upward.

So also currents of air, causing one part of a wave front to
move faster than another will change its form and consequently
the direction in which it advances. Thus· the observer at A
(Fig. 167) might not hear the church bell when the air was still
because of the screening effect of the ridge, but if a breeze were
blowing which being stronger above would carry the upper
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part of the waves along faster than their lower part, the wave
fronts would be tipped over so that they might come down to A
causing the bell to be heard.

SOUND CHARACTERISTICS

298. Sound and Nolse.-Sounds that have a sustained and
simple character and do not seem to be a mixture of various
different sounds may be called tones or musical sounds. Abrupt
and sudden sounds that do not last-long enough to convey any
idea of musical pitch, or mixtures of discordant sounds are noises,

299. Tone Characteristlcs.-A musical sound or tone has
intensity, pitch, and quality or timbre, and each of these depends
upon a physical property of the sound wave. The intensity
of a sound depends upon the amplitude or the energy of the
vibration, the pitch depends on the frequency of the waves, and
the quality depends on the particular manner of vibration of the
particles.

300. Intenslty.-Intensity of a sound, as the term is ordi
narily used, refers to the strength of the sensation excited by the
sound wave. It depends upon the amplitude of vibration in
the wave, for increasing the amplitude of vibration of the sound
ing body increases the loudness of the sound. But one is not
simply proportional to the other, and if two sounds of different
pitches are equally intense, it by no means follows that the ampli
tudes of vibration are the same. Usually the higher pitched
tone will be more intense for a given amplitude than one of lower
pitch.

The term intensity as applied in physics to sound waves
refers to the energy of the motion and is measured by the energy
transmitted per second through I square centimeter of surface.

Just how the intensity of the sen~ation is related to the energy
of the sound m'bration is a question for the psychologist.

The energy per cubic centimeter in a sound wave depends
on the density of the medium d, the square of the frequency of
vibration nt, and the square of the amplitude a2

, and is ex
pr~ssed by the formula

E = 2rt dn2a2•

It has been found by Lord Rayleigh that when the amplitude
of vibration of the air particles is as small as one-millionth of a
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millimeter the sound is barely audible, while an amplitude as
great as a millimeter would occur only in the very loudest sounds.

301. Decrease In Intensity with Distance.-When sound
waves can spread out in every direction from a sounding body
forming a series of spherical waves the intensity varies inversely
as the square of the distance from the source. For the same
amount of energy is transmitted across every spherical surface

having its center at the source
of sound, and the larger the
surface of such a sphere the
smaller will be the energy trans-

8 c ; mitted per unit surface. The
spherical wave front at C, for
example, will have fOUf times
the area of a sphere at one-half
its distance from the source as
at A, consequently the energy
transmitted per square centi

meter of surface will be only one-fourth as great at C as at A.
The energy or intensity therefore varies inversely as the square
of the distance from the source.

Of pourse'if the wave is prevented from spreading out, as in a
speaking tube or when the source of sound is near the surface
of a smooth lake, this law does not hold.

302. Speaking Tubes and Ear Trumpets.-The. ordinary
speaking tubes connecting distant rooms in buildings depend
not on regular reflection, but on thc fact that the air particles
next the inner surface of the tube vibrate most easily parallel
with the surface, this causes the direction of vibration to be
deflected by gradual bends in the tube, and consequently the
wave runs along the tube without reflection. Sharp bends
should be avoided in such tubes as' they give rise to reflected
waves which run back. In such a tube since the wave is pre
vented from spreading out, the vibrations do not become less
energetic as the wave advances, except from back reflections
and from friction against the walls of the tube, and therefore
the sound is heard with only slightly diminished intensity at
the distant end.

When one cnd of a rod or wire of metal or of a long uniform



PITCH 197

beam of wood is struck the sound is carried along the rod or
beam just as in aspeaking tube with very little loss through waves
sent out sidewise, and is therefore very distinctly heard at the
farther end.

In ear trumpets, by the constraint of the smooth walls Of the
tube, the wave entering the wide end is gradually diminished in
area till it emerges at the small end conveying aU the energy that
entered at the large end. Thus if the large end is 100 times
that of the small end the energy per cumc centimeter in the
emergent wave is 100 times as great as in the wave which entered
the trumpet, neglecting the loss by friction, etc.

303. Megaphone and Speaking Trumpet.-In the megaphone
sound waves coming from the speaker instead of spreading out in
all directions from the mouth are limited by the walls of the in
strument, so that the wave emerging at the wide end has the
whole energy of the voice. It ·will be shown in connection with
the diffraction of light that when light waves pass through an
opening which is not more than a wave length in diameter, the
waves spread out in every direction from the opening, while if the
opening is much larger, the waves, on account of interference, will
not spread out so much but will travel straight forward, illumi~

nating a spot directly opposite the opening. For precisely the
same reason sound waves coming directly from the mouth spread
out in every direction while waves from the larger opening do not
spread out so much, and produce a more intense effect directly
ahead.

Precisely how this effect is caused by the interference of waves
will be better understood after studying the diffraction of light.

304. Pitch.-The pitch of a sound depends on the frequency of
the vibrations.-This is well shown by Savart's wheel. If a
card is held so that it is struck by the teeth of a rotating cogged
wheel a sound is given out which rises steadily in pitch as the
speed of the wheel increases. If a device indicating the number
of revolutions is attached to the wheel the number of taps per
second producing a sound of a given pitch is readily determined.

Another instrument by which the number of vibrations may be
determined is the siren devised by Cagniard de Ia Tour, shown in
figure 170. A disc having a circular row of equidistant holes is
mounted on an axis so that it can rotate almost in contact with

•
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the upper surface of a flat circular box in which holes are made
exactly corresponding to those in the disc, so that as the disc

FIG. 169.-Savart'e wheel.

rotates the holes are alternately opened and closed as many times
in each revolution as there are holes in the series. The box is

connected by a tube with a bellows
and the puffs of air that come
through the holes of the disc as it
rotates give rise to a tone which is
higher in pitch the faster the
disc rotates. A revolution counter
is attached to the axle so that the
speed may easily be determined.

The holes of the disc are in·
clined one ;Nay and those 'in the
upper plate of the box are op
positely inclined, so that the blast
of air through the holes causes
the rotation to take place auto
matically, thespecd beingcontrollec;l.
by the strength of the blast and a
brake if necessary.

For finding the number of vibra
tions of a tuning·fork the. graphic

FlO. 170.-Sireu. method may be used, illustrated in
figure 171. A point or stylus is

fixed to one prong of a tuning-fork which is mounted so that
the stylus just touches a sheet of smoked paper stretched over
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a cylindrical drum. The axle of the drum is a coarse screw by
which the drum is moved slowly lengthwise as it rotates. If th~

fork is set vibrating, on rotating the drum a wavy curve will be
drawn in helical form around the drum, each wave corresponding
to a vibration of the fork. To find the number per second a
second curve may be simultaneously drawn alongside of the first
by a tuning-fork whose frequency of vibration is known j or a
small electric marker connected with a clock may be mounted

FlO. 17l.-Vibration. """,rdOO on blackened drnm.

with its point touching the drum close beside the stylWl of the
fork, so that its marks made every second lie close to the curve
drawD by the fork. The number of vibrations of the fork per
second are found by counting the undulations in the curve be
tween two consecutive time marks.

These various methods of experiment show that the pitch
of a. sound depend8 only on the frequency of vibration, and that it
makes no difference whether the sound comes from e. tuning-fork
or from the puffs of a siren or the taps of Savart's wheel, all will
have the same pitch if the frequency is the same.
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305. Doppler's Prtnclple.-The pitch of a. BOund as beard
depends on the number of waves tJu:U reach the ear per second. Con
sequently if tho ear is moving toward the Sounding body the
apparent pitch will be raised, since more waves per second will
meet the earj and conversely if the ear is moving away from the
sounding body it will receive fewer waves per second than if it
were at rest and the pitch will appear lower.

Let E (Fig. 172) represent the position of the ear and S that
of a sounding body maki.ng n vibrations per second, and let the

,

t""",;d-~'-'----)
~~--•FIo. 172.---Caae or ear moving toward a IIOUDdill& body.

distance from A to E be. V, the distance that sound travels per
second. Then between A and E there are n sound waves which
will reach the ear in one second if it remains at E, but if in onc
second the ear advances a distance v to E' it will meet in addition
the waves between E and E'. Let z be the number of waves
between E and E'~ and n' the number reaching the ear per second,
then

n'-n+:r:
and

and

:r::n-o:V
...

:r: = V •

n'=n± r; =n(l± ~)

the signs being plus or minus according 88 the ear haa a velocity I>

toward, or away from, the sounding body.
A similar change in pitch is observed when the sounding body

is moving toward or away from the observer. But in thif
case the formula is somewhat different aa the wave length of th~

BOund is changed in consequence of the motion.
Let 8, the source of sound, have a velocity v toward the ob

server at E. In one second 88 it advances from 8 to 8' it gives
out n Wll-VCS. The first of these waves leaving it at 8 bas reached
A, having advanced a distance V equal to the velocity of sound
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in the medium, by tho time that the sounding body giving out
the nth wave has reached S/. All n waves, therefore, lie between,

V-v
A and S', and the wave length, X', is n·

But the number of waves that will reach E per second will be
the number of wave lengths that are contained in the distance

V
that the waves travel per second, or n' = X';

hence
, nV

n =V =F v

where the minus sign is to be taken when the velocity of the
sounding body is toward the hearer.

E 1, s' S
t p J

V
Fro. l73.-Moving BOurce of wavea.

Doppler's principle explains the sudden lowering in pitch
observed in a locomotive whistle as it passes, and why a bicycle
bell on an approaching wheel is heard of a higher pitch than
when it is receding. It has also a most interesting application
to light waves (§909).

RESONATORS AND ANALYSIS OF SoUND

306. QUality of Sound.-The ear readily observes the differ
ence in quality or timbre between the sound of a violin and ~hat

of a flute or between notes of an organ and those of a piano
though of the same pitch.

This individual character of tones depends in part on certain
superficial characteristics. The note of the piano comes im
pulsively, suddenly strong, and then rapidly dying out, while
the tones of an organ do not come instantly to full strength,
but are then slliItained and steady. But tones equally sus
tained and steady may yet differ greatly in quality, as for ex
ample, the tones of tuning-fork, organ-pipe, and violin. .To in
vestigate the cause or this difference we shall need resonators
which vibrate in sympathy with the tones studied.
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Flo. 174.
Resonance.

307. Sympathetic Vlbratlon.-A bell ringer by timing his
pulls on the rope to correspond to the swing of the bell is able to
set a heavy bell strongly swinging, while mere random pulls
would accomplish very little; so it is that sound waves or other
comparatively slight impulses may set up strong vibrations in a
body if they are exactly timed to correspo"nd to its natural period
of vibration. This fact of sympathetic vibration may be illus
trated by tuning two strings on a sonometer to the same pitch,
and then sounding onc strongly; the other will be set in vibration
by the impulses communicated to it through the supporting
bridges.

Again, if the dampers are raised from the strings of a piano
and a clear strong note is sung near the instrument, the cor
responding string will be heard sounding after the singer's voice
is silent.

A very interesting case of sympathetic resonance is that in
. which a tuning-fork is set in vibration by the sound waves

from a similar-fork placed 20 or 30 ft. away. The two forks
are mounted on suitable resonance boxes and must be of ex
actly the same pitch; if they are thr.own out of unison even

very slightly, as may be done by affixing a bit
of beeswax to a prong of one of them, they will
no longer respond to each other.

308. Resonators.-When water is poured into
a taU cylindrical jar the noise produced has a
noticeable pitch which grows higher as the water
level rises in the jar. This pitch is due to the
air column in the jar, which has a natural time
of vibration of its own and responds to any
component vibration of the same pitch which
may exist in a noise produced in its vicinity.
On blowing sharply across the mouth of the jar
the same pitch is noticed, the confused rustling
noise having some component to which the jar

can respond. The roaring heard in sea shells is explained in
the same way.

H an ordinary tuning-fork, not mounted on a resonance box,
is held by its stem and struck, it will scarcely be heard a few
feet away, but if it is held, as shown in the figure, over the mouth
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of a jar tuned to respond, a strong tone will be given out." The
arrangement shown in the figure permits the tuning to be easily
effected by raising or lowering the connected water reservoir,
thus changing the level of the water in the resonance tube until
the response is most powerful.

The pitch of the air column may be lowered also by partially
closing the opening of the j&l'.

Such an air column being'easily set in vibration by the proper
tone is known as a rewnawr and may be useful in detecting in a
mass of tones the presence of the particularone to which it is tuned.

309. Helmholtz Resonators.-Hclmholtz, in the analysis of
composite tones, made use of spherical resonators, each having
fit large opening and also a small ODe adapted to the ear.

A resonator of this form is particularly useful because it
responds easily to vibrations of one pitch only and so is well
suited to the analysis of sounds.

310. Complex and Simple Tones.-The following experiment. .
will now give us a clue to t.he cause of t.he difference in quality of
tones. Take a series of tuning-forks mounted on resonating
boxes, the frequencies of the forks being in the order of the
series of whole numbers, 1,2,3,4, 5, etc., which is known as the
hormonie series. If the deepest toned fork in the series makes
250 vibrations per second, the next will make 500, and the next
750, etc. Provide also a set of Helmholtz resonators, one adapted
to each fork.

Now, on BOunding the lowest pitched fork alone, a deep tone
is obtainoo to which the corresponding re8onator akme will,respond.
If the next lowest is now sounded at the same time with the other,
the tones blend and come to the ear as a single tone of the same
pitch as before but of a different quality. And so by sounding
along with the deepest or fundamental fork any or all of the
others, making some of the component tones strong and some
weak, great variety of tones may be obtained differing in quality
but all of the same pitch.

But if any of these tones is tested by the resonators it is found
that all those resonators respond which correspond to the forks
used in producing the tone. Such a tone is called oomple2:, while
a tone to which only one resonator will respond is called a Iim,M
10M.
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3110 A.naJ.ysls of Sounds.-In the case just considered it is
evident from the way in which the sounds of various qualitiea
were produced that they were complex and consisted of sounda
of different pitches blended together. But if wo now sound an
open orga.n pipe of the Bame pitch as the deepest toned resonator
we find that not only does that resonator respond, but so also
to a greater or less degree do the whole series of resonators,
showing that though the BOund comes from 8. single pipe it is
just 88 truly complex as though originating in &. series of tuning
forks.

The component simple tones which unite to (orm 80 complex
tone are known 88 its partial tones, the lowest of these in pitch
is the fundamental, and the others arc the upper partial tones
or upper harmonics. The latter term is especially applicable
when the upper partial tones arc members of the harmonic series
which starts with the fundamental.

From the laws of dynamics as well as from experiment there
is reason to believe that a simple tone, to which a resonator of
only one certain pitch will respond is one in which the vibrations
of the air are simple harmonic (§121).

The ear seems to hear the simple harmonic components of a
complex tone as separate simple tones, for peJ'80ns with ears
trained to the analysis of sound can often detect the different
harmonics in a tone without the aid of resonators.

312. Synthesis or Sounds.-Helmholtz devised an interesting
apparatus by which complex sounds might be built up from
their simple components. This consisted of a set of ten tuning
forks, corresponding to the first ten terms of a harmonic series,
which were kept continuously vibrating by means of electro
magnets, each fork being mounted in front of an appropriate
resonator as shown in figure 175.

The resonators were cylindrical brass boxes, each mounted
with its opening close to the prongs of the corresponding fork,
the openings being closed by covers which could be drawn back
by pressing the keys of the key-board..When the resonators
were closed scarcely any sound came from the forks, but drawing
back the cover from any resonator by depressing its key brought
out the corresponding tone with an intensity which depended
upon the amount that the key was depressed. By means of
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sucb an apparatus the sound of an open or closed organ pipe,
s violin, or reed instrument can be closely imitated.

An interesting modem instance of the synthesis of sounds is
found in the ingenious "telh&rID.onium" of Mr. Cahill in which
the separate h&r1llonics are transmitted by means of alternating
currents of electricity of different frequencies which combine to

FIG. 175.-HelDlholt. apparat.u, ror the 'Ylltheei, or lIOund.

form. a single resultanL current which acts on the telephone re
ceiver at the end of the line. By combining the proper simple
harmonic co~ponents all the instnunents of an orchestra are
imitated.

313. QuaUty of a Musical Tone.-The quality of a musical
tone may then be said to be determined by the pitch and in
tensity of the different simple tones or harmonics into which it
may be resolved.

314. Fourier's AnaIysls.-lt was shown by the distinguished
French rna.thems.ticia.n Fourier that any regular periodic vibra
tion, such as can take place in a sound wave, may be resolved
into a sum of simple hannonic components all of which belong
to a harmonic series, in which the fundamental has the same
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period as the vibration analyzed. Thus, according to this
theorem of Fourier, it is possible to analyze any sound wave into
its simple harmonic components, and it is these bimple harmonic
components which are the simple partial tones detected by
resonators.

For example, the upper curve in figure 176 represents a simple
sine wave. The-three lower curves represent waves having the

FIG.. 176.-Vibration curve!.

~----~

FIG. 177.-Combination of vibration~.

same wave length and therefore the same periodicity as the upper
curve, but they represent entirely different modes of vibration.

Now, according to Fourier's theorem, each of these curves can
be resolved into simple harmonic components. In figure 177,
for example, the wave forms expressed by the heavy lines are
the resultants of the simple harmonic waves represented by the
dotted sine curves. The resultant curve in each case is obtained
by adding the corresponding ordinates of the two component
curves. In the first two cases one component has ~he same wave
length as the resultant, while the other has half that wave length.
These two components have the same amplitude in the first case
as in the second, but their relative phases are different in the
two cases and hence the resultant curves are different. In the
lower curve one component has one-third the wave length of the
resultant, while the component having half the wave length is
absent or has zero amplitude.

315. Musical Tones.-In tones suitable for music the upper
partial tones almost exactly fall into the harmonic series, start-
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iog with the fundamental; that is, their frequencies are very
nearly exact multiples of the frequency of the fundamental.

But the partial tones given Qut by bells and plates wher
struck do not correspond,
even approximately, to the
lower terms of the harmonic
series, and are quire unsuited
for music.

316. KoenIg Resonators
and Manometric Flames.
The Freneh acoustician }).... 118.-K"'~Il11tor aDd .ll)aIlQme~rie

Koenig made use of resona- flame.

tors in which the front part
was cylindrical and could be pushed in or drawn out ISO that
each could easily be adjusted in pitch.

To observe the vibrations of the resonators he employed rna~

maricflamea. A small, Hat, disc-shaped box or capsule of wood,
wasdivided into two chambers by a
thin membrane, such 80S gold
beater's skin. The cavity aD one
side of the diaphragm was con
nected by a short tube with a
resonator, while the cavity on the
otber side had two openings,
through one of which illuminating
gas was admitted, while the other
was oonnected with a fine jet
where the gas burned in a small
Bame. The vibrations of the air
in the resonator were transmitted
through the diaphragm in the
manometric capsule to the illum
inating gasl causing the Bame to
dance.

The image of such a flame
FlO. J79.-Rotatina mirror. viewed in a rotating mirror, is

drawn out in a band of light
which when the Bame is in oscillation shows serrations lik.e
saw teeth l as shown in figure 179; the particular form of the
serrations revealing the mode of vibration of the Bame.
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317. Sensitive Flames.-Under some conditions a. gas flame
may be very sensitive to sound. A small cylindrical jet is
required having an aperture about 0.5 m.m.. in diameter, and the
pressure must be such as to produce a long flamejud 011 tM brink
of roaring. A pressure of about 9 in. of water is commonly
requited. Such a flame is sensitive to the vjbrations of exceed
ingly abort waves of sound, and breaks into a shorter flaring or
roaring flame when a bunch of keys is jingled in its vicinity or a
sharp hiss given or a very high-pitched whistle sounded.

By means of sensitive flames sound waves 80 short as to be
quiw inaudible may be detected, and their interference and
reflection studied.

INTERFERENCE AND BEATS

'-. c

~--

)

)

Flo. 180.-Inoorfcrence of ...ave,a..

B'

A·

318. Superposition of Wavcs.-When the same portion of
fluid is traversed by two waves, the motion of the particle
will be the resultant of the two and may thus become very
complicated.

In case of surface waves in a liquid the eye can readily observe
a series of short waves running over longer ones and preserving
their motion as though over an undisturbed medium.

c 319. Interference of Waves.
-Suppose A and B are the

D' centers of two series of waves
L~,.j-'( of the same wave length and

-l--I'c- amplitude. Then there will be
certain points, as at C, where
waves from the two sources act

D' together 80 as to produce great
disturbance. Suppose the lines
in the diagram represent the
crests of waves, then at the
points C the crest of one wave is

superposed on another, while at C' the troughs of two waves
come together j a half period later the crests will be at C' and
the troughs at C. There will result, therefore, along the line
CC' a series of waves of double the amplitude of the original
lVaVe8. At the points D, however, the crest of a wave from one
center coincides with the trough of a wave from the other, there--
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Eu
FlU. 181.

fore there will be at. leMf. a partial neutralization at points
along the line DD'. If the waves coming together at D have
equal amplitudes and equal wave lengths and are also simple
harmonic waves they would separately produce at D equal and
opposite displacements at every instant and will therefore com
pletely neutralize each other.

This interaction of two sets of waves by which at certain
points one is more or less completely neutralized by the other
is known as inlerferena.

320. Energy Is Not Lost In Interference.-When there is
complete interference at any point there is no motion of the
medium and no energy at that point, but the energy of the two
interfering waves is not lost or destroyed but appears at neigh
boring points (such as C, Fig. 180) where the &ID.plitude of the
component waves are added. For at these points the energy
of the resultant vibration is four times what it would be if one
of the trains oC waves were suppressed. There results from the
interaction of the two wave systems a different distribution of
energy, but the total energy remains unchanged.

321. Interference of Sound Wavefl.-The interference of sound
waves is well shown in the following experiment. The sound
waves from a tuning·(ork (Fig.
181) enter a suitable receiver
which is connected to an ear
piece by means of two tubes,
one of which has a sliding por
tion by which its length can
be varied. When the tubes are
adjWlted to be of equal length
the sound o( the fork is dis
tincUy heard by the observer at
E. As the sliding tube is drawn
out, making one tube longer
than the other, the sound grows fainter and reaches a mlDl

mum when one tube is longer than the other by a half wave
length o( the sound waves sent out by the fork, (or in this
case the waves reach the ear through the two tubes in opposite
phases and interfere. If the slider is drawn out still farther
the sound increases in strength reaching a maximum when one
tube is jWlt a whole wave length longer than the other.
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FlO. 182.
Interfenmce

between orpn
pipe&.

If two similar organ pipes oC the same pitch are mounted on 8

rather small air chest, as shown in figure 182, and sounded
simultaneously they will usually sound in opposite phases, owing
to an oscillation oC the air in the air chest itself. The sound
waves ooming from one pipe will thus interfere with those Crom
the other and the fundamental tones will ~ almostoompletely
neutralized, the higher harmonics will, however, still be heard.

322. Beats.-U two organ pipes sounding together are not
exactly oC the same pitch the sound comes in pulses or throbs

. called beata. For in this case one pipe is giving
out more vibrations per second than the other
and, consequently, the relative phases of the two
are constantly changing, as shown in the following
figure where the dotted curves represent the waves
from the two pipes, one of which is supposed to
give out eleven vibrations for every ten of the
other. The full line represents the resultant mo
tion. It is clear that while one pipe is gaining
one complete vibration on the other, there will be
an instant when the waves are in opposite phase
and interfere and another instant when they will
be in the same phase and stengthen each other.

There will, therefore, be one hundred. beats in the time in which
one pipe has made one hundred more vibrations than the other.
Or if one pipe makes m vibrations per second and the; other n,
the number of beats per second is m-n.

Beats are easily heard when two adjoining notes on the piano
or organ are simultaneously struck, and the lower the notes are
on the seale the slower will be the beats. Beats do not occur
however, between notes that are very different in pitch. For
example, no beats would be heard in case of two simple tones,
one making 200 yibrations per second and the other 300 vibra
tions, though if one made 2000 vibrations and the other 2100
there would be 100 beats per second, heard as a distinctly jarring
roughness. The explanation of this was given by Helmholtz
(1358).

In tuning two strings or two forks to unison they are adjusted
until no beats are heard. If it is required that two tuning-forks
shall be very accurately of the same pitch they may be tuned to
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make the same number of beats per second with 8 third fork,
as it is easier to count accurately three or four beats per second
than to distinguish between no beats at all and very slow beating.

Fla. 183.-Formation of beilUl.

STANDING WAVES AND VmRATING BODIES

323. Transverse Vibration of a Card.-Take a long flexible
rubber tube or other elastic CQrd fixed at one end, as at P (Fig.
184), and, holding it slightly taut, let the hand give a sudden
movement to one side and back again.

A wave is set up as at A which runs the length of the cord, is
reflected at P, and returns on the opposite side of the cord 88

shown at. B. On reachin"g the band it is reflected to .A. and the

FlO. 184.-Waveol in cord.

motion is repeated. Thus the cord mues a complete vibration
and returns to its original form in the time in which a wave runa
the length of the cord and returns.

If the wave is not sent out by 80 sharp a movement it may
take the form shown in the lower part of the figure where the
cord simply swings to and fro or vibrates sidewise.

But this vibration is just as truly due to a wave running along
the cord and back again as in the first case and tM period of
one complete vibration is the time required for a tramverse wave
to run the length of the cord and return.
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Now, suppose waves are sent out by the. hand with twice the
former frequency, a wave will start from the hand at the same
instant that the preceding wave starts back after reflection.
The two will meet at the middle and, a8 they are on opposite
sides of the cord in consequence of reflection, they will exactly
neutralize each other at the middle point, which will, therefore,
remain at rest and the cord will vibrate in two segments. The
vibrating segments are called loops and the points of rest rwdes.
The period of a complete vibration is in this case only half that
of the fundamental period when there is only one loop.

If waves are sent out with three times the frequency of the
first case, the cord will break up into three vibrating segments.
with intermediate nodes, and with greater frequency of vibration
8. still greater number of segments may be produced.

324. Standing Waves.-These vibrating' segments are a
particular case of what are called standing waves, which are set
up in water or air or in other elastic bodies by the interaction
of similar trains of waves running in opposite directions, and
are usually due to reflected waves meeting those which are
advancing.

Standing waves are easily observed on the surface of water
in a circular vessel in the center of which a periodic disturbance
is produced. If the period of the disturbance is so adjusted
that the wave length produced has the proper relation to the
size of the vessel, a steady state is produced in which waves going
outward meet the reflected waves, causing nodal rings where
the water is at test. Between these rings the surface oscillates
up and down.

Standing waves are also produced in organ pipes by the re
flection of the air waves from the ends of the pipes.

325. Formation of Standing Waves In Cord.-The diagram
(Fig. 185) illustrates the mode of formation of nodes and loops in
8. cord.

The dotted line represents a wave traveling from right to
left along the cord, while the broken line represents an equal
train of waves moving from left to right as indicated by the
arrows. The resultant wave is shown by the continuous curved
line, and its ordinate at any point is the sum of the ordinates
of the two component curves at that point. It will be observed
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that the crests of the two component waves are approaching each
other at the points marked L, and a moment later will coincide.
The resultant wave will then be at a maximum. A quarter
period later the two component waves will exactly neutralize
each other, the crest of ODe coming exactly over the trough of the
other, and the cord which takes the resultant form will at that
instant be straight. As the waves move still further the crests
A and C will come together in the middle of the diagram and the

.'

L N' N L

FIa. 185.-Formation of nodes and loops.

resultant wave will then show a form just opposite to that in
the figure, being bent up in the middle and down on each side.
A little consideration will show that there will never be any dis
placement at the points N, N'; rorin any position of the two com
ponent waves one is always as much above such a point as the
other is below it; these points are threfore nodes, and the dis
tance between consecutive nodes is one-half the complete wave
length.

326. Velocity of Wave In a Cord.-The velocity of a transverse
wave along a stretched cord may be deduced as follows. Suppose that an
infinitely long cord having tension T and a mass per unit length m is drawn
rapidly through a bent gllUl/l tube 8.5 shown in the figure. II the cord were

FIG. 186.-Solitary wave in cord.

lot rest it would produce a pressure against the tube in consequence of its
tension. At a point where the radius of curvature of the tube is r the pres-

sure against the tube, or force per unit length, is ~, being greater the more

sharply curved the tube is at that point. But if the cord is drawn through
the tube with velocity V, its centrifugal force per unit length as it runs over

. ",ilie curved part of the tube is ~. and this acts to diminish the pressure.• •
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H the speed ill just right, one will exactly bala.nce the other and we shall have

mY I T T---- or Y" __ •
" m

Since ,the radiusltf curvature cancels out ol the ~lt. the speed at which
there will be no pressure agailllt the tube will be the same whatever its
radius of curvature may be, and colUlequently whatever its shape. Suppoue
the cord is now drawn aloog at this critical speed, the tube may be made to
vanieh and the bend in the cord will remain unchanged. If, no..., the ob
aerver moves along at the same rate aa the cord from left to right., the cord
will appear to bim to be at rest while the bend will be seen to travel along
the cord all a wave from right to left with a velocity Y, where

y .. ~ .

The ~locily wilh whu:h a eron.sllefft wavtl' Tun. along a perler.lly jle:rihk
f;tJrd i, Ihm de/ermined from Ihe rela/ion

Velocity of the wave in cm./BCC. '_ . 1
M

Tension in ~ynelil .
. " ass per em. In grams

327. Transverse Vibration of Cord.-It has already been
shown that the time of vibration of a. stretched cord when it
vibrates" &8 a. whole is the time required for the wave to ron
from one end of the cord to tbe other and ba.ck again. Or if it
is vibrating in segments the period of vibration in one of the
segments is the time required for the wave to ron twice the length
of the segment. If I be the length of the cord or the distance
between consecutive nodes, the period of vibration P is

P _ 2!
- V

and if n is the frequency of the cord, or number of vibrations per
ilf!cond, we have

1 V
n--=-P 2!

where V is the velocity of a tl'ansverse wave along the cord.
Substituting the value of V from the preceding paragraph we
have

n _ ~ IT,
2t 'Jm

a formula which expres~s in compact form the following three
laws:

1. The number of vibrations per second made by a string
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under & given tension is inversely proportional to the length of
the vibrating segment.

2. In case of two strings of the same length and mass per
unit length, the frequencies are proportional to the square roots
of the tensions; thus if one has four times the tension of the
other it will make twice as many vibrations per second.

3. H two strings have the same length and are under equal
tensions, their frequencies will be inversely proportional to the
square roots of their masses per unit length. Thus ir one is (onr
times as heavy as the other, it will have only half the frequency.

328. Upper Harmonics of Cant.-It has already been seen
that & stretched cord may vibrate not only 88 a whole, but it
Dh\y also vibrate in two segments or in three, and 80 on. These
modes of vibration may be easily established by touching the
cord ligbtly at a point where a node is desired and at the same
time bowing it at a loop. For instance, if a cord is touched at
one-fourth of its length from one end and then bowed half-way
between the end and the point where it is touched it will vibrate
in four segments and give a tone which has a frequency four.
times tht of its fundamental mode of vibration. That the cord
actually vibrates in this way was prettily shown by Tyndall
as follows: Little riders of bent paper were hung on the cord
at the points where nodes were to be established and others
midway between them on the loops. On sounding the cord as
above described all the litt.le riders on the loops were "unhorsed,"
while those at the nodes remained undisturbed.

These partial modes of vibration of a cord are known as its
harmonica, because if the fundamental mode of vibration of
the cord has a frequency of n vibrations per second the partial
modes of vibration wiU have frequencies 2n, 3n, 4n., Sn. et-e.,
according as the cord vihrates in 2, 3, 4, or 5 segments, respect
ively; thus the frequencies of the partial modes of vibration
are related to the fundamental as the terms in a harmonic series.

If cords were perfectly flexible this would be exactly the case.
but as actual cords always have So certain amount of stiffness,
which affects the higher harmonics where the vibrating segments
are short more than the lower harmonics where the vibrating
IElgments are longer, the above is simply a c10ee approximation
to the truth, and the cord when vibrating in four segments, for
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example, will have slightly more than four times the frequency
of the fundamental.

329. Superposition or VlbratloDs.-When a string is struck or
bowed, a. number of these different possible modes of vibration
are in general set up nmull.aneously. The form of vibration
assumed by a cord in which two such modes of vibration coexist
is shown in figure 187. The dotted lines show three positions of

6S---~--~
-- 2 --7' -_-s=-_ _ ?

3
Flo. 187.-Two simple vibrationa combined.

the cord simply vibrating &8 a whoh in its fundamental mode.
The full lines, however, show its form when it is at the same
time vibrating in two segments, the two halves vibrating with
referenoo to. the dotted lines just &8 they would have done about
the middle straight line if the fundamental mode of vibration
had been absent.

330. Experimental DemODstratlon.-That such a coexistence
of different modes of vibration commonly exists in a string may
be shown by the following experiment. Pluck the string of a
sonometer strongly at, say, one-fourth of its length from one
end; then touching the string lightly at the middle, its fundamen
tal mode of vibration will be damped, but it will still be free to
vibrate in two segments and the tone characteristic of that mode
of vibration, an octave higher than the fundamental, will be heard
still sounding. Or if struck one-sixth of its length from one end
and then touched lightly at one-third of its length, the fundamen
tal mode will be damped while it will still be beard sounding a
tone having three times the frequency of the fundamental.

331. Yonng's Law.-When a strine is struck at any point
only those modes of vibration are set up which do not have nodes
at that point.

When a string is touched at any point all vibrations are damped
that do not have nodes at that point.
. Jt is clear from these laws that in order to stop all the vibrations
of string it should be damped at the same point where it is struck.
This is done in the piano.
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FlO. 188.
--Section of
organ pipe.

332. Quanty of Tone.-Strings are suited for musical instru
ments because the partial tones that they give out have fre
quencies which form a harmonic series with the fund&mental,
and all the lower tones of a harmonic series as far as the seventh
harmonic are pleasing when sounded together. The seventh and
ninth harmonics are, however, decidedly inharmonious with the
others, and there£oro it is desirable that in musical instruments
the strings should be struck or bowed in such a way that these
harmonics may not be developed. This is accomplished in the
piano by striking the strings about onc-seventh or one-eighth
of their length from one end, so that all the partial modes of
vibration having nodes near that point are weak.

The hardness of the hammer in & piano also has a decided in
ftuence on the tone. The harder the hammer tQe more sharply 
the string is bent when struck and the more prominent are the
higher harmonics. U the bammer is too soft the tone is soft and
lacking in the richness that comes from the proper strength of the
harmonics.

ORGAN PIPES AND W1NI) INSTRUMENTS

333. Organ Plpe8.-An organ pipe may be considered as made
up of two parts-a vibra.tor and a. resonator. There are two
tyJlC6 in use, fiu1e pipes, in which the vibrations
are caused by a stream of air rushing against an
edge, and reed pipes, in which the vibrator is a thin
strip of metal.

The construction of a flule pipe is shown in figure
188. At the lower end of the pipe is the em
bouchure or mouth which is like that of an ordi
nary whistle. Air, foreed into the air chamber at
the bottom, escapes through a narrow slit against
an edge just opposite. The upper part of the
pipe is a tube which may be either open or
stopped at the upper end, and constitutes a res
onator which reinforces the vibrations set up at
the embouchure.

If a blast of air is sent through a. skeleton pipe, which has a
mouth-piece but no resonating chamber, a soft whistling noise is
heard which rises in pitch with the force of the blast. The pitch
of. this tone also depends on the bluntnesa .f the edge against
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which the blast strikes and its distance from the opening. If the
pipe is now provided with a resonating chamber of a proper
shape and size to reinforce the vibration, & strong, cleat tooe will
be given out.

The vibrations appear to be caused by the friction of the stream
of air against the edge, together with its inertia, just as little waves
are formed on the surface of a stream of water in front of a wire or
rod which cuts the surface.

The vibrations caused in this way are taken up by the air
column in the pipe, which as it vibrates reacts on the stream of air
at the mouth-piece, causing it to deflect alternately inward and
outward in rhythm with the vibration of the air column; in this•
way regular impul8e8 are received by the air column, and 8 strong
vibration is maintained.

In case, then, of jluJ~ pipes it appears that the size and shape
of the resonating cavity is what chiefly determines pitch, though
a certain adaptation in the form of mouth-piece and strength of
blast is required in order to evoke a good tone.

334. Nodes and Loops tn Organ Plpes.-Tbe vibration of the
air oolumn in an organ pipe is a C&Jle of st&nding wavee and is due to the

11il I If I~il
II!Hf II lit I II il~ I

I
~ L, ~ L, ~ L, ~

Flo. 189.-Formdion of nodN and loopa in org:&n pipe.

interaction between waVell running up the pipe and re6ect.ed waves moving
in tbe opposite direction, fonning nodes and loops just as in C&Jle of the
vibrations of a cord.

The upper part of 6gure 189 represents llOund waVelJ advancing from left
to right in the direction of the upper large arrow. In oondensed portions
of the waves at C, and C. the particles are moving forward in the direction of
advancement of the wave. In the rare6ed portions at Rl and Rt the particles
have a backward velocity. Immediately under this ill represented the state
of things in wavee returning from right to left. The particlee in the oon·
densed portionll of these waves have a velocity from right to left as shown by
the small arrow.. and from left to right in the rare6ed region&. If, now, these
two eets of wavee paa8 simultaneoualy through the same maM of gas the par-
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tides take the resultant motion and nodes and loop8 are formed in the posi
tions indi~ated in the lower part of the diagram. For it is clear that the
rarefactions R 1 and R. will reach N I simultaneously, tending toproduce
opposite displacements, and a half period later the condensations C. and
0, will come together at the same point, tending also to produce opposite
displacements, and a little consideration will show that at every instant the
two sets of waves will balance each other at N. so that the particles there

IIIII1II11II11I11
illllillillllilli, , ,
NI N, N$

FIG. lOO.-Opposite phaecs at nodes.

will remain at rest. So also at N I, N I, and N OJ which are thus 7UJdu. But
at L1 the rarefa.ction R1 of the advancing wave will arrive at the earne instant
Il.$ the oondensation C. of the returning wave, and since in both of these the
velocity of the particles is from right to left the resultant velocity at L.
will be from right to left at that instant. A half period later when C, and

'R. come together at L t the particles there will have a ms.ximum velocity
from left to right.

Thus the air between nodes surges back and forth, in one-half vibrotion
swinging toward N. on both sides and producing a compression there as
shown in the lower part of figure 190. While in the next half vibration the
air layeI'!:l swing away from N. and toward N, and N., producing rarefaction
at Nt and condensations at N I and N~, as in the upper part ot figure 100.

At nodes, therefore, the greatest changes in pressure take place, although
the nodal layer itself remains at re6t, while the motion of the particles is
greatest in the loops midway between nodes.

Succes#ve node" are a half wave length apart and are in oppmlile phMe3,
one being a point r-. rarefaction at the instant when the other is a point of
condensation. So also the phaU3 of motion in suue3:nve loo~ are Opp03Ue.

335. Kundt's Experiment.-The nodes and loops in a vibrating
column of gas are beautifully shown in the following experiment
due to Kundt.

Clamp

---~-----Fij~Gj!j'jjJi±il!d""-.1ikilll• A B
FlO. 191.-Kuudt's tube experiment.

A glass tube about 5 em. in diameter and a meter long is tightly
stopped at one end, while in the other is fitted a light piston
of cardboard attached to the end of a glass rod which is clamped
firmly at the middle. The rod is set in longitudinal vibration by
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drawing along it a wet cloth beld firmly clasped around the rod.
By adjUBting the position of the piston.A in the large tube a point.
is found where the air oolumn between A and B is in resonance
with the vibrations of the rod. The air is then set in such JXlwer
Cui vibration that any light dust in the tube, 8uch aalycopodium
powder, is driven out of the loops and gathers in little heaps in the
nodes. This will occur when the sound waves run the length of
the air column a.nd back in a certain whole number of vibrations
of the rod. In the diagram there are six loops indicating that the
rod makes six vibrations while the wave rUDS the length of the
tube and returns.

The stopped end is exactly a node. while the piston end, where
the motion is communicated, is very nearly a node.

The distance between nodes is a half wave length and may
easily be measured with considerable accuracy. The tube may
now be filled with some other gas and the distance AB again
adjusted and the distance between nodes found for this gas also,
and since the frequency of vibration of the glass rod is the 8lLIDe in
both cases the velocity of sound in the gas is to that in air in
the same ratio as the distances between nodes in the two cases.

In this way the velocity of sound haa been measured in a large
number of gases and vapors.

336. BeJlection in Organ Plpes.-Reftection of waves takes
place in general when a wave moots a boundary where there is a
change of medium.

Flo. Iln.-Refleetion model..

In a stopped organ pipe, a wave running up the pipe meets the
unyielding end, and must therefore be reflected in such a way that
the reflecting surface is a node, or point of no motion. In an open
pipe it is quite the reverse, the wave advancing in the pipe on
coming to the open end finds a freer medium, unconstrained by the
walls of the pipe, and therefore reflection takes place, but in such
a way that the end is a loop or point of great motion.

The mechanical model represented in figure 192 will serve to
make clear the nature of these two kinds of reflection. The
figure represents a series of balls resting in a frictionless groove.



ORGAN PIPES 221

Half are larger and of greater mass than the other half, and all
are connected together by springs of equal stiffness. Suppose the
left-hand ball is given an impulse forward, the spring between it
and the next will be compressed and the motion transmitted as a.
wave of compression from one to the other and 80 on along the
line, each coming to rest after giving up its motion to those ahead.
But the last of the row of large balls will move forward more
freely than it would have done if there had been no change in the
size of the balls, and, therefore, it stretches the spring behind it,
which gives a forward pull to the ball next behind it and so sends
back a wave of rarefaction. This is the kind of reflection which
takes place at the open end of an organ pipe.

When, on the other hand, a compressional wave is sent from
right to left along the row of small balls, the last one does not
move forward as far as it would have done if there had been no
ohange of medium, and the spring behind it is, therefore, moro
compressed and gives a backward impulse to the preceding ball,
sending a compressional wave back through the series. This is
the kind of reflection which takes place at the swpped end of an
organ pipe.

337. Open Plpes.-In open organ pipes there must, therefore,
be a loop at the top and also a loop at the mouth for there is great
motion of the air at these points. Between them near the middle
of the pipe is a node.

The position of the node may be demonstrated by lowering
into the pipe a horizontal tray of thin membrane covered with
sand. If the tray is exactly in the node the tone is not affected,
but if it is either raised or lowered a loud buzzing is heard in con
sequence of the vibration of the membrane.

An open pipe sounding in this way is giving out its deepest or
fundamental tone. Since consecutive loops are a half wave
length apart, it follows that the length of an open pipe is half the
wave length of its fundamental tone.

Thus an open pipe 1 meter long gives out waves 2 meters long and

accordingly makes 3;1 _ 165.5 vibrations per second, since n _ ~.

But an open pipe may vibrate in other ways consistent with
the condition that the two ends must be loops. Thus it may
vibrate having loops and nodes, as shown in figure 193/ so that the
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distance from loop to loop or node to node may be only one-half
the length of the pipe, or it may be ·one-third the length, elc.
The frequency of vibration in the first of these partial modes is,
therefore, twice that of the fundamental, that of the next three
times, the next four times, etc.

Thus, any of the harmonics of the fundamental may be pro
duced by an open organ pipe.

The partial modes of vibration generaJly coexist to a greater
or less degree with the. fundamental, giving character and richness
to the tone. The relative strength of the harmonics depends on
the shape of the mouth-piece and the force with which it is blown
and the shape of the pipe itself. The higher harmonics are more
emphasized when the pipe is strongly blown.
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Flo. 193.-Node. and loopol in
open pipe6.

FlO. I~.-Nod.,. ..nd loope in
.topped 0 .....0 pipell.

The positoion of the nodes and loops just diacWlled is only approximately
col1"eet, I.e the open end is not exactJy a loop, atiI.Ileflll is the mouth ua.ctly
at a loop and the node is nearer t.he mouth or the pipe than it is to the top,
the variation being most. marked in wide pipes.

338. Stopped Plpes.-In stopped pipes the sklpped end is
exactly a node, while the mouth is nearly a. loop. Thus the
length of the pipe is one-fourth the wave length of the fundamen
tal tone.

Suppose a compressional wave starts at the mouth of the pipe,
it runs up to the top, il> there reflected back as a compressional
wave, but on reaching the mouth again is reflected in the opposite
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way as a rarefaction, then traveling up and being reflected 88 a
rarefaction it returns to the mouth where it is again reflected as a
condensation; the wave has thus traversed the length of the pipe
fOUf times before returning to its original phase. A stopped pipe
one·half meter long would therefore have a. wave length two
meters long and would vibrate with the same frequency as an
open pipe one meter long.

Stopped pipes also may vibrate in other modes than the fun
damental, but there must in every case be a node at the top of the
pipe and a loop at the mouth. In figure 194 is shown the distri
bution of nodes and loops in the fundamental and next two upper
partial modes of vibration. It will be observed that the distance
from node to loop in the first partial mode is one-third that in the
fundamental and consequently the frequency of this mode of vi
bration is three times the fundamental. The next higher mode of
vibration has five times the frequency of the fundamental, etc.
Hence a stopped organ pipe may sound its fundamental and odd
harmonics, the frequencies of its proper tones being related to
each other as the series 1, 3, 5, 7, etc. The absence of the even
harmonics causes the tones of stopped pipes to differ decidedly in
quality from those of open ones.

FIG. 195.-Free reed.

339. Reed Pipes.-In reed pipes the vibrations are caused by
a metal tongue or reed. Two forms are used, the free reed and
the striking reed. A free reed, represented in figure 195, con
sists of a tongue of thin metal riveted firmly at one end to a plate
in which there is an aperture just under the tongue large enough
to admit of its vibrating freely through it without touching.

The tongue when at rest is slightly above the aperture and
when the reed is blown the stream of air catches it and carries it
down, nearly closing the opening, this stops the rush of air and the
tongue springs back, when the action is repeated. In this way a
vibration is maintained.

Reeds of this type are used in cabinet organs, harmonicas, and
f¥lcordions.

In striking reeds the tongue is a little larger than the opening
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and when at rest stands slightly above it. When blown it is
carried down and clapping over the opening stops the rush of air,
then rebounding is again carried down, thus being maintained
in vibration. The tones from striking reeds are stronger and
more penetrating than from (ree reeds. They are used in or
dinary tin horns and in the cl&rinet and in some stops of pipe
organa.

When reeds are used in pipe-organs they are providod with
resonators which strengthen and improve the tones.

'The tones of reed pipes are rich in the higher harmonics, and
the shape of the resonator used greatly influences the relative
strength of these harmonics and hence determines the quality of
the tone produced.

340. Effect of Changes of TemperatDre.-When the tempera
ture rises the velocity of sound in air increases and consequently
the pitch of the flute pipes in an organ is raised. On the other
hand, the effect of higher temperature is to diminish the elasticity
of the metal tongues of roods so that they vibrate more slowly,
lowering the pitch of the reed pipes. An organ is thus thrown
Qut of tune by great change of temperature.

341. Other Musical In.8trument.'J.-In the flute and piccolo
the vibrations are produced by blowing a.cross an opening or
embouchure near one end, the pitch produced being determined
by t.he strength of blast and by the effective length of the resonat
ing cavity which is regulated by opening or closing holes in its
side. The deepest tone of a flute, as of an open organ pipe, is one
whose wave length is double the length of the instrument. When
blown hard the higher hannonics are BOunded.

The mouth-piece of a fife is like an ordinary whistle or flute
organ pipe, while the clarinet and oboe have mouth.pieces in
whioh a thin slip of wood mounted over an opening forms a
striking reed.

In the bugle the vibrations are due to the air being blown
between the tightly drawn lips of the player as they are placed
upon a suitable oup-shaped mouth-piece, the pitch being
determined by the tension of the lips and by the resonance of the
tube. The long coiled tube in such instruments has a very deep
fundamental tone the numerous upper hannonics of which can be
easily evoked. The cornet is also provided with little valves by
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VIBRATION OF RODS

which the effective length of tbe tube is varied and an additional
number of tones made possible.

VIBRATION' OF Roos AND PI.ATES

342. Longitudinal Vibration or Rods.-Ir a rod of steel, say
a meter long and a contimeter in diameter, is held firmly at the
middle point and if a cloth dusted with powdered rosin and folded
over the rod is grasped firmly with the hand and drawn off the
end with a quick strong pull, a clear, high-pitched sound may be
produced due to the longitudinal vibrations of the rod. That the
vibrations are of this nature may be demonstrated by means of a
sm&11 ivory ball hung by I.L

cord and resting against the
cnd of the rod. The ball will
be violently driven off, swing
ing out as shown in the figure.

Glass tubes held at the
middle may be similarly set in
vibration, using no wet cloth
instead of one dusted with
rosin. Tyndall Wf\8 able to set
l\ large glass tube 60 power·
fully in vibration by this means that the tube was shivered to
pieces.

Tho middle point where the rod is held or clamped is a node and
the ends vibrato lengthwise to and fro simultaneously toward the
middle or away from it so that the bar is alternately lengthened
and shortened. The vibrations are thus precisely like those in an
open organ pipe where there is a node in the middle and loop at
both ends, and, as in the organ pipe, the period of a complete vi
bration is the time required for a compressional wave to travel the
length of the bar and back again. Thus if the velocity of sound
or of compressional waves in steel is 5000 meters per second a bar
1 meter long will make 2500 vibrations per second, since the
wave length is 2 metel"ll.

The area of cross section of the bar docs not affect the result,
the same pitch is obtained from bal"ll of different diameters and
shapes of cross section if they are of the same material and length.
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By a little dexterity such a rod may be made to give a higher harmonic,
vibrating with a node in the middle, and two others, each one-6ixth of the
length of the bar from the end. The wave length in this case is evidently
one-third of that in the former, and the frequency of vibration three times
as great.

Rods of other metals or of wood or glass may be caused to
vibrate in this way and the velocities of sound in them may be

compared by their frequencies of
vibration as shown by the tones
which they give out.

343. Longitudinal Vibration of
Wlres.-Longitudinal vibrations

may also be set up in wires firmly clamped at both ends by
rubbing them lengthwise with a bit of rosined cloth.

The clamped ends of the wires are nodes in this case and the
middle is a loop. The pitch depends only on the velocity of
sound along the wire and on its length and is quite independent
of its tension except in so far as the tension affects the elasticity
of the wire.

344. Transverse VlbratioDS of Bars.-The trans
verse vibrations of bars are determined by their mass
and stiffness, and hence depend on Young's modulus
of elasticity, since it is this coefficient which deter
mines a bar's resistance to bending. If a uniform
free bar is struck at the middle point it tends to
vibrate as shown in the figure, with a node near N

each end, and it may be supported at the nodes on
wooden bridges without materially affecting its
vlbration.

In the xylophone or kaleidophone the bars of
wood or metal vibrate transversely and are sup-
ported at their nodes. F'Q. 19S.

345. Tunlng-forks.-A tuning-fork may be considered a bent
bar vibrating in the mode shown in figure 197. For there are two
nodal points, one on each leg of the fork near the bottom. The
prongs swing alternately toward and away from each other, while
the stem. of the fork, being attached to the vibrating segment be
tween the nodes, vibrates up and down. This is made ap·',arent
by the loud tone given out when the stem of a vibrating fork is
touched to a wooden table top or sounding board.
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Tuning-forks are often mounted on wooden reaonlltoIll, boxes enelO6ing
an air chamber capable of responding to the vibrations of the fork.

346. Law of Similar Systems.-When two vibrating systems
are made of the same material and are exactly similar in dimen
sions, though not of the same size, their periods of vibration_are
proportional to their linear dimensions. This law is shown by
mathematical reasoning to be a consequence of mechanical prin
ciples, and is illustrated in many familiar instances.

For exa.mple, if two swpped organ pipes are constructed with cubical
resonating cha.mbeI'll, but onc having half the dimensions of the other,
the smoller will vibrate with twice the frequency of the larger. Two tuning
forks of equally stiff steel and exactly similar in shape will be an octave
apart if one is twice IIol> large 88 the other. And so, also, if we take two
straight steel bars, one of which has half the dimensions of the other in each
direction, the smaller will make twice IIol> mll.llY vibrations per second as the
larger when vibrating in the same manner.

34... · Vibration of Plates.-The vibrations of flat plates of
various shapes were studied by Chladni who scattered sand on

FlO. 199.-Chladni's figures.

the plates and observed the figures formed by the nodal lines in
which the sand gathered when the plates were bowed. Some of
these forms, known as Chladni's figures, are shown in figure 199.
The upper row shows different modes of vibration that may be
set up in a square plate supported at its center and bowed at some
point on the edge. The slowest mode of vibration is the first, in
which the vibrating segments are the four corners. Segments
separated by a nodal line must always be opposite in phase, one
vibrating up, while the other swings down. This opposition of
phase is indicated by markinl{ them alternately plus and minus.

If a resonator or wide-mouthed bottle which can respond to the vibra.
tions of the plate is held with its mouth over any vibrating segment it will
respond stronl[ly, but if moved over a nodal line 80 that it issimuhaneously
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acted on by two adjoining segments it is silent beiJlluse the segments are in
opposite phasel:!.

So also when the plate is vibrating as shown in the first or second diagram
in figure 199, if the hands are held just above two similarly vibrating seg
ments so as to quench the sound waves coming off from them, the sound from
the plate will be heard louder than belore.

348. HeUa.-The blow of its tongue on a bell causes the
circular rim to spring out into slightly elliptical shape, from which
it springs back passing thr'ough the circular form into an ellipse
with its greater axis at right angles to the first; thus it oscillates
in four segments with four intermediate nodes as shown in the
figure. Making the rim of the bell thicker causes it to oscillate

more quickly by reason of its increased
stiffness and thus raises its pitch.

The above is its fundamental or slowest
mode of vibration, but simultaneously with
this the blow of the hammer sets up ·higher
modes of vibration in which the rim may
vibrate in 6, 8, or 10 segments with inter
mediate nodes. These higher tones are not

Fla. 200.-Vibration of in the harmonic series of the fundamental
bell.

and hence the tones of bells are unsuitable
for music. When the bell is first struck the higher tones are more
prominent than the fundamental, but as the sound dies away the
fundamental tone persists the longest.

The beating or throbbing heard as the tone of a. bell dies away ~ due to
want of uniformity in the rim, in consequence of which there are two runda~

mental tones of slightly different pitch. One or the other of these is excited
according to the point struck by the hammer, though in general both are
simultaneously set up.

MUSICAL RELATIONS OF PITCH

349. Musical Intervals Depend on Ratlos.-The musical
effect of two tones when sounded tgether depends upon the ratw
of their frequencies. This is well shown by means of the siren
(§304). If four rows of Holes in the siren are simultaneously used,
in which the numbers of holes are proportional to 4, 5, 6, and 8,
respectively, a combination of tones will be produced which will be
recognized as the major CMrd-do mi sol do. And this hlusical
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relationship holds whatever may be the speed of the siren, show
ing that whatever the pitch may be it is the rali8 oC the frequen
cies of two tones which determines their musical relationship.

350. Harmonious Rattos.-Tones are harmonious whose
frequencies are proportional to any two of the simple numbers 1,3,
3, 4, 5. 6. The most important harmonious ratios and their
musical names are here given:

1 : I unison
1 : 2 octave
1 : 3 twelfth
2 , 3 fifth
3 : 4 fourth
4 : 5 major third
5 : 6 minor third

The Dames are derived from the ordinary musical scale; thus
the octave is the relation of the first and eighth tones of the scale;
tbefifth, that of the first and fifth; the fourth, that of the first and
fourth, etc.

3$1. Major Seale.-Three tones whose frequencieS are in the
ratio 4 : 5 : 6 form what is knqwn as a major triad.

The major scale is a sequence of .tones so related that the first,
third, and fifth tones form a major triad; also the fourth, sixth,
and eighth, and the fifth, seventh, and ninth. The first note of
the sequence is called the key-now and the triad starting with the
key-note is the triad of the tonic. The fifth tone is known &8 the
dominant and the fourth &8 the 8ubdominant, and their triads are,
respectively, known &8 the triads of the dominant and of the
subdominant.

If the tones of the. scale are represented by letters &8 in or
dinary musical notation, their ratios fot the. key of C will be as
follows:

Deeignation C D E P G A B , d

Triad of tonic .............. 4 I 5 • • • • 6 I • • • • .... . ...
Triad of subdominant ....... • • • • . ... .... 4 .... 5 . ... • ....
Triad of dominant. .......... • • • • .... . ... . ... 4 . . . . 5 .... •Ra . . 1 " l<i H " " ." 2 ,.tio to tonic ..............
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352. Tones and BaH Tones.-lf the ratio of the vibration
frequency of each tone to that of the ODe immediately preceding
it is taken, we find

CDEFGABcd

1% 1'l5 %
Tone Ha.l.f·tone Tone

1% % l~:i %
Tone Tone HaJ.f-tone Tone

%
Tone

- • • • • • - •
ele.

These ratios determine the musical character of the intervals.
When the ratio of the frequencies of two tones is % or 1%, they
are said to differ a who/,e tone, while those whose ratio is 1'15 are
said to be a half tone apart.

353. l\lInor Trlad.-In the major triad, three \:.ones whose
ratios are 4 : 5 : 6, the interval between the first and seoond tone
is a major third, while that between tbe second and third is a
minor third. If .we had three tones in the ratio 10 : 12 : 15, the
interval between the first and second would be a minor third
(5 : 6) while the interval between the second and third would be a
major third ( 4 : 5). Such a combination of tones is known as a
minor triad.

354. Minor Scale.-A scale based on minor triads in the
same way that the major scale is based on major triads is known
as the minor scale. In the key of C the tones C, D, F, G are the
same on both scales, while E, A, B each differs from the corre
sponding note of the major scale by the interval 2%4, the minor
tone being lower in each case. These tones of the minor scale
may be designated E fiat, A fiat, B fiat.

3M. Temperament.--5ince there are two kinds of whole
tone intervals (% and 1%) and also two kinds of half-tone in·
tervals (1%5 and 2%4), and since a note a half tone higher than
D, for example, which is called D sharp, would not be the same as
E fiat, it is clear that many notes are required to admit of playing
music accurately even in a single key; and this number must be
greatly increased if we are also to be able to play correctly in other
keys.

In such an instrument as the violin the artist may indeed use
true intervals, but in keyed instruments, like the piano or organ,
the number of keys that would be required in such a case would
make the key-board unmanageably complicated. Hcnce what is
known sa the equally tempered scale is used. In this scale the
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whole tones are all equal and each equal to two half-tones. And
as there are five whole tones and two half-tones in an octave, the
octave must be equivalent to six whole-tone intervals or twelve
half-tone intervals; hence since two notes an octave apart are in
the ratio 1 : 2, notes a whole tone apart must be in the ratio 1 : {!2,
and those a half tone apart in ratio 1 : W2.

The foUowing table gives in the upper row the vibration fre
quencies of notes in the true or diatonic scale, beginning with
middle C of the piano, while in the lower row are shown the cor
responding frequencies in the equally tempered scale.

~I D I E , I G I A I E 1,1
261 293.61326 .2 348.0 391.5 435.0 489.4 522 Diatonic !!Calc.
261 292.9

1
328.8 348.3 391.0 438.9 492.6 522 Equally tempered.

THE EAR AND HEARING

3.S6. The Ear.-To make clear the physical basis of hearing
a short account of the structure of the ear will be required.

Referring to figure 201, three principal parts will be noticed:
the external ear channel closed at the end by the tympanum or
drum skin, the middle ear in which is the chain of little bones or
088icles which connect the tympanum with the inner ear, and the
inner ear itself in which the auditory nerve terminates and which
is contained in a cavity in the massive part of the temporal bone.
The small bones of the middle ear are .situated in the upper part
of a tube containing air, which is known as the Eustachian tube
and which opens into the back of the mouth through a small valve
which opens in the act of swallowing. The air pressure in the
Eustachian tube is thus kept the same as that on the outside of
the drumskin. Persons going down in diving bells often experi
ence a pain in the ears owing to the difference of pressure, which
is relieved at once by swallowing.

The inner ear consists of a long chamber coiled up like a snail
shell, and hence known as the cochlea, the three semicircular
canals, and the vestibule. There are two openings from the
Eustachian tube into the inner ear, one of which is closed by a
membrane and the other by the stirrup bone or BtapeB, one of the
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four 088icles of the middle c&!'. The interior of the inner ear is
filled with liquid, the endolymph.

The cochlea is probably that part of the ear by which musical
sounds are distinguished in pitch and quality. It is divided into
two parts by the basilar membrane which runs lengthwise through
all ib3 convolutions dividing it into two chambers. This mem
brane is strongly fibrous in structure, the fibers running &Or068

from one side of the tube of the cochlea to the other. Along its
inner edge, where it is attached to the walls of the cochlea, the
fibers of the auditory nerve terminate, so that a disturbance of

.........
F:la. 201.-!>iav- abowill& t:rmpolllUm.; (lIIIid... &nd inter....! ....

any part of the basilar membrane causes a stimulus to the cor
responding filament of the auditory nerve.

A1s this membrane also gradually varies in widt.h from one ond
to the other, its fibers vary in length like the strings of a piano
and have their own periods of vibration, which are slower for the
long fibers and quicker for the shorter ones.

When sound waves falling on the tympanum cause it to
vibrate, these vibrations are transmitted through the ossiclcs"to
the liquid on one side of the basilar membrane, then through the
membra.ne itself to the liquid on the other side of it which is in
contact with the flexible membrane closing the second opening
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into the Eustachian tube. The vibrations are transmitted most
easily by that part of the basilar membrane which can vibrate in
sympathy with the impressed vibration, and therefore the eor
resfX)nding nerve filaments are stimulated. The arrangement is
such that sounds of different pitch, awaking sympathetic vibra
tions in different portions of the basilar membrane, stimulate
different nerve filaments and so give rise to different sensations.

It is now easy to understand why the ear should analyze com
plex sounds, hearing each simple harmonic component as a sepa-·
rate simple tone. For it is in accordance with the mechanica.IIsws
of sympathetic resonance that when in a complex vibration there
is a simple harmonic component which has the same period 88 the
resonator, then the latter will respond. If there are, therefore,
three different harmonic components in the vibrations communi
cated to the basilar membrane, the three corresponding portions
of the membrane will be set in vibration, and consequently three
different nerve filaments will be stimulated, exciting three dis
tinct sensations of pitch.

357. Inflaenee of Pbase.-From the above theory of audition
developed by Helmholtz, it is to be expected that the relative
phases of the components in a complex tone will have no influence
on the resulting sensation, for the same parts of the basilar mem
brane are set in vibration whatever the ph~ of the component
tones.

3M. Deais.-There is one important exception to this. In
case of beats the pulsations of tone are certainly d~e to the
changing relative phases of the two components which alternately
act together and against each other. But this case is exceptional
because the two tones are so near in pitch that they affect closely
adjacent portions of the basilar membrane. It is not to be sup
posed that only 8. single fiber of the basilar membrane vibrates in
response to a particular tone, but the adjoining portions are also
set in vibration to some extent.

Suppose that two tones very near together in pitch are sounded
and one excites the strongest response in the basilar membrane at
a, figure 202, and the other at b. .

The membrane on each side of a will also respond to the first
tone and on each side of b to the second. If a and b are sufficiently
near together, the fibers midway between them will vibrate
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FlO. 202.

simultaneously in sympathy with both tones; they will therefore
take the resultant motion and will vibrate alternately strongly and
feebly according 88 the two component vibrations arc in the same
or opposite phases. Hence the nerve filaments connected with
these fibers receive an intermittent stimulus which produces the
disagreeable jarring sensation of beats, just as the intermittent
stimulus of It. flickering light is painful to the eye (Helmholtz).

It is quite in accordance with this theory of audition that
rapid beats are heard as a distinct roughness and do not merge
into a tone. Thus if two Koenig forks, one making 2816 vibra
tions per second and the other 2560, are strongly sounded the
beats are heard as an extremely disagreeable buzzing, though the
number is 256 per second, while a lone of that frequency is wholly
&gieeable when sounded with either of the Corks. The beating is

due to the disturbance of the basilar membrane
between the pointa where it responds to 2560
and 2816 vibrations per second while to excite
the sensation of 8. tone having a frequency of
256 an entirely different portion of the mem
brane must be set in vibration, viz., that part

which has a natural frequency of 256 per second.
359. Combinational Tonea.-Under some circumstances when

two tones are strongly sounded, a tone is also heard whose fre
quency is equal to the difference between the frequencies of the
two generating tones; its frequency is thus the same M that of the
beats between the tones, though it is an entirely separate phe
nomenon. Thcse differential tone8, as they are called, may be very
distinctly heard when two high-pitched forks are strongly sounded
together, such as the two Koenig forks referred to in the last
paragraph.

Helmholtz showed on mechanical principles that when two
simple harmonic vibrations act on a membrane to set it in vibra
tion, if the displacement of the membrane is so great that it is not
simply proportional to the displacing force, then the resulting
motion of the membrane will not be simply the sum of the two
impressed harmonic vibrations, but will also include other com
ponents, one of which has a frequency equal to the differenu of
the frequencie6 of the two original vibrations, and the other a
frequency equal to the IUm of their frequencies.
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Now, the tympanum of the ear is attached at the center to a
small bone which is drawn inward by a muscle, thus keeping the
drum skin tense, hence it is stretched in slightly conical form, and
is therefore unsymmetrical and resists inward displacement more
than it does outward. Hence, according to Helmholtz, wheIl'twQ
strong vibrations are simultaneously impressed upon the tym
panum, the motion which it communicates to the inner ear con
sists not simply of these, but includes alsp a vibration whose fre
quency is their difference and another whose frequency is their
sum. These are called the differential and summational tones.
The latter. were first observed by Helmholtz after he had shown
theoretical reasons why they should exist. They are not so
easily observed as the differential tones, and some observers have
disputed their existence.

360. Helmholtz Theory of Dissonance and Consonance.
Helniholtz showed that dissonance was explained by beats taking
place between either the tones themselves or their upper har
monies or the differential tones that they gave rise to, and that a
clearly marked consonance occurs when the ratio of two tones is
such that there are no beats, but when a slight change in the
ratio gives rise to disagreeable beating.

For example, the most perfect consonance is unisQtl, for then
the fundamental tones and upper harmonics all agree and there
is no beating, but a slight mistuning causes beating not only
between the fundamental tones, but between each pair of har
monics. Suppose, for example, one tone and its harmonics have
the vibration frequencies shown in the series

100 200 300 400 500

if the other tone, instead of making exactly 100 vibrations,
makes 106, then it with its harmonics will form the series

106 212 318 424 530

and there will be 6 beats per second between the fundamental
tones, 12 between the first harmonics, 18 between the second
harmonies, etc., The ear, therefore, selects a unison as a well
marked consonance. So also with the octave: suppose two tones
which with their harmonics are given by the two series
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Octave { 100 200

200
300 400

400
500 600

600

here the fundamental of the tone making 200 vibrations per
secol).d is of exactly the same pitch as the first harmonic of the
other tone, and there are no beats between any of the harmonics.
But suppose the octave is mistuned, as, for example, below

. 1100
M tst~ned octave I. 200 300 400

210 420
500 600

630

here there are 10 beats per second between the fundamental of
one and the first harmonic of the other, 20 per second between
the harmonics 400 and 420, etc., and the result is great dissonance.

It is clear from the above that the richer tones are in har
monics, the morc dissonant they will be when mistuned. It is

-thus much easier to judge whether an octave. is tuned correctly
in case of two reed pipes than with two wide stopped pipes 801·
most free from harmonics.

Problems

1. How long must a. wa.ter wave be to travel with a velocity of 20 miles per
houri'

2. What relation is there between the lengths of two water waves one of
which has twice the velocity of the other?

3. Find the velocity of 60und in dry air at 20°0. and pressure 73 em. of mer·
cury, when ita velocity at 0°0. a.nd 76 em. pre~ure is 332 meters per see.

4. What must be the amplitude of motion of the particles in a water wave,
if the velocity of the particles at the wave crest is equal to the velocity
of the wave?

IS. If the height of a water wave from crest to trough is 3 ft. and ita length
is 50 ft., find its velocity, ita frequency or the number of waves that pass
per sec., and the direction and amount of the velOCity of the water parti
cles on the crest of the wave.

6. How many vibrations per second will be received from a bicycle whistle
giving out 500 vibrations per BOO. and approach.ing at the rate of 10 miles
per hour?

7. If an observer were to move with the velo~ityof sound toward a sounding
body at rest, what pitch would be heard? What if the observer were at
rest while the sounding body approached him with. the velocity of BOund.,

8. A tuning-fork having a frequency of vibration of 1000 per sec. is moved
away from an observer and toward a flat wall with a velocity of 5 meters
per sec. Find how many beats per second will be heard by the observer.

9. A cord ?O ft. long is stretchcd bet>wccn two fixed support!> with a force of
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40 pounds' weight. How many transverse vibrations per see. will the
cord make if it weighs 72 lb. 'I

10. A very long cord weighing 5 gms. per meter and stretched with a. w.eight
of 5 kgs. hM one cnd made to OBcillate sidewise 4 times per see. Find
the length of the waves set up in the cord.

11. A brass wire and a steel wire of the Mille diameter are stretched by
equal weights and their lengths adjullted to give the same pitch when
vibrating transversely. When the steel wire is 1 meter long between
supports, how long will the brass wiJ::e be?

12. How many vibrations per sec. will be given out by an open organ pipe 76
em. long. Give also the frequencies of ita fil'flt three upper har
monics. Take temperature of air as 200 e.

13. How long must a stopped organ pipe be in order to have the same fre
quency of vibration a.s the open pipe in problem 12; also what are the
frequencies of its first three upper harmonics?

14.. What rise in temperature would raise the pitch of a flute pipe in an organ
one semitone? Take original temperature as O°C. and aemitone ratio
as 1"f5'

16. In a. Kundt's tube filled with air the distance between the dust heaps is
17 cm., but when the tube.is filled wih carbon dioxid gas, the distance
between nodes is 13.4 em. Find the velocity of sound in the carbon
dioxid if that in air is 340 meters per sec., both gases being at 15°C., and
vibrations being produced by the same rod in both cases.

Rejet'enee3

TYNDALL: Lee/urea on Sound (Appleton).
A delightfully writ~n exposition of the subject by a brilliant experimen
ter and lecturer.

HELMllOLTZ: Sf,7l.ljaliom oj 7'OrnJ, translated by EUis (Longmans).
A thorough treatise on tb.e soientific basis of mu.sie.
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THERMOMETRY

361. Temperature SeD8e.-The idea of temperature is ob
tained directly from our sense of touch. We speak of bodies 88

hot or cold according to the way in which they affect our tem
perature sense; and though temperatures cannot be accurately
compared in this way, we may yet roughly estimate whether
one body is hotter than another or whether a body is growing
warmer or colder.

362. Transfer or Heat.-When a hot body is brought into
contact with a cold body the former is cooled while the latter
is warmed. When a layer or copper is interposed between the
hot and cold bodies the change goes on rapidly, but when a
layer of felt is interposed the change is much slower. Hot
water in a thermos bottle changes its temperature very Blowly
indeed, 80 that it is easy to imagine an ideal receptacle in which
no change whatever in temperature could occur.

These facts indicate that the temperature of a body changes
only when something passes into it from without or escapes
from it to other bodies. This something is called heat.

Heat is said -to pass from the hot to the colder body rather
than that cold passes from the cold to the hot body, becauseexperi
ment shows that when a body cools it loses something, namely,
energy or power to do work, and hence heat rather than cold is
considered the entity.

383. Other EfTeets of HeaL-As bodies change in temperature
other accompanying changes take place. As they grow hotter
they increase in size, an enclosed mass of gas or vapor exerts II.

greater pressure, if heated enough a solid melts to a liquid, or a
liquid is changed, to vapor; also the elastic, electric, and magnetic
properties of substances are seriously modified.

364. Equal Temperatures.-When two bodies are placed in
contact and no change takes place in either one such as would
indicate a transfer of heat, they are said to be at the same tem·

238
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200.- B 0 iii n g-poi n i
apparatus.

perature. When one grows hotter and the other colder, the
latter is said to be at a higher temperature than the other.

Temperature may be defined as that property of a body which
determines the flow of heat. If there is no transfer of heat
between two bodies when placed together, they are at the same
temperature.

Thus temperature plays the same part in the flow of heat that
pressure does in the flow of fluids.

365. Thermometers.-To accurately compare temperatures
instruments are employed called ther
mometers. Thermometers may be
based on the expansive effect of heat,
on the changes in pressure in a. gas or
vapor that are produced by change of
temperature, on changes in the elec
trical properties of bodies, or, in short,
on any easily measurable property of a
substance, which depends on tem
perature.

Ordinary thermometers depend on
the expansion of a liquid, such as
mercury, alcohol, or ether, contained
in a bulb of glass having a long tube
or stem in which the liquid rises or
sinks as it expands or contracts.

366. Fixed Polnts.-In order that
temperature observations by different
observers may be comparable, all ther
mometric scales are based on twofized
temperatures. These are the tem
peratures at which ice melts and that
at which water boils under standard atmospheric pressure.

1. The chief precaution to be taken in determining the freez
ing point is to see that the ice is free from salt. lee from ponds
frequently has traces of salts from the soil. Changes in baro
metric pressure do not affect the freezing J.IOiJl:"" of water by as
much as O.OOloC., and may, therefore, be disI"3garcJ..o,:.

2. The boiling point is determined by the use of some appa
ratus, such as that shown in the figure, so that the whole ther-
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mometer up to the pain t at which the mercury stands in the
stem is bathed in steam as, it escapes from the boiling water.
The escaping steam is made to pass down around the outside of
the vessel so as to prevent the steam in contact with the ther
mometer from being cooled.

Impurities in the water may cause it to boil at a temperature
slightly above the point at which pure water boils, but the
escaping steam will have the same temperature as that from pure
water jf the pressure is the same. It is for this reason that the
thermometer bulb is kept in the steam and is not allowed· to dip
into the water itself.

The boiling point is decidedly influenced by changes in atmos
pheric pressure. An increase of 27.0 Mm. in the barometric
height raises the boiling point by one whole degree Centigrade.

BA

..--.;°b.-----IC~~~====_"9'F~~Centigrade
:12 iF 212.<C!ii::...~""'~ ~=======,J..~'2JFahrenhfJit
d in 80

: ., Reaumul'
p

FIG. 204.-Th(lnllometio 6cales.

..

367. Scales of Temperature.-In order that a thermometer
may be useful in determining intermediate temperatures it must
be graduated or divided into intervals or degrees.

Three scales are in general use: the Centigrade or Celsius
scale, used extensively on the continent and in most scientific
investigations; the Fahrenheit scale, used chiefly in English
speaking countries; and that of Reaumur, used to some extent
on the continent of Europe.

In the Centigrade Bcale the freezing point is marked zero and
the boiling point 100, the interval being divided into 100 degrees.

In Fahrenheit's scale the freezing point is 3ZO and the boiling
point is 212", so that there are 180 degrees between the two.

In Reaumur's scale the freezing point is A" and the boiling
point 80". The relation of the three scales is shown in figure 204.

Since 180 Fahrenheit degrees correapond to 100 Centigrade degrees, a
Fahrenheit degree is .% .of a Centigrade degree. To change Fahrenheit
temperaturea to Centigrade we, therefore, subtract 32° and take ~9 of the
remainder. On thc other hand, to change Centigrade temperatures to the
Fahrenheit scale add 32° to .% of the Centigrade tempera'ture.

Or since the ratio of the number of degrees between A and P (Fig. 2(4) to
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the whole number of degrees betwcn A and B is the same in each ClIose, we
have the equations

c--100
F - 32

180
R

- 80

by which relationfl temperatures on anyone scale may be changed to either of
the others.

368. Graduation or the Scale.-A thermometer is ordinarily
graduated so that each degree corresponds to an equal apparent
increase in the volume of the mercury. Thus if the thermometer
tube is perfectly cylindrical the degree marks are equidistant,
but if the tube is not uniform in diameter the degree marks
should be so spaced that the volume between consecutive marks
is the same everywhere throughout its length. The graduations
will, therefore, be closer together where the tube is wider and
farther apart in the narrower portions of the tube. The 50°
mark sQould be so placed that it divides in half the volume
between the 0° and 100° points.

369. Arbitrary Feature of Thermometric Scales.-But it is
evident that even such a scale depends upon the properties of .
the expanding substance and if we were to take two thermome
ters, one containing alcohol and the other mercury, and were to
graduate them in this manner, while they would agree at the
fixed points they might not agree anywhere else.

This arbitrary element enters into every scale of temperature.
Suppose, for example, we were to define 50° as that temperature
which results from mixing equal weights of water at 0° and 100°,
respectively. It would be found that if mercury had been taken
instead of water the resulting temperature would have been
different. And even if we were to define 1° as the rise in tem
perature of a given mass of water due to the addition of 3100

of the whole amount of- heat required to raise it from 0° to
100°, the scale of temperature obtained woul~ be different from
that obtained by using in a similar way some other substance
than water.

370. Peculiarities and Defects of Thermometers.-The rise of
the mercury in a thermometer when it is heated is due to the
difference betw~en the expansion of the mercury and that of the
glass bulbj for if the mercury and glass expanded equally the
mercury would not rise at all in the tube. Therefore, two mer-
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curial thermometers may not agree except at the fixed points,
unless they are made of the same kind of glass.

The most serious defect in mercurial thermometers is the
change in the zero point. When the bulb is cooled after having
been heated it takes a long time to return to its original dimen
sions. Thus if a thermometer is heated to 100° and then quickly
cooled, the zero point will be found lower than before it was
heated; this is known as the depression of the zero point. The

bulb continues slowly to contract, but it may be
weeks before the original zero point is reached.

This depression of the zero point may amount
to two- or three-tenths of u. degree and is a source
of error that affects more or less all temperature
observations with such instruments, for the read
ing at a particular temperature depends on
whether or not the thermometer has recently

F: been heated to a higher temperature.
] Researches carried on at Jena have resulted in
~ the production ofaspecial glass for thermometers,

known as the Jena normal glass, which is almost
free from this defect and is, therefore, employed
in making thermometers for exact work.

371. Spirit 'I'hermometers.-Alcohol and ether
thermometers can be used at temperatutc8 so low that
mercury would freeze, their expansions also are so much
greater than mcrcury that so fine a tube is not required.
But these liquids wet the tube and if the upper partof the
stem is cooler than the surface of the liquid column the

FI? 205.-Si~'s liquid will distil and condense in the upper end of the
mllJl:lmUm and mm- tube
imum tbenuometer.· .

Alcohol expands 6 times as much as mercury and ether
8~ times as much, they are therefore suitable for sensitive thennometeJ'B.
though on account of the pressure of the vapors of these liquids an alcohol
thermometer should not be used above 100"0. and an ether thermometer
not above 60"0.

372. Maximum and Minimum Thermometer.-For rep:isteling
maximum and minimum temperatures the form of instrument devised by
Six (Fig. 205) is found convenient. In this instrument the bulb B and the
tube as far as the mercury column at C is filled with phenol or some liquid
hll.ving a large expansion coefficient. The mercury column fills the lower
part of the tube between C and D while the tube above D is also filled with
phenol reaching up to the bulb A which is only partly filled. When the tern-
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perature rises the expansion of the liquid in the bulb B causes the mercury
column to sink at C and rise at D, pushing upward a little index of iron in the
tube above D which in consequence of fciction remains where it is pushed and
marks the maximum temperature. On cooling the contraction of the liquid
in B causes the mercury to rise at C pushing upward a little index at that
point which marks the minimum temperature. To set the instrument the
indices are drawn down against the mercury column by means of a small
magnet.

373. The clinical thermometer used by physicians is a maximUlll
thermometer having a short scale ranging from about 950 to 108°F.; the
tube is made very flat and narrow just above the bulb. The mercury will
readily pa8S through the constriction in rising, but as it contracts capillary
force causes the column to separate at that point, le~l.Ving the upper part of
the mercury column to mark the maximum point. To set the instrument
the mercury is brought back to the bulb by a vigorous
shake

."
374. Air Thermometer.-8ince mercury-in

glass thermometers can be used only between
-40°C. and 450°C., and their readings are so
much influenced by the peculiarities of the kinds
of glass of which they are made, they are not suited
to be used as independent standards. For stan
dard purposes air or hydrogen or nitrogen may
be used as the thermometric substance, because
with a porcelain bulb such a thermometer can be
used from -200°C. up to 1500°C., and the ex
pansion of these gases is so great (more than
twenty times that of mercury) that the expan- F,o. 206. Galileo's

air thermometer.
sion of the glass or porcelain bulb containing the
gas is quite insignificant in comparison, and can be allowed for
without sensible error.

A crude form of air thermometer which is interesting because
it was used in 1597 by Galileo, the i'nventor of the thermometer,
is shown in figure 206. The bulb containing air terminates in a
tube dipping into a vessel of colored liquid which rises' or sinks
in the tube, according as the enclosed air contracts or expands.
The most evident defect of this arrangement is that the liquid
column will rise and fall as the atmospheric pressure changes,
even though the temperature of the gas may remain constant.

375. Standard Air Thermometer of Constant Volume.-Fo'
the exact measurement of temperature by the air thermometer

J
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it is found most convenient to keep the VQlunw of the air con
stant and use iU:i pressure to measure temperature. A form of
instrument devised by Jolly is much used. The bulb A contains
the gas to be used, which may be hydrogen or nitrogen or air
that has been dried and freed from carbon dioxide. The bulb
is connected by a capillary tube with the wider tube at B.

The vertical tubes B Rod DE are connected by a flexible rub
ber tube, which is full of mercury, the mercury column extending
up into the glass tubes at Band E. The tube DE is attached
to a slide and can be raised or lowered along a fixed scale and
clamped at any point.

In using the instrument the air in the bulb
is first cooled tl;) 0" in melting ice and the tube
DE adjusted in height until the mercury at B

D comes exactly to a fixed mark at the end of
the capillary tube. The pressure of the en
closed air is then obtained by subtracting the

A height of the mercury column BE' from the
barometric height which gives the pressure of
the external air on E. In a similar way the

_pressure of the enclosed air may be measured
when the bulb is heated to 100° in steam. In
thifl case also the mercury level at B must be
adjusted to the same point as before, keeping

'.;::::::~j, the volume of the air constant except for small
- changes in the size of the bulb itself. The pres

li'IQ. 207.-Jolly's air sures of the enclosed gas in these two cases
thermometer.

may be represented by Piland Ph respectively.
If it is now desired to determine the temperature of a bath in

which the bulb is immersed it is only necessary to measure the
pressure P exerted by the gaS just as in the other cases. If this
pressure is found to be half-way between po and PI the tem
perature of the bath is 50°. Or, in general, if t is the temperature
to be determined corresponding to the pressure V

t : 100 :: P-po : VI-PO

In ~he m06t refined work we must make corrections for the expansion of the
glRll8 bulb itself due both to changes in temperature and prC6llUre, and also
take account of the fact tbat the gas just above B is not at the aame tempern
ture as the bulb A.
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&ch a ProeelII would evidently be too cumbrous to employ except. for the
purpoee of standardising &Orne more convenient. working form of instrumenL,
IlUch as the mercurial thermometer or the electrical resilltance thermometer.

376. Electrical Methods.--80me vcry important methods of me..
uring temperatures are based on electrical phenomena and will be more par
ticularly deecribed in thd connection.

The thenno-electrie method det.ennines temperature by measuring the
electromotive foree set up when the junction of two wires made of different
metals is heated. For low temperatures a copper-iron junction may be
u!Jed, while for high temperatures the junction of a pure platinum wire with
one of platinum-rhodium alloy is ullEld.

The reaiatanee method dependB on the inerense in the electrical resistance
of a ooil of pure platinum wire with rise in temperature (1651).

A resistance thermometer consists of a coil of platinum wire mounted
in a glass or porcelain tube to protect it from injury and contamination,
and provided with connections by which itll electrical resistance may be
tested. By means of suitable IIoCcessory apparatus the temperature of the
coil may be read directly without calculations. On o.ccount of the range of
temporaturCll that can be measured in this way (from _270° to 1500°0.),
and the accuracy and ease with which the determinations may be made,
this is olle of the moet valuable of all methods of temperature meNlUrement.

311. High Temperatures.-For meaauring high temperatures the
ga8 thermometer, or electrical methods, or radiation pyrometers may be

"""',
The hydrogen ga8 thermometer having a porcelain bulb may be used up

to 1~"C. (1375).
The platinum.rhodium Ulermo-couple and the electrical resiat.ance ther_

mometer may be WMld up to 15O()OC. if prot.eeted by porcelain tubes.
For the highest temperatures radiation~ are used. Theee are

of two types. One depends on the heating power of the radiation from ..
m&llll of molten metal or from the interior of a furnace, and is 110 devmed
that it may be used at quite a distance from the hot body if the radiating
IIUrface is large.

The other type depends on .. meaaurement of the intensity of the light
from the glowing hot body or interior of a fumaee.

Problems

1. Find the Fahrenheit temperatu1'(llS cor1'(llSponding to goo, 20°, _10°,
and _50°C.

2. Find the Centigrade temperatures corresponding to 1000°, 98.6°, 0°,
and -SO"F,

3. What temperature reads the same on both Fahrenheit and Centigrade
scalcs, and at what temperature is the Fahrenheit scale-reading twice
that on the Centigrade !!eale1

4. A temperature interval of 35° on the Centigrade scale is an interval of
how many degreee Fahrenheit?
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6. The abeolute aero of temperature i.e -273- OIl the Centigrade lIClIle;
what. Us it. on the Fahrenheit. aealeT

6. Calculate the Fahrenheit temperatures of the melting pointa of iron,
OOppeT, lead, and mercury. (See p. 288.)

ExPANSION OF SoLIDS

318. Expansion of Sollds.-Alm08t all solids expand when
heated. Isotropic bodies, such as glass and all liquids, expand
equally in every direction. Crystals in general expand differ
ently in different directions, and may even contract along one
direction and expand in another, but in most cases the expansion
more than makes up for the contraction so that there is on the
whole an increase in volume with rising temperature.

379. Coeftlelent of LInear EXpaDslon.-The fractional part
of its length that a rod elongates when raised one degree in
temperature is called its coefficient of linear espansion. Let the
length of a bar at 0° be lo, and let a be its coefficient of linear
expansion, then its increase in length for a rise in temperature
of 1° will be loa, and for t degrees its increase in length is loat,
80 that its total length I at tho higher temperature is:

l = lo + loat or 1 = 10(1 + at).

In this formula I may be taken &8 the length of the bar at a
temperature t degrees higher than that at which its length is lo,
even though the latter may not be its length at aoe.

It must not be 8up}XlSed that the coefficient of expansion of a
substance is the sa.me at all temperatures, for in general it in
creases as the temperature rises. In the above formula a
represents the average value of the coefficient throughout the
rise in temperature represented by t.

380. Coefftc.lent ot Volume Expanslon.-lf fit cube of substance
is taken measuring 1 em. each way at 0°, and having a coefficient
of linear expansion a, then ita linear dimensions at to will be
1 + at and its volume will be

(I + at)' = 1 + 3at + 3a!t! + a't'

but the coefficient a is so small that the terms involving a ' and
a' may be neglected and the volume may be expressed as

1 + 301.
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Ja, therefore, resprt'1:leots the increase in volume of a unit cube
for one degree rise in temperature and may beealled the coefficient
of cubical or volume expansion; hence the coefficient of cubical
expansion is three times the coeflicient of linear expansion in
an isotropic body.

381. Measurement of Coefficients of Expanslon.-When
the substance whose coefficient of expansion is to be obtained
has the form of a long rod, its expansion may be measured by a
comparator sllch as that shown in the figure.

Two microscopes are set on two marks on the bar, one near
each end. The microscopes are firmly clamped to a solid base
which is kept free from temperature change. The bar to be
examined is enclosed in a box provided with glass windows

FrG.2Q8.-Comparator.

through which the microscopes are set on the marks. The
bar is first packed in melting ice and the micrometers attached
to the microscopes are set on the two marks. Then water at a
higher temperature is caused to circulate through the box,
maintaining a constant higher temperature, and the microme
ters are again set on the two marks. The difference between the
micrometer readings gives the elongation of the bar and accurate
thermometers give the change in temperature. The whole length
of the bar between the marks is then carefully determined.

If this length is l and the elongation is e when the temperature
is raised from t to t', the coefficient of expansion a is ,found
from the relation e -= la(t'-t), or,

a = f(t'-t)'
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This is the average value of the coefficient between the tempera-
tures t and t'.

382. ExpansloD of Cl')'8ta1S.-eryStals that do not belong to
the regular 8Ystem expand differently in different directions. A
sphere cut out of such a crystal will become an ellipsoid when
its temperature is raised. In some cases two of the axes of the
ellipsoid would be found of the same length and in some cases all
three would be different. The directions in the crystal corre
sponding to the axes of the ellipsoid are called the axes of thermal
expansion. In quartz the expanaion at right anglea to the
axis of the crystal is nearly twice the expansion in the direction
of the axis.

Talk QI Coefficienl8 of Linear EzpanJIUm, per Degru Centiurade
Invar. . . . . . .. . ()()()()()()OO Brass. . . . . . .. .0000189
GlIl8l3 089 Silver 194
Platinum. . . . 089 Aluminum. . . 222
Steel.. .. . . . . 110 Lead.. .... .. 280
Iron. . . . . . . . . 117 Zinc...... . . . 298
Copper...... 167 Ebonit.e...... 770

Theee v&l.ues are approllimM.e. The exact v&l.ue (or any IUbetance de-
pends on the state of hardnCl5ll, purity, and temperature of tbe llpecimen.

383. Some mustratlons.-An iron tire when heated expands
80 that it can easily be slipped over the wooden rim of the wheel,
which it binds firmly on cooling. So the breeches of cannon are
strengthened by having a series of tubes shrunk over the inner
core, in this way producing an outside compression of the core
which enables it to withstand the enormous pressure of the
powder gas.

Allowance has to be made for expansion in case of bridges.
In a steel bridge 1000 ft. long the change in length between
extremes of summer and winter may amount to 8 in.

The aggregate length of the rails in a mile of track may be 4 ft.
longer when hottest than when coldest, so that an allowance of
about 0.3 of an inch is needed for each 30-ft. rail. The grate
bars of furnaces rest loosely in their supports in order to allow ex
pansion, and long steam pipes are provided with sliding or "ex·
pansion" joints unless the bends in the pipe are such as to yield
elastically to elongation and contraction.
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Flo. 211.Flo. 210.FIG. 209.
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Quartz crystals have very large expansion, and when unequally
heated fly to pieces because of the great strains which result in
that case. When quartz is fused, however, into a glass, its
coefficient of expansion is extremely small, and' vessels made of
fused quartz may, when red hot, be suddenly quenched in water
without breaking. .

A specially prepared nickel-steel, having 36.1 per cent. of nickel
and known as invar, has a temperature coefficient of only
0.0000009 or YlO as large as platinum. It is of great value for
measuring bars and tapes, and for pendulums.

Since the expansions of glass and plati
num are nearly equal, platinum wires are
used whereverwiresa.re to be hermetically
sealed into glasa, lU:I in case of the connec
tions of an incandescent-lamp filament.
Wires of another metal having a greater
coefficient of expansion would shrink away
from the glass on cooling, leaving a crack
through which air could pll.8S.

384. Compensated Clock Pcndulums.-The elongation of a clock
pendulum with rising temperature causes it to swing more slowly and the
clock loses time. Dry wood pendulum rods have very small expansion and
so are· sometimes used, but they are affected by moisture. For the most
accura.t6 clocks compensated pendulums are used. One of the best forms is
Graham', mercurial pendulum (Fig. 210), where a reservoir of glass or s~l
containing mercury is hung by a steel rod. If properly designed, the rais
ing of the center of oscillation ('142) due to expansion of the mercury is
balanced by the lowering due to the elongation of the steel suspending rod,
so that the effective length remains constant.
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In Harrison's gridiron pendulum (Fig. 2(9) the expansion of the steel
hlU'8 FF will lower the bob, while the expansion of the brasa rods CC will
tend to raise it. If the upward elongations of C and C for a given change
in temperature are together equal to the combined downward elongations
of FFF the bob will neither be raised nor lowered.

386. Watch Compensatlon.-The balance-wheel of a watch if un~

compensated will ron slower as the tempera.ture rises, because the elas
ticity of the hair spring is less at higher temperatures, and al80 the e:<pansion
of the wheel makes its moment of inertia greater.

Compensation is secured by making the hahmce-wheel fIB shown in figure
211. The rim is made of brass on the ouwide and steel on the inside, and
instead of being continuous it is cut in two segments which are connected
rigidly by flo croos-bar. When the temperature rises the brass outer side of
the rim expands more than the steel inner side so that the free ends of the
segments bend inward, thus carrying part of the mass in toward the axis
and so tending to compensate the outward expansion of the cl'08S-bar, and
the diminished elastieity of the hair-spring. The adjustmcnt is completed
by means of little screws set in the rim of the wheel. Those near the free
points tend to increase the compensation, while those near the fixed ends
of the segments have the opposite effect.

386. Force 01 Contractlon.-The force produced by the shrinking
of a bar on cooling is the same as would be rcquired to stretch it by the
same amount at the same temperature.

Problems

1. What is the change in length of the steel cables of a suspension bridge
2000 ft. long between the extremes _20°F. and 97°F.?

2. A brlLSs meter bar is corroot at 15'C.; what will be its length at 20'C.?
3. What is the coefficient of expansion of a 3O-ft. 8teel rail on the Centi

grade scale and also on the Fahrenheit 8Cale if it changes in length 0.234
in. when the temperature ranges from _11°F. to lOO°F.?

4. At 20°C. a brass plug 5 em. in diameter is 7f00 of a millimeter too large
to fit a hole in a steel plate. At what temperature will it just fit?

6. A glass specific-gravity bottle has a capacity of exactly 300 c.c. at 15'C.;
what will be its capacity at O'C.?

6. A cylindrical zinc pendulum bob has a hole running lengthwise through
it in the directio~ of its axis through which the steel pendulum rod
passes, and rests on a cross-piece at the lower end of the rod. How
long must the rod and the bob be that the center of gravity of the bob
may remain cOIllltant at 95 em. below the point of support while the
temperature changes? Take expansion coefficient of steel as 0.000010
and for zinc 0.000029.

ExPANSION OF LIQUIDS

387. Expansion of Liqulds.-When a liquid contained in £.

bulb provided with a long neck is heated, it rises in the stem by
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an amount which depends on the difference between the e:lpan
sion of the liquid and that of the bulb. The rise indicates what is
known as the apparent expansion. If a. bulb containing liquid
is suddenly plunged into 8. vessel of hot water the liquid in the
stem may be observed to sink at first because the bulb expands
before the liquid within is fully heated.

To determine the expansion of a liquid take a bulb withagradu
sted stem like the tube of a thermometer and calibrate the stem, or
determine the relation between the volume of the whole bulb and
the volume of the divisions of the stem. This may be done by
filling the bulb with mercury and weighing it, and
then separately weighing the amount of mercury
required to fill a certain number of divisions of the
stem; the relative weights give the relation between
the volumes. The bulb is now filled with some liquid
up to a certain mark on the stem and then packed in
ice or cooled to somesteady low temperature and the
point to which the liquid contracts is observed. It
is then warmed to some higher temperature and the
point at which the liquid stands is again observed.
From the divisions of the stem between these two
points the apparent increase in volume is deter
mined, and if this is divided by the original volume
and then by the rise in temperature, the apparent
ooefftcienl of expanBion is obtained.

The expansion of a glass bulb of volume V, is Vat
where a is the coefficient of volume expansion of J'fo.2t2.-Butb1fith arlUiuated
glass and t is its rise in temperature, while the ex- .\am.

pansion of the contain~ liquid is Vbt where b is ita coefficient
of expansion.

Since the rise of the liquid in the stem is due to the excess of its
expansion over that of the bulb the apparent expansion is

Vb' - Vat - Vt(b - a).

The apparent coefficient of e:zpansion is therefore b - a, or
the difference between the coefficients of e:zpansion of the
liquid and the bulb.

Hence the coefficient of expansion of the bulb must be deter
mined before that of the contained liquid becomes known. This



252 HEAT

may be accomplished either by studying the expansion of a bar
made of identically the same glass or by observing the apparent
expansion in the bulb of some liquid whose coefficient of expa.nsion
is already known.

388. Weight Thermometer Method.-In clIlle of a. liquid such as
mercury which hB.!l great density a.nd does not wet the glass the apparent
coefficient of expaIlSion in a bulb may be determined as fOUOWB. The
bulb and stem are both completely £1100 to the very top at the lower tem
perature, and when the temperature is fRised the explLIlding liquid escapes
in drops at the end of the stem, where it is caught and weighed and the
amount of the expansion thus determinOO.

(1)

Ice Cold Warm
Fla. 213.-Ezpaneian af

mercury.

h.

389. Absolute Expansion of Mercury.
-The expansion of mercury has been
studied with great care because it is the
liquid best adapted for use by the weight
thermometer method (§388) in determin
ing the coefficients of expansion of bulbs

h to be used in the study of other liquids.
Its coefficient of expansion was deter
mined by Dulong and Petit by the follow
ing method which is independent of the
expansion of the tube ccntaining tluJ
mercury.

Two vertical tubes (Fig. 213) connected
at the bottom by a very thin horizontal
oross tube, contain mercury. One is

packed in ice and the other is heated to some known tempera
ture t. Then by the laws of hydrostatics the less dense liquid
will stand higher, and the height of the cold column of mercury
multiplied by its density is equal to the product of the height of
the hot column by its density, or

hd = hodo

But as a. given mass of mercury expands in volume it diminishes
in density, so that

and since
V:Vo=do:d (2)

V:Vo= l+at:l
do:d=l+at:l
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do = del + at)
and by equation (1)

h
ho=l+at (3)

So that by measuring the heights hand ho and determining the
temperature t of the hot column the coefficient of volume ex
pansion a of the mercury becomes known.

390. Expansion or Water.-The expansion of water has been
determined with great accuracy at the German National Labora
tory or Reichsanstall by the method just described:

The curve of expansion (Fig. 214) shows that when water is
heated from 0°, it first contracts and then expands, reaching its
maximum density at almost exactly 4°C.

1."

A
I I

..

/-----------------
1.001 . .j

....-/
1.0000 4 10 16 20 '2fj

n~Pll\.O,"'llli

1."

1.004

FIG. 214.-Explltlldon of water from
0°-30".

Flo. 215.-Hope'1l apparatus for
determining the temperature of
muimum deIl$ity of water.

This fact is of great importance in nature, for the cooling of a
lake goes on rapidly at first, the cooled surface water settling to
the bottom, thus aiding the cooling of the whole by convection
currents. But when the water has reached 4°C. any farther
cooling must be accomplished by the slow process of conduction,
for the colder water being less dense will remain at the top. So
ice forms at the top and only gradually thickens downward, and
if the lake or pond is not too shallow the bottom does not fall
below 4°C. for there is a small supply of heat flowing out from
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the earth which makes up for that lost by conduction toward
the surface.

Hope made use of the apparatus shown in figure 215 to def.er
mine the temperature of me.ximum density of water. A vessel
of water provided with thermometers at the top and bottom is
000100 above by being surrounded by ice. The lower part of
the vessel is carefully jacketed with cotton or felt to prevent
the inflow of heat through the sides. The upper thermometer
will at first stand higher than the other, but finally the lower will
stand steadily at (OC. while the upper will cool below that point.

The temperature of maximum density of wa.ter is lowered when salt ill.
diB801ved in it. Sea-water attains ita maximum density only at _3.67"
which is below ita nonnal freeling point.

Denlrily and Volume ptf Gram oj Water

! Volume per I,·m I
o"e. 0.999867 1.000132 c.c. All found at the
3.98 1.00000o 1.00000o Reichsanst.a.lt by

10.00 0.999727 1.000272 .., method or
15.00 0.999126 1.000874 balancing eol-
20.00 0.998229 1.001773 umns.
2;.00 0.997071 1.002937
30.00 0.995673 1.0043'15
"'.00 0.994057 1.005977
40.00 0.992241 1.007819

60.00

I
0.9834 1.0169

) Approximate80.00 0.9719 1.0289
100.00 0.9586 1.0431

values.

.. .,. ..t 40" I Aver~ be-
lW6ell o-tO

0.000206 0.000388 0.000192
0.000180 0.000181 0.000180
.. .. . . .. . ........... O.OO1l2
O.OOIM O. ()()I89 0.00167

....
Water , , -0.000067
Mercury",."... 0.000179
Alcohol. , . . .. , .

Ether '1_0_.OO_I_'_I...L. --'-'-- -'- _

COtl.ffk~nt3 of Expo/Uion oj &rm Liquid3
-----'--

It will be observed that these eoefficient& are larger than those of eolidlS,
and that in general they increaae with the temperature.
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ExPANSION OF GASES

Flo. 216.

A

391. E:lpanslon of Gases.-The E:3pansion of gases_ with-heat
is much greater than that of solids or liquids and is remarkable
for being-neartiJ~tiie 8ame /(11' all gaSe8. O"iJ. account of the great
compressibility of gases there are two distinct conditions under
which their expansion by heat may be determined. First, the
pressure may be kept constant and the volume expansion of the
gas measured as the temperature rises, or, second, the volume
of the gas may be kept constant
and the increase in pressure with
rising temperature may be measured.

If the gas perfectly obeyed BoyW.
laID its coefficient of expansion at
constant pressure would be ~ual to
that with ·constant volume.

392. Expansion at Constant Pres
8ure.-Gay-Lussac was the first to
carefully study the expansion of gases
at constant pressure, but Regnault
by the apparatus indicated in the
diagram obtained far more accurate
results.

The bulb A is filled with the
gas to be studied and cooled to
zero by means of melting ice. By the stopcock E it is then shut
off from the gas supply and connected with B which is com-·
pletely filled with mercury up to the opening of the small tube
at the top, and if the gas in the bulb is at the same pressure as
the outer air the mercury will stand in the open tube C at the
same level as in B. The bulb A is then heated to any desired
temperature, say to 100°, and as the gas expands mercury is
allowed to Bow out of the stopcock at the bottom so that it is
kept at the same level in Band C, thus maintaining the pressure
constant. Part of the expanded air is in A at 100° and part in
Bat the temperature of the water bath which surrounds the tubes.
The tube B is graduated, so that the exact volume of the ex
panded gas may be determined.
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393. Increase In Pressure at Constant Volume.-Regnault
also was the first to make accurate measurements of the increase
in pressure of a gas when the volume is kept constant. The
apparatus used is the same as that described above (Fig. 216)
but when the bulb A is heated and the expanding gas begins to
force down the mercury in B, more mercury is poured into C
until the additonal pressure again causes the mercury to exactly
fiU B. In this way the heated gas is kept confined in the bulb A,
and its pressure is measured by the height,of the mercury in C
above that in B together with the height of the barometer. In
this experiment the bulb is expanded slightly both by the rise
in temperature and by the increased pressure in the interior, and
on account of this change in volume a small correction must be
applied.

Coefficient, of Expamion 0/ Gasea

Air .
Oxygen ..
Nitrogen .
Hydrogen .
Carbon monoxide .
Carbon dioxide , . , .
Sulphurous acid .

Ine",...e in volume at
conttllnt p..e.u ....

per degree C.

0.003671

3671
3661
3669
3710
3003

Ioe",...e in pr....u.... at
""natant volume

per dearee C.

0.003668
3674
3668
3660
3667
3687
3845

One cubic foot of air at 00 would expand to 1.367 cu. ft. at
'WOo, an increase of more than .% of its volume at DoC.

From the above table it is clear that different gases have nearly
equal coefficients of expansion. This is known as the law of
Charles or Gay-Lussac.

The increase in volume of a gas per degree rise in temperature
is about J.173 of its volume at O°C.

394. Absolute Scale of the Air Thermometer.-According to
Charles' law, gases, at constant pressure, expand nearly 0.00366,
or J.173 of their volume at zero for a rise in temperature of
one degree Centigrade. Consider a cylinder filled with air or
hydrogen and closed by a piston which always exerts the same
pressure on the enclosed gas. When the gas is at 00 suppose
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the piston stands at A, then when the gas is warmed to 1000 it
expands and the piston rises to B. If we divide the space from
A to B into 100 equal parts and continue the graduation down
below A, marking off equal spaces for every degree, we shall
find that there will be 273 degrees below the zero. If we now
call the bottom of the cylinder the ,zero point
we shall have a scale of temperature in which
2730 will be the freezing point of water and 3730

will be the boiling point. This scale is called 313
the absolute scale of the air thermometer, and
its zero is called the absolute zero. It is only
necessary to add 2730 to any Centigrade tem~

perature to obtain the corresponding tempera- 213
ture on the absolute scale. It will be seen
from the way in which the scale is obtained
above, that the volume of the gas in the cylin
der is proportional to its temperature on the
absolute scale, and since all gases have nearly
the same coefficient of expansion, it may be
stated as true in general, for all gases that are
not too near their points of condensation, that
the volume of a gas is very nearly proportional
to its absolute temperature when the pressure
is kept constant. So also when the volume is kept
constant the pressure of a gas is nearly proportional to the abso
lute temperature. At the absolute zero the pressure would be
zero. There are good reasons for believing that the pressure of
a gas is proportional to the energy of vibration of the molecules
and therefore that at the absolute zero the molecules of gas have
no energy of motion. Consequently this is the lowest possible
temperature, for if a substance has no energy of motion to give
up, it cannot give out any heat and be cooled farther.

Of couroe no gas would actually be reduced to zero volume, however much
it might be cooled, though its pressure might be reduced to zero. It would
condense into a liquid and cease to behave as a gas before reaching l':ero
volume.

An entirely independent and more conclusive line of reasoning
has led to the establishment of tlw absolute thermodynamic scale
of temperature. (See Appendix 1.) This is independent of the
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properties of any particular substance, and its zero is the lowest
possible temperature. Experiment shows that the absolute scale
based on the expansion of gases agrees almost exactly with the
thermodynamic scale except at the very lowest temperatures.
The zero of the gas scale is therefore properly called tho absolute
zero.

By means of liquid air, temperatures as low as -200°C. may
be obtained, and by the evaporation of liquid hydrogen -258°C.
has been reached, only 15° above the absolute zero, while the
boiling point of liquid helium is found by Onnes to be -268.5°C.,
only 4.50 above the absolute zero. At these low temperatures
rubber and steel become as brittle as glass, lead becomes stiff and
elastic, while the electrical resistances of metals are greatly
reduced.

395. General Gas Formula.-As was shown in the last para
graph, the volume of a given mass of gas kept at constant pressure
is proportional to its temperature on the absolute Bcale; that is

where T=273+t and T o=273+to, T and To being the absolute
temperatures corresponding to t and to of the ordinary Centi-
grade Beale. .

By taking account of Boyle's law also, it may be shown that
in general whatever changes may take place in the pressure
volume and temperature of a given mass of gas, the initial
pressure volume and temperature are connected with their final
values by the relation

For, suppose a given mass of gas in a cylinder is in the state A
having volume Vo pressure po and temperature To, and is to be
brought into a state C in which the volume pressure and tempera
ture are all changed. Let the gas first have its temperature
.raised to T, keepin{} the pressure constant ~t po, it will come to a
volume v' such that

V'Vo

T= To
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by Charles' law. Now keep the temperature constant at T and
change the pressure to p, the volume will change from tr' to 11, and
by Boyle's law we ha.ve ~ = PoD' or

v' _ pll.
Po

Substituting this value in the pre
vious aquation, we obtain

The value of this quantity ~ is

evidently proportional to the mass
of gaB in the cylinder, for it is
clear that the volume would be
twice as great if the IDa.sg of gas were to be doubled, keeping
the temperature and pressure constant. Therefore we have

r;: = mR

where m is the ffi/.L8S of the gas and R is a constant which depends
only on the kind of gas. The most convenient form of this
formula for use is

P"
tnT "" R or

or the product of the pressure by the volume, divided by the
mass and by the absolute temperature is constant for" a given
kind of gas.

This formula is exact only to the degree· that the gaB obeys
Boyle's law. It is, however, a. very close approximation to the
truth for the more perfect gases when far from their points of
condensation.

A problem will illustrate the use of thill formula. Suppose it ill required to
find the pre8llure that will be produced by 13 gms. of air in a vet!llel whOlle
capacity is 1000 c.e., at 12eC. when it is known that 1 e.e. of a.ir
at oe and 76 ems. pre&aurc, weighs, 0.001293 gmll. Substituting in the
a.bove formula we ha.ve,

. pXlOOO _ 76xl
13X(273+12) 0.001293 X (273+0)

whence p - 797 ems. of mereury.
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Problems

1. If a column of mercury at 100°C. and 90 em. high balances the pressure
of II. column of mercury at O°C. and 88.4 em. high, find the density of

mercury at 100°, that at 0° being 13.6.
2. Find the average coefficient of expansion of mercury between 0° and

100° from the data given in problem 1.
3. A barometer at 20° haa a height of exactly 76 em.; at what height would

it stand if the mcroury were at O°C.?
ol. A glllSS bulb has a ca.pacity of 200 c.n. when plooed in melting ice. How

many grams of mercury will it contain at that temperature? What does
the volume of the bulb beoome if placed in steam at 100°1 CalClilate
the density of mercury at 100° and find how many grams will now be
contained in the bulb. What weight of menmry flows out in the tem
perature change?

6. A glll.SS bulb at 0° contains 544 grm. of meroury; what weight of mercury
will flow out when it is heated to 90°C.?

6. How does the temperature of water affect the depth to which a hydrome
ter sinks in it?

7. A weighted glass bulb having a volume of 700 c.c. at 20°C. weighs 1.01
gros. when completely immersed in water at that temperature. What
will it weigh in water at 4°C., taking the density of water as given in the
table on page 254 and taking 0.000025 as the volume coefficient of
explUlllion of glass? Ans. 0.05 grm.

8. If 13 cu. ft. of air at pressure 76 and temperature 20°C. weighs lIb., find
weight of 900 cu. ft. at 15°C. and pfCllsure 55.

9. A mass of air at 100°C. and pressure 76 has D. volume of 5 cubic meters;
what will be its volume at 15°C. and pressure 90 em. 'I'

10. If a liter of air at O°C. and pressure 76 weighs 1.293 gms., find how much
a eubic meter will weigh IIot 25°C. and pressure 72.

CALORIMETRY

396.. Basis of Heat Measurement.-The quantitative measure
ment of heat rests on two assumptions. The first is that when
bodies at different temperatures are put in contact the cooling
of one and heating of the other are due to a transference of some
thing which we call heat from one to the other, and that what one
receives is precisely equivalent to what the other loses.

A second assumption is that heat is distributed uniformly
throughout the mass of any homogeneous body all at the
same temperature. That is, in a mass of water at one tempera
ture every cubic centimeter contains as much heat as any other.
These assumptions are justified by experiment, for the results
of measurements based on them are so strikingly consistent that
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it seems almost 88 though we were dealing with & subtile sub
stance. Indeed the chemists of 100 years ago were accus
tomed to think of heat as a substance and called it caloric. On
account of this the process of measuring heat is called calorimetry.

Unit of Heat.-Various units of heat are in use, but the one
generally used in physical measurementB is the heat required to
raise the temperature of a gram of water ODC degree Centigrade.
This unit is known as the oolorie, but to be precise the exact
temperatures must be specified. No general agreement has been
reached on this point, but there are advantages in adopting 88

the unit the heat requited to raise the temperature of a gram
of water from 15° to r6°C., because 15°C. is somewhat near the
average temperature at which experimental work is carried on,
and this unit of heat is about equal to the one-hundredth part of
the heat required to raise a gram of water from O°C. to 100°C.

The following table shows the rela.tive va.lues of the calorie at
different temperatures, taking that at 15° as the ·unit.

,.
W.,.
20'
25'
30'

Value oj Calori.«I

1.0049
1.0021
1.0000
0._
0.9973
0.9971

In engineering practice the kilogram calorie or large calorie
•

is used as a unit of heat on the continent of Europe, while in
English-speaking countries engineers usually employ the British
thermal unit (written B. T. U.) which is the heat required to raise
1he temperature of a pound of water one degree Fahrenheit.

397. specific Heat.-It was discovered by the Scotch chemist
Black (1728-1799) that the heat given out by a gram of lead in
cooling one degree was by no means equal to that given out by
a gram of iron when cooled the same' amount, and that in gen
eral substances differed from each other in this respect.

The ratio of the heat given out by & ma.ss of any substance
in cooling one degree to the heat given out by an equal mass of
water in cooling through the same range of temperature is known
88 the gpecific heal of the substance.
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It may also be defined thus. The specific heat of a substance
is the number of calories required to raise the temperature of a
gram of the substance one degree Centigrade.

The following experiment illustrates how substances differ in
their specific heats.

A number of balls of different metals, iron, zinc, copper, lead,
and tin, of the same mass, are heated in a bath to a temperature
of about 150°C. and then placed on a thin cake of paraffin sup
ported above the table. The iron ball having the largest specific
heat gives out the largest amount of heat in cooling and so melts
the most paraffin. It therefore sinks deepest into the plate and
perhaps drops clear through. The zinc and copper balls come
next, while the lead having the sJ!lallest specific heat sinks in
less than any of the others.

T.he specific heats oC some substances are given in the table
below.

Table Qj Specific Heals

WlIoter at 4° .
Water at 15° .
Water at 30° .
Ice at 0° .
Stearn at 1000

••••

Lead .
Mercury .
Tin .
Silver., .

1.0049
1.0000
0.9971
0.502
0.421
0.0310
0.0331
0.0562
0.0570

Copper .
Zinc .
Iron ,
Sulphur .
Aluminum ..
Lithium, .
Crown glass, .
Flint glass .
Nonna! ther. glass.-

0.0931
0.0935
0.114
0.176
0.217
0.941
0.16
0.117
0,199

It is remarkable that of all ordinary substances except hydrogen water
has the greatest specific heat. The specific heat of a substance is in general
greater at higher temperatures.

398. Calorlmetry.-Tbe measurement oC quantities oC heat is
called calorimetry. If the specific beat or gram calories of heat
required to raise one gram of a substance one degree is repre
sented by 8, then the heat required to raise m grams of the sub
stance one degree will be ms. And if the temperature is raised
from t to t' the rise in temperature is (t' - t) degrees, and the
heat taken in by the substance is m8(t' - t). This expression
gives also the gram calories of heat given out when the sub
etance cools through the same range of temperature.
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FIG. 219.

Since the specific heat of a substance changes slightly with the
temperature, oS represents the average value of the specific heat be
tween t.he temperatures t and t' .

The product fn3 is known as the heat' capacity of the given
mass of substance, it is the number of calories of beat required
to raise the whole mass one degree in temperature.

Some methods of measur
ing quantities of heat are
discussed in the following
paragraphs. while certain
other methods based on the
melting of ice or the con
densation of steam _will be
discussed later §§425, 426,
441.

309. Method of MI:durelf.
-Suppose the specific heat
'of a mass of lead is to be
measured by the method of
mixtures. A weighed quan
tity of water is placed in a
thin metallic cup or calorim
eter D (Fig. 219) which is
supported on little legs of cork
or wood or some poor con
ductor of heat and is sur
rounded by an outside vessel
to protect it from air currents
nnd radiation from external objects. The mass of lead A
having been heated to, say, HX)O is suddenly plunged into the
water and the water stirred till its temperature has risen as high
as it will.

The heat given out by the lead in cooling from its initial tern·
perature t' to the final temperature of the water l", is ms(t' -l")
where m is the mass of the lead and s is its specific heat. So
also the heat taken in by the water as it warms from its original
temperature t to l" is expressed by WS'(t" -l), where W is the
weight of water and S' is its specific heat, which in ordinary
work is taken as 1.
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But the heat given out by the lead must be equal to that reo
ceived by the water, therefore

ma(t' - til) = W(t" - t)

In the above discussion the heat that went into the cup con
taining the water has been neglected. But clearly the cup must
have experienced the same change in temperature as th~ water
that it contains, and so muSt have received an amount of heat
equal to m'8'(t" - l), m' and 8' representing-its mass and specific
heat. This heat also came from the lead and so must be added
to the right-hand side of the above equation; the result is then

He.t given out by
the leo.<! In coolinII'

ms(t' - til) =

therefore

Heat _eived
by,...ter

W(t" - t) +

H....t received by
oalorimeter veue.l

m'8'(t" -t)

(W + tn' 8') (t" - t)
8 = m(t' _ In)

The quantity m'8' represents the quantity of heat measured in
gram calories required to raise the temperature of the calorimeter
cup one degree. It is called the water equivalent of the calorim
eter because it represents the number of grams of water that
would require as much heat to raise its temperature one degree
as the calorimeter cup requires. It will be noticed that the
water equiva.lent of the calorimeter is added directly to the
mass of water whioh it contains. The water equivalent of the
stirring rod and thermometer should be included also, as theyJ

too, are raised in temperature by heat coming from the lea.d.
The form of heater shown in figure 219 was devised by Reg

nault. The substance to be heated is suspended in the central
tube surrounded by the steam jacket. A thermometer with its
bulb in a cavity in the middle of the substance serves to show
the steady temperature to which it finally comes. The calo
rimeter is slipped under the heater and the substance lowered into
the calorimeter cup without exposure to cold air currents.

If the substance to be tested is in small fragments they may
be held in a basket of light wire gauze whose heat capacity has
been previollilly determined. If the solid is soluble in water
some other liquid in which it does not dissolve mllilt be used in
the calorimeter. The specific heat of liquids as well as solids
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may be found in this way, provided there is no che·tW.cll.1 a'Ctiionl

between the liquid and the water in the calorimeter cup which
would cause either a development or an absorption of heat.

400. Compensation Calorlmeters.-In certain cases, especially
where the calorimeter is of necessity large, it is important that
the temperature of the instrument may be kept constant so that
its heat capacity or water equivalent need not be known.

In the Junkers calorimeter, for instance, used to measure the
heat developed in the combustion of gas or oil, a stream of
cold water flows through a long copper pipe which is coiled
around the combustion chamber. When all comes to a steady
state the heat removed by the stream of water per second must
be just equal to the heat arising from the combustion in the
same time. The temperature of the water is measured at the
inlet and also at the outlet by delicate thermometers, and the
gain in temperature multiplied by the number of grams of water
flowing through per minute gives the heat carried away by the
stream of water in that time.

401. Electrical Calorlmeters.-The spe<lific heats of liquids
may be compared by heating first one and then the other in a
calorimeter vessel by means of a current of electricity passing
through a. coil of wire immersed in the liquid. If the heat d~
veloped per second by the electric current is jus't the same in •
one case as in the other, and if the masses of liquid used in the
two cases are such that the temperature rises at exactly the
same rate in both cases, then the heat capacities of the two liquid
masses must be the same; that is

where ml and mt are the masses of the two liquids and 81 and 82

are their respective specific heats.
4OZ. Two Specific Heats of Gases.-The specific heat of a gas

may be measured while its pressure is kept constant, or it may
be measured when the gas is enclosed in a bulb and kept at con
stant volume. Experiment shows that the specific heat at con
stant pressure is greater than the specific heat at constant vol
ume, and when we come to discuss the relation of heat to work
we shall find why this is so. (§412.)

Regnault measured the specific heats of various gases at con-
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stant pressure by causing a stream of gas to flow first through a
long copper tube coiled in a vessel of hot oil, and then through a
copper tube coiled in the calorimeter vessel and surrounded by
water. The gas was heated by the oil bath and gave up its heat
on passing through the calorimeter so that when the mass of gas
which passed through the calorimeter was known its specific heat
could be determined.

Great difficulty was found in measuring the specific heat of a
gas at constant volume, because its heat capacity is very much
less than that of the vessel in which it is enclosed; but the deter
mination was successfully made by Joly using the steam calo
rimeter (§441).

Specific Hoou of G(Jiii!8

Spe<:ific h"",,,,,

Gn 1>!ol""u]". Molecular R"",t per

Constant ICo""t..nt wei.ht heat 1000 e.c.
p",...ure volume

Air ................. · .. 0.237 0.169 . . . . . . . . ........ 0.222
Oxygen ................ 0.217 0.155 32 4.96 0.221
Hydrogen.............. 3.409 2.421 2 4.84 0.217
Nitrogen............ · .. 0.244 0.173 28 4.85 0.222
Carbon dioxido. - - , .-,. · .. 0.217 0.158 44 6.96 0.312
Chlorine .... ....... 0.121 0.096 71 6.81 0.427

The relative molecular weights of the gases are given in the
fourth column. Evidently 32 grams of oxygen will contain the
same number of molecules as 2 grams of hydrogen or 28 grams
of nitrogen. The heat capacities of these weights of the various
gases is shown in the next column, which indicates that the more
perfect gases require nearly the same amount of heat per molecule
to raise their temperatures 1°.

In the last column is shown the heat required to raise equal
volumes of the different gases one degree in temperature, a volume of
1000 c.c. at O°C. and at atmospheric pressure being taken in each
case. Here again is to be noted the equality of the values for the
more perfect gases, as would be expected from Avogadro's law that
equal volumes QJ.gase8 at the same temperature and pre8sure contain 
equal numbers oj m<Jlecules.

403. Change or Spectfic Heats with Temperature.-The spe
cific heats of the more perfect gases llorenearly constant. The specific heats of
solids and liquids are in general greater at high temperatures than at low.
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In ease of moot metals the chsnge is small, hut carbon, boron, and silicon
show marked increase. These substances have been studied by H. F. Weber,
who finds for the diamond at _50° specific heat 0.0635, while at 985° it is
0.4589, the value changing very rapidly at low temperatures ILnd becom
ing almost cOll!ltant about 800°. Also the various forms of carbon, graph
ite, and diamond differ greatly in their specific heats at low temperatures;
hut come to nearly the same value as the temperature is raised.

Nernst finds that the specific heats of substances at very low temperatures
are approximately proportional to T', where T is the absolute temperature,
but as the temperature rises they approach II maximum limit which nearly
agrees with Dulong and Petit's law.

404. Dulong and Petit's Law.-Dulong and Petit in 1819
showed that the product of the specific heats of elements in the
solid state by their atomic weights was approximately constant.
This constant is proportional to the heat required to raise one
atom one degree and is therefore known as the atomic heat. Certain
marked exceptions are boron, carbon, and silicon, but all of these
substances have specific heats which vary greatly with the tem
perature, and are marked by particularly high melting points.

The following table shows the atomic heats in case of some
substances:

SubAtanee Atomic wci.ht Specific heat Atomic heat

Aluminum ........ ............. 27.4 0.2170 5.94
Bismuth ...........•........... 210.0 0.0308 6.47
Cobalt ........................ 58.8 0.1067 6.27
Copper............••..•....... 63.4 0.0931 5.00
Iron .......... "" •...•....... 56.0 0.1138 6.37
Iodine .............•...•....... 127.0 0.0541 6.87
Lithium ..... , . . . . . . . . ......... 7.0 0.9408 6.59
Manganese .. . . . . . . .. . . ........ 55 ..0 0.1217 6.69
Lead ......... . . . . . . . ......... 207.0 0.0310 6.42
Platinum .... . . . .. . ............ 197.4 0.0325 6.42
Silver ... , .. ......... .......... 108.0 0.0570 6.16
Sulphur .... . . . . . . ... .......... 32.0 0.1776 5.68
Tin ......... . . . . . . . . . . ....... 118.0 0.0548 6.46
Zinc............... ............ 65.2 0.0936 6.10

--
Boron (amorphous) . . , , ......... 10.9 0.254 2.77
Carbon (graphite) .............. 12.0 0.174 2.09
Carbon (diamond) .. , ........... 12.0 0.147 1. 76
Silicon (crystalline)." .... , ..... 28.0 0.165 4.62



•

HEAT

Problems

1. When lOUlIl. of water at 12"0. is mixed with 171bs. of water at 2O"e.
find the temperature of the mixture.

2. If 10 100. of water at 12"0. is mixed with 18 lbs. of mercury at 20"0.
what will be the temperature of the mixture?

3. If 3 kgmB. of copper at 100"0. placed in 3 kgms. of water at lO"e.
raise the temperature of the water to 17.7"C., find the specific heat of the
copper.

4t. A mass of 300 gros. of platinum heated to the temperature of Ii furnace
is dropped. into 1000 gms. of water and raises its temperature from 15"0.
to 25"0. Find the temperature of the furnace, taking the average spe
cHic heat of the platinum as 0.033.

6. A mllll8 of 150 gmB. of copper heated to 100' is dropped into 350 gros. of
water at 12" contained in flo thin copper vessel weighing 30 gms. Find
the resulting temperature, taking the speeific heat of copper 88 0.094.

8. How much heat is required to warm the air in a room 3 X 6 X 5 meters
in size, from a·e. to 2O·e., the pressure being constant?

1. A mass of 750 gme. of iron at loo·e. is dropped into a copper calo
rimeter containing 557.8 gms. of water at 15·e. and warms it up to 25·e.
Find the specific heat of the iron if the copper vessel weighs 50 gms.

8. When 150 gms. of copper at SO·C. and 200 gms. of iron at too·C. are
dropped into 400 gms. of water at 12·C. contained in a copper ClLiorime
ter weighing 50 gms. find the resulting temperature.

9. How many calories in one British thermal unit (B.T.U.).

SOURCES AND MECHANICAL EQUIVALENT OF HEAT

. 405. Sources of Heat.-There are three principal sources of
heat--ehemical action, electric currents, and mechanical work.

When two substances combine chemically the process is usually
accompanied by a giying out of heat. When the action goes on
slowly, as when iron oxidizes or rusts, there is but slight rise in
temperature, though the actual heat developed is the same as
when the same amount of iron is burned in oxygen.

In ordinary combustion there is a rapid combination of the
burning substance with the oxygen of the air. Heat must be
supplied to start the process, but once started the heat of com
bination is sufficient to maintain it. Combustion may take place
without the prese)lce of air or oxygen. Copper and other metals
will burn in chlorine gas. Gunpowder and other explosives con
tain within themselves all the clements which are to form the new
combinations, so that when the spark or jar comes which pre
cipitates the change it goes on with a rapidity which is explosive.
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The development of heat by electric currents has become
familiar to everyone in arc and incandescent lights and in the
various industrial processes which use this source of heat. The
laws which govern the heating effect of currents will come into
OUf later study. But it should be noticed here that electric
currents are always produced either by chemical action, by
mechanical work, as in case of a dynamo driven by an engine, or
by the direct action of some other source of heat, as in case of
thermo-electric currents. So that in heating by electricity
the ultimate source of the heat is the chemical action in the
battery cells or the work done by the engine or water power driv
ing the dynamO".

406. Heat of Combustlon.-The following table shows· the
heat developed in the combustion of a gram of various fuels.

Heats of CombU8tion in Ca/.oriu per Gram

Hydrogen gll8 34,500 Wood..................... 4,000
Anthracite - 7,800 CharcoaL................. 8,000
Alcoho}·(Rbso!ute) 7,180 GRIloline 12,000

407. Heat Produced by Work.-Heat may also be developed
in a variety of ways from mechanical work, either against friction
or in distorting viscous or plastic bodies or in compressing gases.

The savage obtains a fire by twirling, by means of a bow, a
pointed stick pressed into a socket where it is surrounded by in
flammable material. Everyone is now familiar with the great
heat developed by the brakes on car wheels or in imperfectly
lubricated bearings, a "hot box" on a railway car often causing
IL blaze.

Those who held that heat was a 8Ubsta~oric-in order to
explain the production of heat by friction, held that the frictional
rubbing of substances caused some fllatent heat" to become
II sensible."

But Sir Humphrey Davy in 1799 caused two pieces of ice to be
rubbed together by clockwork in a vacuum thereby melting some
of the ice, which showed that the current explanation was unten
able since it was known that ice in melting takes in heat instead of
giving it out.

In 1798 Count Rumford, who was in charge of the Bavarian
cannon shops, being struck by the great development of heat in
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turning and boring cannon, caused a blunt boring tool to be
turned when pressing into a socket in a metal block immersed in
water. In this way water W88 made to boil and it was shown that
heat was developed $0 long as work was expended in driving the
tooL This experiment showed that heat could not be a substance
foroed out of the metal by the action of the boring tool, and
Count Rumford remarks, "it appears to me extremely difficult.
if not quite impossible, to form any distinct idea of anything
capable of being excited and communicated in the manner the
heat was excited and communicated in these experiments,
e:lcept it be motion."

408. Mechanical Equivalent of Beat.-The honor or estab
lishing the equivalence of hea~ and work on a solid basis of
experiment must be given to the English physicist James Prescott
Joule, who, in a series of enrelul experiments conducted between
1843 and 1850. measured by a variety of methods the amount of
work required to heat a pound of water one degree Fahrenheit.

In some of these expcFiments
heat was developed by churn
ing water, in others by churn
ing mercury or by rubbing
two plates of iron together.
or by compressing air, or in
rotating a bar of iron be
tween the poles of a powerful
magnet, in which case the

Flo. 22O.-J00.1e'll mechaDica1 equh'a!eDt
llpparatua.. iron is heated by electric cur-

rents developed within it.
And aU these diverse methods led to the same result, namely,
that the energy required to heat one kilogram of water one
degree Centigrade is equal to the work done in raising a weight
of one kilogram to a height of .27 meters, or, in other units,
778 foot-pounds of work are required to raise the temperature of
one-pound of water one degree Fahrenheit.

For the most exact determination of the relation between heat
and work Joule adopted the following method.

A closed calorimeter A, filled with water, was provided with a
set of paddles attached to a central axle which could be rotated
by means of the weights WW' which were suspended from cords
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wound around the axle D. Fixed vanes projected inward from
the sides of the calorimeter vessel so that between the fixed and
rotating paddles the water was violently stirred.

The temperature of the water having been taken, the weights
were wound up to their full height and then allowed to drop to the
floor, turning the paddles as they descended. This was repeated
twenty times and the temperature of the calorimeter again read.

FlO. 2"21.-Rowland'a apPBl'atU8 for meMurlng mechanical equivalent of heat.

The total work done was found by multiplying the amount of
the weights by the distance through which they fell; but since the
weights have some energy of motion when they reach the bottom
this as well as the energy required to overcome the friction of the
pulleys must be subtracted from the total work in order to obtain
that spent in heat in the calorimeter.

A modification of this method used by Rowland made it pos
sible to stir the water continuously, and at the same time measure
the work. In this apparatus which is shown in figure 221, the
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calorimeter is suspended by a steel wire, while the shaft driving
the paddles enters it from below. In making an experiment the
paddles are driven at a uniform rate by an engine, and the tend
ency of the calorimeter to turn is exactly balanced by the
weights WW, which are hung from cords attached to the rim of
a wheel which is fastened to the calorimeter.

The work done is 27rnL, where n is the number of revolutions
of the paddles and L is the moment of the force exerted by the
weights WW in balancing the calorimeter. The calorimeter was
enclosed in an .outer vessel to protect it from air currents and to
enable the loss due to radiation to be accurately determined.

The mechanical equivalent of heat as determined by such ex
periments is found to be as follows:

I gram calorie = 41,870,000 ergs or 4.187 X 101 ergs.
I kilogram calorie = ,427.3 kilogram-meters of work, taking

g = 980.
I British thermal unit = 778 foot-pounds of work.

409. Transformation of Heat Into Work.-The experiments
of Joule showed that whenever mechanical work is apparently
lost through friction, there is always a precisely equivalent
amount of heat developed. It remained to show that whenever
work is obtained from heat, as in any form of heat engine, a
quantity oj heat disappears which is equivalent to the work done
by the engine. This was experimentally proved by the French
physicist and engineer Him, who in an elaborate series of experi
ments showed that when an engine was doing work the total heat
given out by it in the escaping steam, together with that lost by
radiation and conduction, was le-;s ,than that which it received
from the boiler; and that for every 427 kilogram-meters of work
done by the engine, enough heat disappeared to raise the tempera
ture of a kilogram of water one degree Centigrade.

We therefore conclude that heat is a form of energy and that
when work is done against friction there is a transference of
energy, but no loss of it, as truly as in all other cases of work.

410. Heating of Gases by Compresslon.-When a mass of gas
contained in a cylinder is expanded by drawing out the piston the
gas exerts a pressure against the piston as it moves outward and
consequently does work. But in doing work it expends energy
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and consequently is oookd. On the other hand, if a mass of gas is
compressed the work of compression is done upon the gas and its
energy is correspondingly increased, and it is hwted.

The heating effect of compression may be readily shown by the
experiment of the fire syringe. This instrument consists of a
strong glass tube or syringe,
closed at one end and pro-~ ~
vided with a close-fitting - ~
piston. If the tube is full of . .
. d th . to' dd 1 FlO. 222.-Fire ~ynllge.B,lran eplS nlBSU eoy

thrust home, the heat developed will be sufficient to ignite a
bit of tinder. Instead of tinder a pellet of cotton soaked in
ether may be used, ip, which case the flash is readily seen as the
piston is forced down.

This experiment shows that the dyna.mical heating of a gas
when compressed is very considerable. When air at O°C. is com
pressed in a non-conducting cylinder, its rise in temperature is
90° when compressed to half its original volume, 429° when com
pressed to one-tenth, and 1084° when compressed to one-fiftieth
of its volume.

In air compressors the heat developed in this way has to be
removed by a stream of cold water.

41'1. Cooling Due to Work of EIpanslon.-A gas when' it
expands is cooled because it does work; but is all of the-cooling
due to the external work done1

That is, if it were possible to pull out the piston of a cylinder
containing gas so suddenly that the gas could not follow it and
exert pressure against it as it moved back, would the gas be
cooled or not?

This question was asked by Joule, and answered by an in
genious experiment in which he connected a copper receiver con
taining air at a pressure of 22 atmospheres, with another from
which the air had been exhausted. On opening the stop-cock
between the two vessels the air expanded and filled both, but of
course it did 1W external work in expansitm since there was no
piston to push back.

It was found after the expansion that the mass of gas as a
whole had not changed in temperature, the gas rushing into the
vacuum being heated just as much as the expanding gas in the
other vessel was cooled.
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More exa.ct det.enninations ahow, however, that most. g:&&ell when expanded
are lIef1I alighllll cooled even when no external worlc is done and it is this cool
ing of which advantage ill taken in the procetlll of making liquid air (\451).

412. SpeeiOc Heats of a Gu.-We can now see why the
specific heat of &. gas at oonsta.nt pressure must be greater than
that at constant volume. For when a. mass of gas is warmed
while the pressure is kept constant, it expands, doing external
work. The heal8upplied mU8t, therefore,furnish the energy for this
'lOOTk as well as that which simply increases the energy of motion
of the gas molecules. But when a gas is kept at constant vol
ume there is no external work done and the heat supplied all
goes to increase the molecular energy of the gas. According to
Joule's experiment (§411), the increase in Illolecular energy is
just the same in one case as in the other, so that the difference
between the heats required in the two eases is entirely due to
the external work done, and is mechanically equivalent to that
work.

413. Convective Temperature or the Atmospherc.-The change
of temperature caused by the compression or expansion of air
plays a most important part in the atmosphere. Masses of air
moving upward expand and cool, while descending air masses
are heated by compression. This in part serves to determine the
distribution of temperature in the atmosphere, the temper1tture
at any ·height tending to be equal to that which '8. mass of air
rising to that point from the surface of the earth acquires in
consequence of its expansion.

The presence of water vapor modifies what may be called the
convective temperature at a given height, for the latent heat
given out as the moisture in a rising mass of air condenses re
tards the cooling. A mass of dry air at 20°C. at the earth's
surface, will be cooled to _53°C. in rising 3M" miles.

When there is a downward current of air, as in case of the
wind hlowing over mountains and sweeping down into the valleys
beyond, the compression of the air as it descends raises its tem
perature so that it becomes a warm wind, as in the so--called
"foehn" wind of the Alps or the "dry chinook" of Montana.

414. The Nature or Heat Energy.-.When l.L body is heated
it radiates heat to surrounding bodies. The rate at which a
given body gives off radiation depends on its temperature. As
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it grows hotter the radiation may become so intense that the
body glows or is incandescent. Later it will be shown that this
radiation is made up of waves in which the vibrations are almost
inconceivably rapid. These waves originate in the hot body
and take energy from it 80 that it cools as it radiates. It is be
lieved that these waves are a consequence of rapid vibratory
motions in the molecules of the body, and that the heat energy
of a body exists, in part at least, in the form of energy of motion
of the molecules.

Radiation comes from all bodies even those that we ordinarily
speak of 88 cold. The molecules of all bodies are therefore con
sidered to be in rapid vibration, though we are ignorant of the
exact nature of this vibration.

But heat energy exists in bodies in another form than energy
of vibratory motion, for bodies usually expand when heated,
and consequently the particles or molecules are slightly moved
apart. And since in case of solids and liquids there is a strong
cohesive force between the particles. work must be done in sepa
rating them. and the energy which does this work comes from
the vibratory energy of the molecules, which is thus transformed
and stored up in the body as potential energy.

Another instance of such a transformation is in case of change
. of 8laJ,e, as when ice is melted. Here also particles which are
held firmly in a comparatively fixed position in the solid state
are dragged away from each other and set free to slip past each
other in the liquid state, and to effect this change work must
be done, and consequently in this case also a certain amount of
vibratory; heat energy must be changed into energy of separation
or potential energy.

Experiment is in complete agreement with this conclusion and
shows that a considerable amount of heat energy must be given
to a. body to change it from the solid to the liquid fonn.

Tberefore, beat energy is thougbt of as existing in the body
both in the form of kinetic energy or energy of motion of mole
cules, and as potential energy due to the separation of molecules
in opposition to their mutual attractions.

41.5. Temperature Depends on the Kinetic Energy ot the
Molecules.-Wben two bodies at different temperatures are put
in contact there is a transfer of molecular energy from one to tbe
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other until equilibrium is established. When there is no longer
any change taking place, it is said that both are at the same
temperature. This transfer of energy is doubtless due chiefly
to the energy of motion of the molecules, as it is difficult to see
how the potential energy of the molecules of one body could
affect appreciably the condition of a neighboring body. When
ice and water are mixed together until both come to the same
temperature, all Bow of heat from one to the other entirely ceases
and yet a gram of ice has very much less potential energy than
a gram of water at the same temperature. It appears, therefore,
that temperature is chiefly, if not entirely, determined by the
energy of motion, rather than the potential energy, of the
molecules.

Problems
1. The cylinder of an air compressor is cooled by II. stream of water in which

the flow is 1 gallon per minute. If 10 H. P. is expended in compression,
find how many degrees the water is raised in temperature. 1 gallon 
3785 c.c. 1 H.P.... 746 X 101 ergs per aec.

2. How much is tho water of Niagara raised in temperature by the fall of
160 ft.?

8. What would have to be the velocity of a lead bullet that it may be
melted on striking the target, supposing all its energy to be transformed
into heat within the bullet? It takes 5.86 calories to melt 1 gm. of
lead.

4.. What is the heat of combustion of anthracite coal in British thermal
units per pound?

IS. How much more heat is required to raise the temperature of a kilogram
of air from D"C. to 3D"C. constant pressure, than if the volume were kept
constant, and why is more required?

6. How many British thermal units of heat are developed by the brakes
when a tOO-ton train having a velocity of 20 miles per hour is brought
to rest?

'1. One liter of air at O"C. is wlI.l'med to 1O"C. at constant pressure. Com·
pute the amount of heat rcq\lired, and the external work done by its
expansion, taking the pressure as 76 em.

Also compute the heat that would have been required if its volume had
been kept constant.
From these two results deduce the mechanical equivalent of heat (_
(§412).

TRANSMISSION OF HEAT

416. DUferent Modes.-Three modes of transferring heat
energy from one place to another are recognized, conduction, con-
veetion1 and radiation.
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When heat energy gradually diffuses through a mass of matter,
passing from particle to particle from the warmer toward the
colder parts of a body, the process is called conduction. In this
case energy of motion is conceived as communicated from mole
cule to molecule progressively throughout the mass.

When heat is carried along by the motion of a stream of gas
or liquid, the process is called convection.

In the above two cases the transference takes place in and
through matter, but a hot body surrounded by So perfect vacuum
may give out energy and warm neighboring objects. In this
case the energy is transmitted by waves in the ether and the
process is called radiation. The term radiation is also applied
to the ether waves themselves coming from the hot body.

When ODe end of a bar of iron is heated the other end becomes
hot by conduction; the circulation in a. vessel of wa.ter which is
being heated carries heat from one part to another by convec
tion; while the warmth received from a hot stove comes to us
largely as radiation.

Conduction and convection are relatively slow processes while
radiation is transmitted with the speed of light.

In transparent bodies, such as glass or water, heat is com~

munieated from one' part of the substance to another by con~
duction and radiation combined, for energy is radiated through
the body directly from one part to another at the same time
that it is being communicated from molecule to molecule by
conduction.

While radiation originates in hot bodies and heats any body
which absorbs it, radiation itself cannot be regarded as heatj
for unless it is absorbed it does not affect the temperature of the
bodies through which it passes. We shall study the nature of
radiation in connection with light,' while radiation considered as
an effect of heat will be discussed in §§461-472.

417. Conductlon.-ln general solids conduct heat better than
liquids, and liquids than gases. Silver and copper are the best
conductors of heat, having about 7 times the conducting power
of iron, while iron 'conducts 100 times as well as water, and water
has 25 times the conductivity of air.

Among solids the metals are the best conductors, and it is re
markable that, generally speaking, the best conductors of heat
are also the best conductors of electricity.
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In crystals h'3at may be conducted more rapidly in one direc
tion than another. If a. thin plate of quartz is coated with wax
or paraffin and if a wire kept hot by an electric current is passed
-through a hole in the center of the plate, the wax will melt out
ward in elliptical form if the plate is cut parallel to the axis of
the crystal, showing that heat is conducted more rapidly in the
direction of the axis, than at right angles to it.

-to t;

FIG 223. Flo. 224.

418. Conductlvlty.-If a slab of substance of uniform thick
ness d and faces of area. A has one surface at temperature h, and
the other at tt, the heat H which is transmitted per second will
be proportional to the area of the faces A and to the difference
in temperature of the surfaces t 1 - t l , while it will be inversely
proportional to d the thickness of the plate. Thus,

H _ kA(t1 - t:)
- d

where k is a constant which depends on the substance of which
the slab is made, an.d is known as its coefficient of conductivity
or simply its conductivity. When A is. one square centimeter
and d is one centimeter, and h - t: is one degree, then H = k;
that is, the conductivity or conducting power of a substance is
measured by the number of gram calories of heat which are
transmitted in I second through a plate one centimeter thick and
having surfaces one square centimeter in area when th'e opposite
faces differ in temperature by one degree Centigrade.

The drop in temperature per centimeter between one side of
the plate and the other is called the temperature gradient and is
expressed in the above formula by

t 1 - t:
d •
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419. Measurement; of Condudlvlty.-The conductivity of a
met.a.l which is a good conductor may be measured by the follow
ing method. due to Searle. A short bar, say 1 in. in diameter
and 6 in. long, is heat.ed at ODe end by steam while the other
end is kept cool by a stream of water which flows through a pipe
closely wound around the bar in a helix as shown in the figure.

Flo. 225.

The whole is thoroughly packed in hair (elt, .,weh is a very
poor conductor, so that heat cannot escape from the sides of the
bar but must Bow from the hot toward the cold end, where it is
removed by the stream of water. When a steady condition of
flow is reached, the heat passing along the bar in any time will
be equal to that removed in the same time by the stream of water.

,Thermometers are mounted at the ends of the helical tube, by
which the temperature of the water may be observed as it flows
in and flows out, and the gain in temperature of the water as it
flows through the helix multiplied by the total weight of water
that passes through in, say, 10 minutes, gives the gram calories

. of heat transmitted along the bar in that time. The tempera-
tures at two points on the bar, such 83 t l and t1 are measured by
thermal junct-ions or thermometers, the distance d between those
points is measured and also the area of cross section A of ~e
bar. All the elements are then known for computing the oon
ductivity from the formula of the preceding article.

In C8.'!e of poor conductors the flow of heat through a thin slab
may be measured by such a method &8 that of Lees. A very
broad and thin disc-shaped box of copper, heated by means of a
current of electricity which passes through a resistance coil con
tained in the box, is placed between two thin plates of the sub-
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stance of which the conductivity is to be determined, say these
are plates of glass. Outside of the glass plates are placed solid
copper discs, so that each plate of glass comes between the central
heating box and an outer disc, as shown in section in figure 226.
The temperatures of the outer discs and also of the inner box are
determined by thermometers or thermal junctions (§670),and
since copper is 80 good a conductor compared with glass the sur
faces of the glass plates may be supposed to be at the same tem
peratures as the copper plates with which they are in contact. A
band of thick felt encircles the edge of the discs to prevent loss
in that way and the heating is maintained constant until a steady
state is reached where there is no longer any change in the tem
peratures and the heat flows out through the glass plates as fast
as it is generated:

FlO. 226.

Then the heat developed per second is easily determined by
electt:ical measurements and knowing the temperatures of the
surfaces of the glass plates and their areas and thickness the con
ductivity of glass may be calculated.

420. ConductJvlty or Llqulds.-The conductivity of liquids
is small, that of mercury being only one-tenth that of u-on, and
the determination of their conductivities is complicated by con
vection currents. They may be determined by the method de
scribed in the last article. A thin layer of liquid rests on a
copper disc and has the copper heating box in contact with its
upper surface. By thif:" arrangement convection currents are not
established, and if suitable precautions are taken to prevent loss
of heat upward ftom the heating box, the conductivity of the
liquid may be measured.

421. ConductJvlty or Gases.-The conductivity of a gas is
measured by the rate of cooling of a heated bulb enclosed in a
spherical vessel of the gas to be studied, the outer surface of the
large vessel being kept cool in a water-bath. The determination
is complicated both by convection and radiation.



CHANGE OF STATE 281

But the kinetic theory shows that. the conductivity of a. gas
should be the same at. low pressures a.s at high, provided the rare
faction is not so great as to make the mean free path of the mole
cules appreciably large compared with the size of the vessel.

By diminishing the pressure of the enclosed gas the effect of
convection is diminished, while the true conductivity is not
affected. In this way the two may be separated. To determine
the elieot of radiation the gas is exhausted as far as possible, so
as to do away with both convection and conduction.

Tabk: 0/ COflductivitie8
Hwt Conducliviliu in C. G. S. Cmlivr!We UniU

Silver 1.096 Paraffin 0.0002 Air _.. OO56סס.0

Copper 1.000 Hair felt 0.00009 Hydrogen 0.000327
Iron O.167 COrk O.OOO7 Carbon dioxide 0.000030
Zinc 0.265 Water .. _ 0.0014
GI 0.0020 Men:ury 0.0152.

Problems

1. A glNl8 window p&nc 170 em. long and 00 em. widc i8 3 mm. thick. How
much coal mU8t be burned per hour to compeneate for the loss of heat by
conduction when the outer 8Urface is at -5°C. and the inner surface at
20°C.1

2. In the preceding problem if the temperatures given are those or the
outer air and within the room, retJpet':tively, will the flow of heat be u
great as found abovef Explain IlIl3wer.

S. A partition of iron 2 em. thick and 10 em. high and 15 em. wide divides a
vessel into two compartmentlJ, one of which contains ice, while steam at
100· is P' erl into the other. Find bO\IF much ice ill melted in 5
minutes. when 80 calories are required to melt 1 gram of ice.

t. An iron boiler haa 1 aquare meter or heating surlace. How much
water will be evaporated in 1 hoor when the outer surface ia kept at
lro"C. while 'water ia boiling at lOOOC. if the iron ia 0.7 em. in thickness.
and if 536 calories are required to evaporate I gram of waterf

CHANGE OF STATE

Fusion

'22. Changes or State.-Among the most interesting and
important effects of heat are the chaniea of state which it pro
duces in matter. Solids if sufficiently heated are changed to
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liquids, or may pass directly into the gaseous state, and liquids
are transformed into vapors or gases. Even with the tempera
tures that can be artificially produced almost all known sub
stances can be made to assume anyone of these three conditions.
Thus nitrogen may be liquefied and solidified, while, on the other
hand, platinum may be liquefied and volatilized.

There arc three principal changes to be considered: that from
the solid to the liquid state, that from liquid to gas or vapor, and
that directly from solid to vapor or gas.

MeUing.-When ice below zero is slowly heated it first warms
to 00 and then melts, the temperature at the surface of the ice
remaining constant at 00 until it is all melted. If heat is now
slowly taken from the mass, solidification will take place at the
same temperature and it will remain at 0° till all is frozen. That
the temperature should remain constant while the substance is
melting, although it is steadily receiving heat, is characteristic of
all cases where there is a well~marked melting point. Some sub
stances, such as selenium, pass from the solid to the liquid state
through a soft pasty condition and without there being any point
at which the temperature is stationary. Iron passes through such
flo pasty stage, on which account it is easily welded. So also glass,
beeswax and paraffin become very soft as the melting point is
approached. There is, however, usually some temperature at
which the pasty mass becomes fluid and a considerable absorption
of heat takes place, and this is the melting point.

Melting PQinUJ

Platinum 1710Q C.
Iron 1503Q

Copper 1084Q

Silver 955Q

Aluminum 657 Q C.
Zinc .419Q

Lead 327Q

Tin 232Q

Sulphur 1l4Q C.
Ice.... . . . . . .. . .. OQ
Mercury. -39Q

Change of Volu1IW.-Most substances occupy a larger volume
in the liquid state than in the solid, and therefore contract when
they solidify. Some, however, among which are water, bismuth,
and cast iron, expand when they solidify. This property is of
importance in making castings, as all parts of the mould are filled
and its details are sharply reproduced in the casting. The
volume of 1 gram of ice at 0° is 1.09082 c.c., while that of the
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same amount. of water at. 0° is 1.00012 c.e., so that. the increase in
volume of a cubic centimeter of water on freezing is 0.0907 c.c.

In consequence of the expansion of water in freezing, ice Boats
. in fresh water with about one-twelfth of its volume exposed.

The practical importance of this property of water can hardly be
overestimated. If it contracted in freezing, ice would sink to the
bottom of a lake, and ultimately the whole mass of water would
be frozen solid, to the destruction of all fonus of life that it
contained.

423. Effect 01 Pressure on Meltlng.-If a substance contracts
when it melts, increase in pressure will aid melting; that is, the
melting will take place at a sliahUy lower temperature under
increased pressure. If, on the other hand,
a substance expands when it melts, the effect
oJ increased pressure will be to raise the
melting point, as the pressure in a sense re
sists the melting.

In case of water an increase of pressure
amount to 1 atmosphere will lower the freez
ing point 0.OO75°C. hence an increase of pres
sure of 133 atmospheres, or about 1900 lb.
to the square inch, will be required to lower
the "freezing point one degree. Flo.2Z7.-Wire cut.-

In some experiments on the expansive ~ throuah. bloclt: of

foree of water in freezing made by Major lel!.

Williams at Quebec, iron bomb shells were filled with water and
exposed to oold. In one case tbe plug was driven violently
out and a short column of ice protruded from the opening. In
another experiment· the shell was burst and a sheet of ice was
forced through the crack. In these cases probably the water
was still unfrozen under the enormous pressure just before the
shell burst, and froze instantly as the pressure was relieved by
the bursting.

If a weight of 40 or 50 lbs. is suspended by a wire loop hung
over a block of ice at O°C., the wire will cut slowly through the ioe,
the pressure causing ice to melt under the wire; but the water
flowing around the wire freezes again above it, leaving the block
as solid as before. As this action goes on heat is taken up by the
water in melting at the lower side pC the wire and given out again
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in freezing on the upper side, so that there is a steady flow of heat
across the wire as it cuts its way through the ice. And as the
action cannot take place without this transfer of heat, a copper
wire, being a good conductor of heat, will move faster than an
iron wire, other things being the same.

Regelation, or the clinging together of pieces of ice when pressed
together, is doubtless due to melting at the points of contact
where there is pressure, followed by instant freezing when the
pressure is relieved. In this way may be explained the packing
of a snow ball, so also Tyndall explains the motions of glaciers;
for where the ice is under special pressure, as where it meets a
projecting point of rock, it melts and the water flowing around
the obstacle freezes again.

424. Latent Heat ot Fusion.~lf a vessel containing ice and
water at DoC. is kept in a region where everything is at Do, there
will be no change, the ice will not melt nor will the water freeze.
But if the temperature of the surrounding bodies is below 00 there
will be a flow of heat out of the water accompanied by freezing;
if, on the other hand, heat is given to the mass ice will melt, but
the temperature at the surface of contact of ice and water will re
main steady at 00 until all is either melted or frozen. It appears,
then, that a substance may be at the melting point, but it will not
melt unless a definite amount of heat is received for each gram
of substance melted.

The latent heat of fusion is the quantity of heat required to
change one gram of a substance from the solid to the liquid
state without change of temperature.

H equal weights of water at 0° and at 100° arc mixed together the tempera
ture of the mixture will be 50°. But if equal weights of ice at 0° and water
at 100° are mixed the temperature of the resulting mass of water is 10°.

Every gram of water cooling from 100° to 10° gives out 90 calories of heat,
but for every such gram cooled from 100° to 10° there is a gram of ice melted
into water at 0° and then raised from 0° to 10°, For the latter change just
10 calories is required, therefore 80 calories mUllt have been used in trim&
forming 1 gram of ice at 0° inoo water at 0°, The latent heat of fusion of
ice is thereIore 80,

Suppose m grams of ice atO°C. are put into a calorimeter containing W
grams of water at a temperature t and the temperature of the mixt.ure after
the ice is melted is t'; then, calling the latent heat of fusion of the ice L, the
heat required to melt it to water at 0° will be Lm, and mt' calories more will
be required to raise it 00 temperature I'. The water in the calorimeter will
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FIG. 228.-Ice caJorimet.er.

give out in cooling W (I - t') calories, where W includes the water equivalent
of the calorimeter. Then

Lm + ml' _ W(t- t')

Of course if WI is not as great a.8 Lm, only a portion of the ice will be melted
llnd the final temperature will be 0°.

The latent heat of. fusion doubtless represents the energy
required to separate the molecules from the close association
which prevails in the solid state; it probably exists in the form of
potential energy. So when a body is heated and expand8 it is
no doubt true that only a part of the heat given to it contributes
to its rise in temperature, the rest of the heat energy doing the
work of expansion in opposition to the internal forces of cohesion
and also to the external pressure. This portion of what is called
the specific heat exists as,potential energy and might appropri
ately be called the latent heat of expansion.

Latent Heats oj Fusion

Ice 80.00 Lead.............. 5.86
Sulphur 9.37 Zinc 28.13
Tin 14.25 Silver 21.07
Bismuth 12.64. Mercury........... 2.82

42.5. Ice Calorlmeter.-Some important calorimetric proc
esses make use of the latent heat of
fusion.

The ice calorimeter of Lavoisier
and Laplace is shown in the figure.
An inner vessel to receive the heated
substance is surrounded by ice in a
vessel which is again surrounded on
all sides by ice contained in an outer
vessel. Heat from outside will melt
ice in the outer vessel, but the ice in
the inner vessel will melt only very
slowly and its rate may be deter
mined by the drip from the lower
stopcock. When a mass of heated
metal is introduced into the inner
vessel it cools down to 0° and gives out heat which causes an
increased flow from the lower stopcock. The water escaping
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from this, in excess of the steady drip observed at first gives the
weight of ice melted by the heat from the substance.

Let m be the mass of the substance which was heated to a
temperature t, and introduced into the calorimeter; and let L be
the latent heat of fusion of ice, and W the weight of ice melted;
then if 8 is the specific heat of the substance

=(' - 0°) ~ LW.

This method is only adapted to determine the specific heat of
rather large masses, as the water {rom the melting ice clings to
the fragments of ice and escapes only gradually.

426. Bunsen Ice CaJorimeter.-A form of ice calorimeter
which can be lliIed to measure small quantities of heat with much
precision was devised by Bunsen and is represented in figure 229.
It depends on the change in volume which takes place when ice
melts. The vessel PWQ is made of one piece of glass in the form
of a bulb W enclosing a test-tube P, and provided with a curved
neck Q. The bulb W is filled nearly to the bottom with distilled
water, the remainder of the bulb and the neck Q being filled with
mercury. The whole instrument is now carefully packed in snow
and cooled to O°C.; after which a freezing mixture is introduced
into the test-tube P and a sheath of clear ice frozen around it.
When the ice is sufficiently thick the freezing mixture is removed
and the test-tube filled with water at O°C.

Attached to Q is a long capillary tube of uniform cross seotion
extending horizontally. Ai; the water in freezing expands it
forces the mercury out to the end of this tube. Now let a frag
ment of substance heated to 100° be dropped into the test-tube:
it gives up its heat to the water, and then to the ice surrounding
the tube and causes some ice to melt. But in melting a contrac
tion in volume takes place of 0.0907 c.c. per gram of ice melted;
and the contraction may be determined by observing how far
the mercury column has moved back along the tube D. From
this contraction the weight of ice melted may be determined and
so the heat given out by the substance in cooling from 100° to
O°C. becomes known. The volume of the contraction when the
mercury moves back a certain distance along the tube D may be
found by weighing the mercury required to fill a measured length
of the tube.
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427. Retardation or Freezing Polnt.---SUbataDcea may often be
cooled below tho temperature at which they normally solidify, and still
remain in the liquid form. As 800n as solidification begins. however, the

~ temperature of the mass rises owing to the latent heat given out by the part
that is boooming solid, and when the temperature hlUl been raised in this way
to the melting point no further solidification takes place.

428. Supersaturated SolutloDs.-The formation of crystals from a
concentrated solution is somewhat analogous to solidification. In many
cases when a crystal is di8801ved heat becomes latent, and when it forms from
a solution latent heat is given out. Sodium sulphate crysta.ls may be melted
at 4SQ C. in their own water of crystallization. If the solution is now allowed
to cool slowly in a clean flask closed by a cork, it may be brought down to 15°
or 20° without crystallizing. Dropping in a. minute crystal of the salt will at
once precipitate the crystallization, which will go on so rapidly that the
temperature may rise 10° or 15°, but not higher than 48°0., the rise in tem
perature being produced by the giving out of what may be clllled the latent
heat of crystallization.

p
D

FIG. 229.-Bunsen ice calorimeter.

429. Freezing Mixtures.-When a very dilute solution of common
salt in water is cooled below 0°0., ice crysta18 lire formed, lellving the remain
ing solution stronger; while if a satumted solution of salt is cooled in the
lIII.llle way, the salt crystallizes out, leaving the solution weaker. This goes
on progressively 8.B the temperature is still further lowered, one solution
becoming stronger and the other weaker, until at _22°0. the two solutions
reach the same strength, and when cooled further each solidifies into a mass
which the microscope shows to be an agglomemtion of minute crysta18 both
of ice and of salt.

The final solution, which is of such strength that on cooling neither com
ponent crystallizes out without the other, is said to be eufuti.c.

Similarly, there may be a eutectic alloy of two metals, the melting point of
which is a minimum for the given metals.

Now, suppose that a freezing mixture of common salt and ice at 0°0. is
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meum tI in & non-conducting vessel. The affinity of the two taUgel! both
salt to dissolve and ice to melt, and in each of these changes heat becomes
latent; and this beat energy must come out of the mixture, which acoordingly
is cooled. But it appears from the fint. part of thie article, that iu and MU
cannot both. btl in equilibrium wilh Uu: talrnl bri~ 4Olldion, 1oImu. it is (l 1Olu
rated 3Olulion at -Z2°C. ColllleC(uently ice and salt. continue to di8llOIve until
this fina1st.o.te is reached. No lower temperature than this can be produced
by II. mixture of these substances. By using calcium chloride and ice, a
temperature of _Moe. may be attained.

Problems

1. How much ice is melted when a mlUl8 of 500 gms. of copper at 100°C. ill
dropped into a hole in a block of ice at (Joe.?

2. How much more energy haa 1 kgm. of water at 70°C. than the 8ame
IIl.lt.IlIJ of ice at _lOoe?

H"-The specific heat. of ice ill not the B&me as that of water.
I. A n:ta88 DC ioe weighing 30 gms. is in II. tube with water enough to make

the whole volume 50 c.c. at O"C. What change in volume takl':ll place
when 100 gnn. caloril':ll of heat. are given to the mixturef

'" When 400 gml!l. of ice at O~C. are put. into 500 gmll. of water at. 6O~C.,
what. is the final temperature of the mi:t.:turef

5. If 5 lbs. of IMW are mixed wit.h 2 lba. of water at 60°C., how much
anow will be melted?

6. U 3 gmB. of iron at loo~ are dropped into a BUllllen ice ealorimeter, find
the resulting change in volume.

7. When 2 lbs. of Inow at O~ are mixed with 3 lbe. of water at SO', find the
fe6Ulting temperature.

S. A mass of 100 gma. of ice at. -16~C. is put into water at O~C. and 10
1mB. of t.he water are froJlen, all coming to O~C. Find t.he specific beat. of
ice.

i. If 100 gma. of lead cools from 340° to 3Z7~ in 2 minutes and then the
temperature remaill8l1teady for 26.8 minutes while the mll88 is aolidify
in«. find the latent. heat of fUJ:lion of lead, usuming that. heat is!OlIt; at. a
uniform rate and that. the specific heat of lead at 330° iJ 0.032.

Vaporization

~. EnporaUoD.-The change from the liquid to the gaseous
state is known as evaporatwn, or if accompanied by the formation
of bubbles of vapor throughout the mass it is called lxn"ling or
ebullition.

Ordinary open-air evaporation is complicated by the presence ~

of the gaseous atmosphere above the surface of the liquid. The
Jimple case where a. vessel contains nothing but a liquid and its
own vapor will first be considered.
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431. Saiurated V8.pOr.-Take 8. barometer tube about a.
meter long, fill it carefully with mercury so as to exclude all air
and invert it in a deep cistern of mercury (Fig. 230). The mer
cury in the tube will stand at tbe barometric height if the tube is
raised high enough. Now introduce into the tube a (ew drops
of ether. On reaching the vacuum the
ether will at once evaporate and the mer
cury column will be forced down perhaps 40
ems. by the pressure of the vapor. If there
is enough ether all will not evaporate, but a
little will remain as a liquid on top of the
mercury column; in this case the vapor is
said to be saturated, and its pressure is the
greatest possible for ether vapor at the given
temperature. For if the volume occupied
by the vapor is diminished by pushing the
tube downward some of tbe ether vapor will
condense, but tbe height of the mercury
column will remain unchanged, showing that
there has been no change in pressure. So
al80 if the tube is raised, thus increasing
the volume of the vapor, ether evaporates,
but the pressure does not change until all the
ether is evaporated.

A saturated vapor is one which is so dense
that it ca.nnot be farther compressed with
out condensation. If the oolume of 0 satu
rated vopor is diminisMd, on exactly anTe

.-nnndinn amount 0' tIO'IVI'f' rondenuB IJ() that FlO. 230.-Praeunl 01
-1'-'''' 'J 1'-' , fllohl':r vapor.
the pre&8UTe and demity 0/ I.Ite remaining
ropor continue UmM1lfIed IJ() Wng /l3 the lemperolure i$ con8tont.

A saturated vapor is in equilibrium with its liquid, the tendency
of the liquid to evaporate being exactly balanced by the tendency
of the vapor to condense. Indeed it is probable that molecules
are constantly escaping from the liquid and pa.~sing into the vapor,
while other molecules of vapor striking down into the liquid are
caught and held by its attraction, and when the vapor is saturated
u.e.. lwo 1"'0ceue8 uadly balana, (See \435,)

a1I. Non....turated Vapor.-When a vessel containing liquid
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Flo. 231.
M_linl va·
por p..-urt.

and vapor is enlarged 80 much that all the liquid is evaporated,
a further enlargement of the vessel causes the pressure of the

vapor to diminish very nearly according to Boyle's
law for gases, and the more it is expanded and 80

removed from its point of condensation, the more
exactly does it conform to Boyle's law.

433. Influence of Temperature on the Pressure
of Saturated Vapors.-The series of changes con·
sidered in paragraph 431 is supposed to have taken
place at a constant temperature. The pressure of
a saturated vapor increases as the temperature
rises. The effect of temperature on vapor pressure
may be determined by the apparatus of figure
231. Two barometer tubes are surrounded by a
waterbath whose temperature may be varied. A
few drops of the liquid to be studied are introduced
into one or the tubes ODd float on the mercury
column, filling the upper part with vapor, the pres
sure of which C&USC6 the mercury to stand lower
than in the other barometer. The difference in

height of the two mercury columns thus measures the pressure
of the vapor. Evidently this method can be applied only when
the pressure of the vapor is less than one atmosphere.

The following tables give the vapor pressure of water a.nd of
a. few other liquids.

Vapol' PruffUr~ oj Water

Temperat".. Pr-. m.... of

II Temperatllre P..- mm. of
merell'" men:llry

_lOec. 2.16 99.9ee. 757.30
0 '.58 100.0 760.00

+10 9.18 100.1 762.71
20 17.41
30 31.56 Temperat.u.. P_..,io lb.

'" 65.0
per IOQ. ;""b

60 02.2 loo·C. 14.7
60 149.2 110 20.8
70 233.8 160 69.1
80 365.5 200 225
00 526.0 250 57.

100 760.0 Sllbl.r&et 14.7 from abo...
'" eet .te&ID-C.,..e p.--

•
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-20~C. 0.334 em. 6.92 em. I0 1.27 18.23 0.00002 em.
20 u. 43.48 0.00(11
50 22.03 126.·8 0.0015

100 168.5 492.0 0.027

Boiling point.ll.... 7." 34.6° 357"

Vapor PTuaurt, oj Some 0I1ter Liquidlr

Temperature I Alcohol I Ether I--M-~-"'-'--

Notice how small tho prelilSure of mercury vapor in II, barometer must be.

434. Density of Saturated Vapor.-Tbe higher the tempera
ture of a. given mass of vapor, the smaller the volume into which
it must be compressed before condensation begins.

The density of • saturated vapor therefore increase. with riae
in temperature.

435. Evaporation In Alr.~If water is introduced into a large
vessel full of air, very nearly the same amount will evaporate &8

if the air had not been there. The water vapor exerts its own
pressure independent of that of the air, making the tootal pres
sure the sum of the two.

This is a particular case of the general law stated by Dalton
as follows: when a liquid is contained in a vessel with air or anJ
other gas or vapor that has no chemical action upon it, the
amount that will evaporate and the pressure of its saturated
vapor will be the same as though the other gas were not there,
and the total pressure will be the sum of the pressures of the g88
and of the saturated vapor.

The law thus stated is a close approximation to the truth, but
it does not hold emaly, especially when the gas or vapor is very
dense.

The presence of air or gas has a very marked effect, however,
in retarding evaporation. The layer of air next the liquid be
comes filled with vapor which is gradually carried away by cur
rents and by diffusion and as it is removed further evaporation
takes place till saturated vapor fills the vessel. The fact that
the pre.aBUTe of arwlher glJ$ (JT' vapor does not slop 1M evaporation
of a liquid, but that the prOCt'lS8 cea8U lJ$ 8001& G3 the vapor reachu
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Ammonia -33.6"C.
Carbon dioride (lIUblimee) -78.0-
Oxygen -182.5·
Nitrogen -19.5.0·
Hydrogen _252.0G

4 eenain tkfinite dentrity points to the conclusion that eV&poJration
stops in the presence of a. saturated vapor not because of its
pre8sure but beCRU8e molecules passing from it into the liquid com
pensate Jor those escaping into t/w vapor.

436. SolODK.-When a liquid is exposed in an open vessel
it evaporates more or less at all temperatures, .since, as we have
just seen, the pressure of air on its surface, even though it may
be greater than the vapor pressure of the liquid, cannot prevent
evaporation, though it retards it. This evaporation takes place
more rapidly the greater the vapor pressure of the liquid, hence
the greater volatility of ether than of water; so also water at
high temperatures evaporates more rapidly than at low. If,
however, the liquid be heated sufficiently bubbles of vapor will
form in its interior and rise to the surface and escape. The
liquid is now said to be boiling or in a state of ebullition, and its
temperature remains constant so long as it keeps boiling at a
given pressure.

Bolling un take place only when the pressure of the vapor is
equal to that of the atmosphere on the liquid surface, otherwise
hubbies could not be formed.

The tabulated OOiling pqint of a substance is that temperature
at which its vapor pressure is equal to the standard atmospheric
pressure, viz., 76 ems. of mercury.

If boiling takes place in a cWsed boiler the temperature does
not remain constant but rises as the pressure of the contained air
and vapor increases.

Boiling point, at tl'M Almotphe:re PrulUrfJ

Zinc 9MJ.OG C.
Sulphur 4«. 5G

Mercury 357.00

Water 1OO.OG
Aleohol. . .. . . . . . . . . . . . . .. 78. 0"
Ether 34, 6G

431. Effect of Pressure on the Bolllna: Point of Water.-From
the previous paragraph it appears that a table of vapor pressures
shows the boiling points corresponding to different pressures.
Referring to the table on page 290, it will be seen that near 100°C.
the boiling point of water changes by one-tenth of a degree Cor
2.7 mm. change in pressure.
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FIG. 233.-Gey,oer.

-100·

--101"102'

Boiling
Point,

A vessel of water under the bell jar of an air pump may be
made to boil by exhausting the air until the pressure is slightly
less than the vapor pressure of the water as given in the table.

On high mountains the temperature of boil
ing is so low that eggs cannot be cooked, and in
some high altitudes closed vessels provided with
safety valves are used in cooking in order that
it may be possible to beat the water to a suffi
ciently high temperature. On Mt. Blanc water
boils at Moe. By observing the boiling point
the barometric pressure, and hence the height
of a mountain, may be estimated. This proc
ess is known as hypsometry.

H & flask half·full of water vigorously boiling
is taken from the heating Bame, and instantly
corked air-tight with a robber cork and inverted ....r,0.232.-Boil·
88 shown in the figure, it may be made to con- ina at reduced

PreMu"",
tinue boiling by cooling the upper part of the
flask, for in this way vapor is condensed and the pressure on
the interior is so much reduced that the liquid boils even though
its temperature is decidedly below 100°C.
~. Geysers.-The explanation oC the action oC geysers

given by Bunsen is based on the depend
ence oC the boiling point on pressure.
Suppose a deep fissure or well into which
water flows at the bottom and where it is
gradually heated Crom below. The boiling
point at the surface is 100°. At 36 ems.,
'or a little more than 1 ft. below the sur
face the added pressure oC the water column
will make the boiling tempera.ture 101°.
Suppose at this point the aetU&1 tempera-
ture is 100°. Again at 10 ft. below the
surface the boiling point is about 107° and
the actual temperature may be a little less;

r.mp,ratur" and at 50 ft. below the surface the boiling
point will be 127° and the actual tempera
ture may here also be supposed a little

below this. Thus at each point the temperature of the water
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column filling the well will be just below that requited to pro
duce boiling. Now suppose thAt at some point down in the
well the water becomes heated to ita boiling point. The bub-.
hies of steam in forming lift the whole upper column of water
quickly so that· each point in the column finds itself under a
pressure less than that at which it boils and instantly steam
bursts out at every point driving the mass of water violently
out of the well.

439. Effect or Dissolved Salts on Vapor Pressure.
When aliquid containsaaltu in llOtution its vapor pressure at a given tempera·
ture will be 1_ than in ease of the pure solvent, the amount. of the change

depending on the nature and concentra
tion of tbe eo1ution. A saturated solu
tion of common lllIJ.t in water boils at
108.4,00., while one of calcium chloride
boils at 179.5- and conWI1ll 76.4 per cent.
of the lIllll The vapor eeeaping in these
cues is pure water vapor at a pre8llUle or
76 cma., aDd though the temperature of
the bubbles of steam IUJ they escape from
the liquid may be higher than l00~, it
WlUl di8COvered by Rudberg that a ther
momeler in the 8leam a liUh allow the liquid
will rtcl)1'd ~:J:aClly as it W()uld in 8leam/rom
pure waler. The vapor IUJ it escapes ha.s
a prC88Ure of 76 ems., if that is the external

Flo. 234.-Heatin. by oondelLll<!d pressure, and a temperature~l00~C.;
ateam. it is, therefore, non-3Olur'OUd and at once

begins to 0001, but when it reaches 100"
it ia saturated and any further 1088 oC heat eall8l'!S condenJlatdon on the upper
pari. oC the vC8!leI through which the ateam is escaping, 80 that the vessel
it llOOn heated to 100" and the escaping steam is kept at that temperature.

On the other hand if steam at 100" is continuously psmed into &lIOlution of
aalt, aa in figure 234, the salt BOlution will be heated up to its own boiling
point though th&t may be lleVeral degl ell above 100"0.

4<40. Latent Beat of VaporlzaUon.-Heat is required for
evaporation, just 88 for melting. The molecules of the liquid are
torn away from each other in opposition to their cohesion and
this requires work. Hence vapor has more energy than an equal
mass of the liquid at the same temperature. The heat required
to change one gram. of liquid into vapor at the same temperature
I. known as ita latent heat of vaporization. If dry steam is
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FlO. 235.-Calor
imeter for vapor.

passed into a. condensing vessel made of thin metal and sur
rounded by water in So calorimeter, as shown in figure 235, the
steam will condense in the worm tube and collect in the bottom
of the condenser. In condensing, its latent heat
of vaporization is given up, and the condensed
water is cooled from 1000 to the final temperature
of the calorimeter. If from the whole heat re
ceived hy the calorimeter we subtract the heat
given out by the water in cooling after it is can·
densed, the remainder is the latent heat obtained
from the condensation of the steam. The amount
of condensed water is obtained by weighing the
inner apparatus before-and after the experiment,
and so the heat per gram of condensed steam may
be found.

The latent beat of vaporization of water is less at high
temperatures than at low as might be expected; thus to evaporate 1 gram.
of water at 100° takes 536.6 gram-ealorics of heat, while 596.7 calories are
required if the evaporation takes place at ooe.

The Intent heat L required to vnporize a gram of water at any temperature
I may be determined from the following formula which expresses the results
of Griffith's experiments,

L - 596.73 - Q.60It

where t is the tcmperaturo of evaporation on the Centigrade scale.

Heats oj Evaporation

Water 537
Wood alcohol. 264
Alcohol.. ... . . . . . . . . . . . . . .. 208

(al 1l<11"1/Wl boiling 1XJinls)

Ether , .
Ammonia .
Liquid air .

91
326

51

441. Joly's Steam Calorimeter.-Dr. Joly has devised a very
useful method of measuring specific heats which is based on the
fact that if a body is immersed in steam at 100° condensation
will take place on the body until its temperature is raised to 100°
when no further condensation will take place. The heat received
by the body is the latent heat of vaporization given out by the
steam in condensing. The apparatus is shown in figure 236.
The body the specific heat of which is to be determined is hung
from the pan of a delicate balance, and the amount of water
condensing on it is found by its gain in weight when steam is
passed through the inner vessel.
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Let w be the mass of condensed water, t the original tem
perature of the suspended body, m its mass, 8 its specific heat,
and L the latent heat of vaporization of steam; then

",,(100° - ') ~ Lw.

442. Cooling by Evaporatlon.-If a vessel of water is placod
under the bell jar of an air pump and the air exhausted, the
water will boil as the pressure is reduced and at the same time its
temperature will rapidly fall owing to its giving up heat energy
to supply the latent heat of vaporization of the vapor coming
off. The process may even be carried so far as to freeze the
water. This is illustrated by a device due to Wollaston and
known as a cryQphorOU8 (cold transferrer) which is shown in

•
•

FlO. :l37.236.-Steam calorimeter.

figure 237. It consists of a tube having a bulb at each end and
containing only water and its vapor, the air having been driven
out by boiling the water before sealing the tube. The water is
all run into the upper bulb while the lower one is surrounded by
a freezing mixture. Vapor arising from the water in the upper
bulb takes away heat in evaporation and is condensed in the
lower bulb. AJ. this process continues the water in the upper
bulb is soon frozen if protected from outside sources of heat by
being surrounded with cotton.

In tropical countries water is kept in porous earthen jars
put in, a breezy place protected from the SUD. The rapid evap
oration from the moist surface of the jars keeps the water cold.



VAPORIZATION 297

-E- __ .iWo1d.iIl'i>Io-",,---=--~-

B
FlO. 238.-Refrigerating by ammonia.

Dj

If a. few drops of ether or alcohol are poured on the hand the
chilling as it evaporates is very noticeable. If a test tube
partly filled with ether is placed in a glass of ice-cold water and
the ether rapidly evaporated by causing a stream of air to bubble
through it by a foot bellows, a thick shell of ice will soon be
frozen around the test tube.

The ordinary wet bulb thermometer, §445, affords another
instance of cooling by evaporation.

443. Refrigerating Maehlnes.-The refrigerating machines
used for ice making on a large scale and for cooling rooms for
cold stOrage depend on the condensation and evaporation of
ammonia, the arrangement employed being as follows. Am
monia gas is compressed by a
pump into a: condenser B where
the heat developed by the com
pression and condensation is re
moved by a stream of water.
From the condenser it is con-

ducted in liquid form through ~~~~~~~~-"~=-'rr"-a pipe leading to the region to ~" c
be cooled. There it escapes r
through a valve C into a long
pipe D which winds about the
room to be cooled, and affords
large cooling surface. In this
pipe the ammonia evaporates
and expands and so takes up heat from the surrounding region
'which is accordingly chilled. The expanded gas is conducted back
to the pump where it is again compressed into the condenser.

The valve C has only a small opening and chokes the Bow
so that while the pressure in the pipe leading from the con
denser to C is sufficient to keep the ammonia in the liquid form,
beyond C the pressure is very small, permitting rapid evapora
tion and expansion.

444. Subllmatlon.-A solid may evaporate directly without
passing through the liquid state. This is known as subliming.
Gum camphor sublimes very freely, also the naphthaline balls
so orten used for protection from moths. Ice slowly evaporates
when below the freezing point, and carbon dioxide not only
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passes directly into vapor from the solid form but cannot aUt in
tM liquid state at atmospheric pressure.

Heat is absorbed or becomes latent in sublimation just as in
other changes of state, the latent heat of sublimation being the
heat required to cause ODe gram of the substance to sublime at
a given temperature.

m. Atmospber1e Hoisture.-The determination of the mois
ture in the atmosphere is known as hygrometry, a.nd is of much
importance in meteorology.

When a mass of dry air in the free atmosphere receives water
vapor the added pressure of the vapor causes the whole to ex
pand, since its pressure cannot be greater than that of the sur
rounding atmosphere. The expanded air is less dense than
dry air at the same pressure arid temperature, for the water
vapor which it contains is only % as dense as the dry air which
it displaces.

The rollowing are IlOm6 methode employed in determining the moisture
in t.he at.mOllphere:

1. A measured volume of air i8 drawn t.brough a tube containing some
drying substance, such as calcium chloride or ph06phoric anhydride, and the
~n in weight of the drying substance gives the amount of moisture which
the air contained.

2. A brigM polished metal vlllllle1 i.B cooled till moisture from the air just.
begi08 to condense on itll 8Urlace. TIle temperature at whieh this OCCUR iJI
known All the detD point.. If the dew point iJI found to be 10- then t.he pre&
sure of wa\e:r vapor in the air is such that. it. iJI saturated at. 10-. Hence the
vapor prtlJ!lUre is 9.1 mm. a.a shown in the table on p. 290 whicb gives the
prelJJ\lre of saturated water vapor at. different temperatures.

3. The temperature of the air All read by a wet bulb thermometer, one
having the bulb covered with a thin piece of cloth kept wrl by a wielt dipping
into a v_I of water, may be compared with theatmoepheric t.emperatureas
given by a thermometer with a dry bulb.

The wet. bulb thermometer will read lower than the one with dry bulb in
consequence of evapora.tion, and the more rapid the evaporation the greater
the difference in temperature will be.

When the two tempera.turcs are known the hygrometric state of the atmos
phere may be determined by reference to psychrometric table,.

The method is exceedingly convenient but is not reliable unlC88 the air is
drawn by the wet. bulb thermometer at. a regular rate, or unlesa the ther
mometer is whirled through t.he air with sufficient velocity to secure the
maximum "evapora.tion.

4. A human hair when treated with ether to remove oily substances ia very
IICnsitive to moisture, oontl'1LCting when moist. and elongating a.a it dries.
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When one end of such a hair is wrapped around a slender axle to which a
pointer is attached, the varying moisture condition of the air may be read by
the motion of the pointer; and the instrument is known as a hair hygrometer.

A piece of catgut when stretched by a light weight twists and untwists all

the moisture in the air varies.

446. Humldlty.-The sensation of dampness is due to the
degree of saturation of the air. When the air is cold a com
paratively small amount of moisture will make it feel damp,
because at a low temperature but little moisture is required to
make a saturated vapor. Only 4.7 grams per cubic meter are
required at the freezing point, while at 77°F. or 25°C. 22.75
grams may be contained in a cubic meter before saturation.

On this account the relative humidity is usually sought in
meteorological observations.

The hygrometric state, or relative humidity of the air is the
ratio of the water vapor actually contained in a volume of air to
the amount that it would contain at the observed temperature
if the vapor were saturated.

ProbleDis

1. If 0. Bunsen burner can heat 2 kgms. of water from 1O~ to 800 in 10
minutes, how much water can it boil away per hour?

2. How many grams of water are required to fill a room 3 X 5 X 4 metel'8
in size, with saturated water vapor at 2000.? Water vapor hll.ll % the
density of dry air at the same temperature and pressure.

3. The barometric height on Mt. Washington is about 60.5 em.; at what
tempemture will water boil there?

4. A flask half-full of water boiling vigorously is corked tight and immedi·
ately immersed in a bath having the temperature 5O~0. What will the
pressure in the flask become, and when will it swp boiling?

6. When water boils at a pressure of 35.55 em. of mercury, find the tem
perature and also the heat that must be supplied to evaporate 100 gms.

6. What is the weight of a cubic meter of saturated steam at 100°0. if water
vapor hall % the denaity of dry air at the same temperature and
pressure?

1. Find the temperature of the water at the bottom of a pail of water 30 em.'
deep which is boiling while the barometer stands at 76.

8. Find the relative humidity when the air is at 20~0., the dew point having
been found to be lO~C.

9. How much coal is needed to evaporate 0. cubic foot of water (28.3 kgm.)
in 0. boiler at atmospheric pressure, supposing the efficiency of the boiler
to be 50 per cent. and the heat of combustion of coal w be 8000 gram·
calories per gm. of coal?
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10. Find the total amount of heat required to change 100 gms. of ice at
-20°C. into steam at 100°.

11. A maBB of 100 gms. of copper at 20° is suddenly enveloped in steam at
100°. Find the amount of steam that will condense on the copper.

12. A preserve jar containing only water and it.! vapor is sealed up /lIld put
inw a kettle of water which is kept boiling. Will the jar burst, and
what will the pressure within it become?

13. A preserve jar half-full of water and half-full of dry air at pressure 76 is
sealed up at temperature 20°C. and put into a kettle of water which is
kept boiling. Find what the pressure in the jar will become, neglecting
the expaI1llion of water and glass.

1!- In the cryophonls how much ·water must distil over from the upper to
the lower bulb in order that 50 gms. of ice may be frozen? And what
value of the latent heat of vaporization should be used?

1&. How much ammonia must be evaporated per hour in the refrigerating
coils in a cold-storage room if the temperature is to be maintained at OQC.
when 560 gram-ealories of heat are flowing into the room per second?

16. How much heat in British thermal unita ill required to evaporate a pound
of water at lOO·C.?

17. How much coal is required. to evaporate 100 kgms. of water in a boiler
in which the gauge preeaure is maintained at 54.41bs., supposing no heat
wasted?

CONDENSATION OF GASES

447. Triple Polnt.-The particular temperature and pressure
at which a substance may exist as solid, liquid or vapor, is

l&. 0" 100. called the triple point. If a vessel contain•
.a ing only water and its vapor is cooled until
• LiqUijl;d the water begins to freeze it will then be

f Solid ~
'" il t"l at its triple point, for all three states or

~=. . "_ .. ~~4"A phases (solid, liquid, and vapor) are inv....·
.I =."",jItr"soo equilibrium with each other.".4Fo

oM..., Vapor In the pressure-temperature diagram
.L-~n.·,-j.'·";;'~·"M~·~","·~,oo'" for water (Fig. 239) the curve of boiling

Temperature
points between the liquid and vapor regions

FIG. 239.-Triple point.
shows the condition of temperature and

pressure at which the vapor is saturated and in equilibrium
with its liquid.

The curve between the solid and liquid regions shows melting
points at different pressures, while that between the solid and
vapor regions shows the pressure of the vapor in equilibrium with
ice at different temperatures.
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F:to. 240.-Ieotbel'1llll of CO..

The triple point is where these lines meet. In case of water
the melting point rises very slightly 88 pressure is diminished,
so that at the triple point the temperature is about O.OO75°C.
above zero, and the pressure is 4.6 mm. of mercury.

In case of. carbon dioxide the pressure at the triple point is
greater than onc atmosphere, hence that substance cannot exist
in the liquid form at atmospheric pressure.

448. Condensation 01 Carbon Dioxide and Critical Point-
The transition from the ATM.
gaseoUll to the liquid state 11""--....,----...---,
was first thoroughly studied
at different temperatures
and pressures by Andrews 7
(1863),8. diagram of whose
results is given in the figure.
E&eh point on the diagram
corresponds to a certain
state of the substance.
The abscissa. or distance of
the point from the side line
gives the volume in units of
the scale at the bottom,
while the dists:nce of the
point from a horizontal
base line measured by the
scale at the side gives the
pressure in atmospheres.
The hase line correspond
ing to zero pressure is far
below the diagram, which
is made only large enough
to include the actual observations. A line on the diagram re~

resenting the series of states through which the substance may
be put at a given tempera.ture is called an isothermal line. Thus
the line marked 13.1 0 indicates that if a gram of CO, be taken
at 13.10 and at a pressure less than 50 atmospheres the volume
will be greater than 7.1 C.c. As the volume is diminished the
pressure increases until when the volume is 7.1 c.c. the pressure
becomes 50 atmospheres, but at this point condensation begins
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•

and the pressure remains constant until all is condensed. This
part of the isothermal line, where the substance is part liquid
and part. saturated vapor, is horizontal, since the pressure is
constant.

After the vapor is entirely condensed any further decrease in
volume is acoompanied by rapid rise in pressure as indicated by
the nearly vertical branch of the isothermal line. Where the
i80thermalline is horizontal the substance is part liquid and part
saturated vapor, becoming wholly saturated vapor at the right
end where the line begins to drop from the horizontal; beyond
this point the vapor is non-saturated, departing considerably
from Doyle's law at first, hut conforming to it morc closely
as its volume increases and pressure diminishes.

At 21.50 it is noticeable that the volume of the saturated
vapor is less, about 5.2 c.c., while the volume of the liquid is
greater than at the lower temperature, and condensation does
not occur till the pressure has reached 60 atmospheres, this being
its vapor pressure at 21.5°C.

Thus as the temperature is raised the density of the $&turated
vapor increases while that of the liquid decreases until at 31°
they seem to come together, the saturated vapor having the
same volume as the liquid. In this case there is no visible COD

densation with separation of liquid and va.por, and the ~
thermal line shows no straight horizontal part, but simply a
point of in8ection where the tangent is horizontal.

The next isothermal, that for 35.5°, shows a point of in8ection,
a point where the compressibility is a m&X~mum, as indicated
by the large decrease in volume for small rises in pressure, but
there is no condensation. And at 48° there is scarcely any
evidence even of a point of special compressibility, the pressure
rising steadily and rapidly as the volume is diminished.

The point at which the den8ity of the liquid becomea equal to
that of ita 8aturated vapor is called the critical point. The tem
perature and pressure of the substance at that point are known
as its critical temperature and preS8ure, and the volume of one
gram as its critical V<llume.

The critical temperature may also be defined as that tem
perature above which the substance cannot exist as a J1quld
huin&: a free surface.
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FlO. 241.

449. Gas and Vapor.-It thus appears that there is no sharp
distinction between gases and vapor's. What are ordinarily
known as gases are 6Ubetances whose critical temperatures are
so low or critical pressures so great that under ordinary condi
tions they cannot exist as liquids with a free surface, while
vapors arise from substances whose critical temperatures are 80

high that they ordinarily exist even at atmospheric pressure in
the liquid state.

Critical TlJmperaturu, Pru.uru, and Volumu
•

Sut......""
Temperal..... ill ~u." in Volu.... 011

dea:r_ C. .I_~"'" 11' .... I .....e. .

Water..... ......... , ... 365.0" 195.0 2.3
Ether................... 194.4 .. .• 8.8
Sulphur dioxide .......... 155.4 78.9 1.9
Ammonia ................ 130.0 1150 • •••••••

Carbon dio;\;idc ........... 30.92 77 .• 8.<
furgeD .................. -118.0 50.• 1.5
Nitrogen ................ -146.0 .... 2.7
Hydrogen ............... -2ol2.0 20 .• . .......
Helium.................. -266.0 2.3

450. Condensation of Gases.-Faraday, about 1823, began a
series of experiments in which he lique-
fied nearly all the known gases except
oxygen, nitrogen, hydrogen, and car
bon monoxide. The form of appa.
ratus used by him for chlorine and
other gases .is shown in figure 241. It
oonsists of a strong bent glass tube
hermeticallysealed, in oneend of which
is pla.ced the substanceor mixture from
which the gas is to be evolved, while the other end is placed in
a freezing mixture to induce condensation. When heat is applied
the gas is given off on one side and the pressure due to its own
evolution causes it to condense on the other. In cases where
heat Wfl.S not required the two ingredients were placed separately
in the two branches of the tube which was then sealed. The
tube was then tipped up so that the substances were mixed in
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one branch of the tube while the other was introduced into the
freezing mixture as before.

Solid Carbon DiQxide.-When carbon dioxide, after being
liquefied by pressure, is cooled, and then allowed to escape from a
small opening, the evaporation and expansion produce such a
degree of cold that a considerable part of the escaping substance
is fJ;Ozen into snow. If the jet is enclosed in a woolen bag this
snow may be collected. It slowly sublimes, passing directly
from the condition of solid to vapor only so fast as the necessary

'heat of vaporization is obtained from surrounding bodies.
The temperature of solid CO2 at atmospheric pressure is

-78°C.j if a little is placed on the hand it is kept from close con·
tact at first by the gas given off due to the heat of the hand. If
pressed into contact it burns like a hot iron. If mixed with
ether a freezing mixture is obtained giving a. temperature of
-78°0. at atmospheric pressure, and if the pressure is reduced
by an air pump -116°0. may be reached. The mixture even
at atmospherio pressure readily freezes mercury.

451. Liquefaction of Mr.-Many attempts wE,jfe made to
liquefy the permanent gases, as they were called, by Faraday,
Natterer, and others, but without suocess until, in 1878, Cailletet
and Pictet, working independently, one at Paris and the other
at Geneva; almost simultaneously achieved the desired result.
Both subjected the gases to great pressure and then cooled them
to the lowest point attainable by evaporating liquid sulphur
dioxide or carbon dioxide under diminished pressure. But
even at the low temperatures thus secured no condensation was
observed until a stopcock was opened and the compressed gas
suddenly permitted to expand. The cooling due to this sudden
expansion caused a cloud of particles of condensed gas to appear.
In this way oxygen, nitrogen, and carbon monoxide were shown
to be liquefied.

WROBLEWSKI and Or.,sZEWSKI obtained a still lower tem
perature by cooling liquid ethylene first with ice and salt, then
with carbon-dioxide snow mixed with ether, and finally the
cooled ethylene contained in a triple-walled glass vessel was
made to boil at diminished pressure, the gas as it evaporated
being pumped out by an exhaust pump. (Fig. 242.) In this
way a temperature of -136°0. was reached, and when oxygen
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was compressed into a tube dipping below the surface of the
boiling ethylene it was condensed at a pressure of about 20 atmos
pheres. In this manner considerable quantities of liquid oxygen
and nitrogen were first obtained.

LINDE'S ApPARATus.-The present methods of obtaining liquid
air on a large scale are based on the progressive coolingaf a stream
of escaping gas by itsown expansion, and .the first apparatus of this
kind was devised by Dr. Linde in 1895. Compressed air at a
pressure of about 200 atmospheres, and dried and purified from
carbon dioxide, passes into the inner tube of the interchanger
which contains long coils of tubing one within the other and·

Fl<I. 242.-Wrob!ew!ki'B
apparatus.

FIG. 243.-Liquid air
iDterchaIl&l'r.

packed in felt to prevent the inflow of heat from outside. At the
lower eud of the interchanger is a needle valve through which the
compressed gas is allowed to escape in a steady strea.m. The
escaping gas cooled by expansion passes out through the outer
tube of the interchanger, thus cooling the inflowing stream of com
pressed gas in the inner tube. But this on expansion is still
further cooled and so the cooling goes on progressively until the
temperature becomes so low that a part of the air is liquefied as
it escapes at the valve and falls into the receiver below, where it is
collected. (See note §453.)

This receiver is a double-walled glass vessel (such as are used
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in; thermos· bottles) known as a Dewar flask. The space between
the walls of the flask is thoroughly exhausted of air to prevent
conduction of heat to the inner vessel. If a drop of mercury is
contained in the vacuum space its vapor will condense over the
surface of the inner vessel forming a bright metallic mirror that
reflects radiation and thus still further aids in preventing the
liquid air from receiving heat from outside.

Liquid air when first produced contains both oxygen and nitro
gen, but as the boiling point of nitrogen (-195.5°C.) is lower than
that of oxygen (-183°C.) the former soon boils off leaving nearly

.pure oxygen..
4.52. Liquefaction or Hydrogen and Bellum.-The lique

faction of hydrogen has been accomplished by Dewar using an
improved form of Linde's apparatus in which two separate inter
changers were used, one entirely surrounded by the other. The
outer one 'was first used for the production of liquid air and in
this way the whole apparatus was cooled to -ISOoC. Hydrogen
was then passed through the inner apparatus and still further
cooled by -its own expansion until it finally collected as a clear
liquid boiling under atmospheric pressure 8.t - 252°C. or 21°
above the absolute zero.

On reducing the pressu're the temperature of the boiling hydro
gen was lowered until it froze into a solid at - 258°C.

A cubic centimeter of liquid hydrogen weighs 0.086 grm.; it is
therefore the lightest liquid known.

If a bulb containing air has a long neck which is sealed up and
surrounded by liquid hydrogen the air will condense and freeze
in the neck leaving the bulb highly exhausted.

If fragments of box charcoal are contained in the cooled neck
their absorption is so powerful that the bulb becomes almost a
perfect vacuum..

Helium, the last gas to yield to condensation, was finally
liquefied in 19~ by the Dutch physicist Onnes. Liquid helium,
according to Onnes, boils at -268.5°C., and has a density 0.15.

453. Note on CooUng by Expansion In Linde's Apparatus.
The cooling of a steady stream of gas escaping under prellSure through a
small opening, as in Linde's apparatus for the liquefaction of air, is by no
means as great as whcn a mass of gas is expanded in a non-conducting cylin
der as explained in §411. For while the expansion of the gas tends to cool it,
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the kinetic energy of the gas rushing out of the opening tenm kl heat -the
expanded gas and one effect nearly balances the other 80 that the cooling is
but slight in case of air at room temperature. As air is 600\00, however, ~e
effect increases and when flo sufficiently low temperature is reached to liquefy
the air, the latent heat of vaporimtion is involved just a3 in an ammonia
refrigerating machine.

When flo lJt.ream of Ilydrotl"- gas at room temperature is forced in thi8 way.
through flo email opening the gas is slightly h«zUd instead of being cooled
and it is only after being cooled below _800 e. to begin with, that. the ellqI.P
ing jet is cooled at all by ita own expansion.

Melling and Boiling Point. oj Condensed GMe8

Sut.tanoe Meltin, point [-"'-·'-00-""-·-'-

Helium. . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . Unknown
Hydrogen........... . . . .•... . . . . . . _258°C.
Nitrogen......... . . . .. -210
Oxygen. . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . -227
Air . .

-268.5"C.
-252.0"
-195.5
-183.0
-191.0

HEAT ENGINES

454. Heat Englnes.-The coversion of heat into mechanical
energy is of the greatest importance to man, since vast stores of
fuel existing in the earth as 0031, petroleum and gas are thus made
avai1a.ble for useful work.

It is interesting to consider that these deposits are really store
houses of the energy of sunlight which fell on the earth in ages
long gone by and effected the separation of carbon from oxygen in
plants, thus storing up potential energy which is ready to be
given back to us as energy of heat under the magic touch of
Bame.

The principal kinds of heat engines are the steam engine, the
hot-air engine, and engines that burn gas or vapors explosively..

465. The Steam Engine.-A simple double-acting, stearn
engine is shown in the diagram (Fig. 244). Steam from the boiler
is admitted to the steam chest S, passes through one steam port
into the cylinder A and forces the piston toward the left. What
ever steam or air is in the other end of the cylinder B escapes
through the other port, passes under the cup-t>haped slide valve
and out at the exhaust E. But the slide valve is 80 connected
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to the main shaft through the eccentric that as the piston moves
toward the left the slide valve moves toward the right, closing
the first port and opening that at the other end of the cylinder.
Bream is thus admitted first into one end of the cylinder and then
into the other, forcing the piston back and forth. The 6y~wbeel

F which has a large moment of inertia steadies the motion and
carries the crank C past the "dead centers."

4li6. High-pressure and Condensing Englncs.-When the
exhaust E opens directly into the atmosphere the engine is called
high pre8SUTe, because the power depends on the excess of the
stre&Ill pressure in the boiler above the atmospheric pressure out
mde. Ordinary looomotives and most small engines are of this
type.

c

Fla. 2<t4.-8team eDItiDe.

But greater economy is obtained by connecting the exhaust to
a vacuum chamber in which the steam as it comes {rom the engine
is condensed by a jet of cold water or in tubes surrounded by cold
water, a small pump being provided to pump out from the
vacuum chamber the condensed steam as well as any ,ill that may
have leaked in. Such engines &re known sa contkming engines,
and since the pressure in the vacuum chamber may be less than
1 lb. to the squ&re inch the back pressure against the piston is
less by 141bs. to the sqU&re inch than if the exhaust had opened
into the atmosphere, and the effective pressure is consequently
just so much greater.

467. Compound Englnes.-To get as much work aB possible
out of steam it should be used ezpansively in the engine, and
should not pass into the exhaust until its pre<3Sure in consequence
of exparnlion has diminished almost to that in the exhaust, other
wise it escapes with explosive puffs which repre8eDt lost energy.
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H the expansion takes place in ODe cylinder the steam which is
admitted at high pressure and temperature does not escape until
its pressure and temperature are both greatly reduced by ex
pansion. To avoid this great change in pressure and tempera
ture in a single cylinder, compound engines are used in which the
Iteam passes successively through several cylinders, a part of
the erpanllion taking place in each one. EMb. cylinder must be
larger than the preceding ODe to allow for the expansion of the
steam, and &8 the steam pressure in one cylinder is less than in the
preceding one t.he area of the piston head is made correspondingly
larger in the second, so that the total force exerted by each
piston may be about the same.

458. Steam Torbloe.-In the DeLaval steam turbine one or
more jets of escaping steam are directed against a series of blades
set in the rim of a wheel, driving it with great velocity.

•
CaM "iM Hnd blade.

FIG. 24S.-8team turbine.

In the Parsons turbine (Fig. 245) the blades are set in rows or
bands around the circumference of a long cylindrical drum, which
rotates inside of an outer case. Steam is admitted around ODe
end of the cylinder and impinges obliquely on the first row of
blades. These blades are curved so that they deflect the stream
of escaping steam as it passes between them and direct it against
a second row of blades fixed to the outer ca.se. These in tum
deflect the stream so that it strikes obliquely against the second
rowo£ blades on the rotating cylinder, thustheescapingsteamaet6
on row after row of blades successively from one end of the cylin
der to the other where it escapes into the exhaust. The space
between the rotating cylinder and the outer ease widens from one
end toward the other to allow for the expansion of the steam 88 it

. peBOO8 through, and consequently the blades are short at the end
where the steam enters bat are longer as the other end ia aP""
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FlO. 247.-Two-cyc!e
glllJOlene enlPne.

proached. The turbine is thus in some respects like a compound
engine, the successive rows of blades in the former corresponding
to the successive cylinders in the latter.

459. Gas and Gasolene Eng-tnes.-In
these engines an explosive mixture of gas
or gasolene vapor and air is drawn into the
cylinder and there ignited, power being
obtained from the expansive force of the
hot gases which result from the explosion.
Figure 246 shows the series of operations
in the" four cycle" Or Otto type of engine.
In the first outward stroke the mixture of
air and gas in prOper proportion is drawn

I.PI.to.dri..... wlbv ..pto.tOlt in; the valve then closes and the mixture
is compressed on the return stroke. When
the crank is on the" dead center" and the

4. '.,M/16 old "".. ,.... compression is maximum the mixture is
FIG. 246.-F?ur-evc!e gM ignited by flame or electric spark and

engine. power is obtained from the thrust of the ex-
panding gas on the outward stroke. The exhaust valve then
opens and the waste gases are driven out as the piston moves
back. The engine is made single acting to avoid undue heating
and the cylinder is also kept cooled by a
circulation of water around it. It will be
observed that power is obtained only in the
third operation, or on every alternate out
ward stroke. A heavy flywheel is, there- ..,...."
fore, used, or in automobiles four such
engines may act on oneshaft, the explosions
taking place succesiveJy in th~several cylin~

ders, one to every half revOlution of the
shaft.

In so-called "two-cycle" engines the ex
plosive mixture which has been compressed
in the crank case by the outward movement
of the piston is admitted to the cylinder near the end of the stroke
while the exhaust valve is open, and by its inrush helps to dis~

place and drive out the spent gases. The mixture is compressed
as the piston moves back and then exploded, giving power on the
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outward stroke. Of course in this case there is some mixture of
the spent gases with the fresh charge and some of the latter is also
lost through the exhaust. The tW<Kycle engine is growing in
favor for motor vehicles and boats beeause of its great simplicity,
and because the thrust comes at every stroke.

460. Efficiency of Heat Englnes.-The efficiency of an engine
is the ratio of the work done in a given time to the mechanical
equivalent of the heat which is supplied to it during that same
time. It is shown by thermodynamic reasoning that no enigne
can have a greater efficiency than

T-T..
T

where T is the highest temperature of the working sub8tanoe as it
passes through the engine and T. is its lowest temperature, both
measured on the absoluh scak.

Thus if an engine takes in steam at 163 Ibs. pressure, the tem
perature of which is ISSoC. and if the temperature of the exhaU8t
is 100°C., then T = 458 and To = 373 and its efficiency cannot
be greater than 8%68"'" 18% +.

Taking account also of the loss of heat in the furnace and boiler,
it is found that a good engine (multiple expansion and condensing)
may give about I horse-power-hour per pound of coal, but or·
dinary non--eondensing engines require 2 or 3 Its. of coal per
horse-power-bour.

For a further discussion of the relations of heat to work, taking
up the Second Law of Thermodynamics, Carnot's cycle, and the
Kelvin absolute or thermodynamic seale of temperature, see
APP"'diz I.

lUfer'f':JUf$

See aceount of development of the !Iteam eQKine in Htot a.t 8 Porm of
E~, by R. H. THURSTON.

RADIATION AND ABSORPTION

461. Radlatlon.-A person standing near an open fire is con
scious not only of the light coming from it, but also of a sensation
of warmth which is felt in the skin wherever it is directly exposed
to the glow. This sensation is lost when an opaque screen is
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, interposed, and returns as instantaneously as the light when the
screen is withdrawn. This is shown by the fact that after a
solar eclipse the warming effect of the radiation from the sun
reappears as soon as the light itself.

The radiation may be felt even through a sheet of thin ice and
by means of a lens of ice it may be converged into a focus suffi
ciently intense to ignite gun cotton.

But since both sides of the ice are at the same temperature
(the temperature of melting ice) no heat can be transmitted by
ordinary conduction. Radiant energy is, therefore, transmitted
by a very different process. This is also shown by the fact that it
passes with the greatest facility through a vacuum.

The process of emitting energy in this way is called radiation,
and the total stream of energy coming from the body in this way
is called its radiation.

We shall discuss here some circumstances which influence the
giving out and absorbing of this radiant energy, but radiation
itself, its nature and varied phenomena, will be taken up in our
later study of light, for light is but, that part of the total stream of
radiation to which the human eye responds. '

462. Instruments for Detecting Radlatlon.-The heating
effect of radiation is detected usually either by the thermopile,
radio-micrometer, bolometer, or radiometer. The thermopile
and radio-micrometer are explained (§663, 670) in the section on
thermo-electricity.

In the bolometer, devised by Langley, a thin strip of platinum
perhaps 0.01 mm. thick and 0.5 rom. wide and having a blackened
surface, is mounted in connection with a Wheatstone's bridge and
galvanometer so that its resistance may be balanced. When
radiation falls on the strip it is heated, and in consequence its
electrical resistance changes slightly, which disturbs the balance
of the bridge and causes a current to flow through the galva..,
nometer. The mass of the platinum strip is so small that.its
change in temperature takes place almost instantaneously when
radiation falls upon it. Langley was able to make the arrange
ment so sensitive that a change in temperature of the strip as
small as one-millionth of a degree could be detected.

It was found by E. F. Nichols that the principle of the radi
~meter (§465) might be used in the construction of an instrument
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B

F,o. 248.

,

which was exceedingly sensitive for the detection and measure
ment of radiation.

In this instrument a light cross arm of wire carrying on each
end a small di3c of mica blackened on one side, and having a
small mirror hung from it, is suspended by a fine quartz fiber in a
vessel from which the air can be completely exhausted. The
mica discs are vertical with their edges toward the axis of sus
pension, and the blackened sides of both face toward the same
side. When a high exhaustion is reached the slightest radiation
falling on the blackened side of one of the discs causes it to be
repelled as explained in (§465). The suspended system conse
quently turns through a small angle which may be determined by
observing through a telescope the image of a scale reflected in the
IIllrror.

463. Radiating Power.-Bodies at the
same temperature may differ greatly in
radiating power. This is shown by
Leslie's cube, which is a brass cubical
vessel containing boiling water. One
of the four lateral faces of the cube is of
polished metal, one is coated with lamp
black, the third is covered with a layer
of chalk or whiting, while the fourth is
of polished metal that has been varnished or lacquered. .

When the radiation from such a cube falls on a thermopile or
bolometer it is observed that the radiation from the lamp-black
surface is most energetic, that from the whitened surface is nearly
as great, that from the varnished surface is less, while the polished
metal surface gives off the least radiation.

464. Absorbing Power.-That bodies differ in their absorbing
88 well as radiating powers is shown by the following experiment.
Two tin plates A and B connected by a thin strip of tin, are
mounted so as to face each other. The inner face of one is
coated with lamp-black while the other is left with its bright
metallic surface. On the outside of each plate is soldered at its
center a copper wire by which connection is made to a sensitive
galvanomete'r of low resistance. The junctions of the copper
wires with the tin plates form a pair of copper-iron thermo-couples
and if either is warmed more than the other a current will be
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obeerved in the galvanometer. On placing midway between the
plates flo hot piece of iron orotherradiatingbodythegalvanomcwr
will at once indicate that the junction attached to the blackened
tin plate is more heated than the other. Moving the hot body
away from the blackened plate and toward t.he one having a
bright metallic surface a position may be found where there is no
current in the ga.lv8Jlometer, showing that the two plat;(>s fire
equally heated. lL is clear from this experiment that the polished
plate is not so good a.n absorber of radiation as the blackened
plate.

The surface of a tea-kettle is made of bright polished metal
which is a poor radiator and consequently loses
but little heat by radiation, while the black
ened bottom readily absorbs radiation from
the fire.

46.5. Radlometer.-The radiometer of
Crookes depends for its action on the difference
in absorbing power between a blackened sur·
face and one of polished met.a.l.

In this device a light cross of aluminum,
having vanes of aluminum foil, each coated
with lamp-black on one side, is balanced on a
pivot in a bulb in which there is a high vacuum;
an exhaustion to about the millionth of an
atmosphere is required.

When sunlight or the radiation from any
Fli. 249.-eruoke.'

radiomet.er. hot body falls on the instrument the balanced
cross revolves, the blackened surfaces of the

vanes facing backward as it turns.
The commonly received explanation of the action is that the

blackened surfaces, absorbing the radiation better, are more
heated than the polished surfaces and the molecules of air or
gas in the bulb are driven off more energetically and consequently
with greater velocity from the hotter surfaces than from the
colder ones and the consequent reaction causes the ,vanes to
move as though pushed against on the blackened sides.

The action can only go on when the exhaustion is so great
that the mean free path of the molecules is of the same order of
magnitude as the distance from the vanes to the walls of the
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bulb, for if the molecules of gas as they fly off from the black
ened surfaces strike against other molecules they will drive
them back against the polished sides and prevent rotation. But
if they strike against the walls of the bulb the latter must tend
to rotate opposite to the vanes. That this is the case has been
verified by floating the bulb in water.

466. Prevost's Theory or Exchaoges.-It WM urged by Pre
vost, of Geneva, that "the radiation given Qut by a body must depend
only on its temperature and the nature of its 8urface, and not at all
on the nature or temperature of other surrounding bodies.
Consequently a process of exchange is going on between every
body and those surrounding it, each constantly giving out
radiation on all sides and also receiving and partly absorbing the
radiation which falls upon it from surrounding objects. When
ever therefore the temperature of a body remains constant it
must be receiving and absorbing just as much energy as it is
giving out in radiation.

This view is known as the the07'Y of exchanges.
467. Apparent RadiatIon of Cold.-The radiation from a

block of ice may be converged upon a thermopile by means of
a concave mirror and produces a decided cooling effect.

But whatever radiation goes from the ice to the thermopile
must have energy and hence when absorbed must give heat to
the thermopile. The explanation of the cooling is found in the
theory of exchanges; for while the thermopile is receiving radia
tion from the ice, it is itself giving out more energetic radiation
and is therefore cooled. The ice gives its feeble radiation to
the thermopile but it intercepts the more intense radiation that
would have reached the thermopile from other warmer bodies
if the ice had not been there.

468. Equality of RadiatIng and Absorbinc Powers.-Th,
Stewart-Kirchhoff Law. Imagine a body A supported at the
center of a hollow vessel from which the air has been completely
exhausted, and the interior surface of which is coated with
lamp-black. If the outer vessel is kept at a constant tempera
ture the inner body will also finally come to that temperature.
It will then be in a state of equilibrium, giving out just as much
energy in radiation as it absorbs from the radiation that falM
upon it.
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If the central body is a good reflector, like a piece of polished
metal, it will reflect most of the radiation that falls upon it
absorbing only a small fraction. But its own radiation must
exactly make up for what it absorbs, consequently it will radiate
but little, and the total radiation coming from the body, being
made up of what is reflected together with what the body
radiates, must be just equal to the total radiation CaUing
upon it.

If, on the other hand, the central body is a good absorber, such
as a fragment of carbon, it will absorb nearly all the radiation
falling upon it, reflecting very little. In this case it will radiate
strongly, the radiation being equal to what it absorbs, and
here also the total stream of radiation coming {rom the body is
exactly equal to that which falls upon it, for its own radiation
supplies the place of what it absorbs.

In a closed region, then, which is all at one temperature,
the total radiation coming from any surface, partly reflected
and partly radiated, is the same whatever may be the nature of
the surface, whether it is a good reflector or a poor one, and is
equal to the radiation which would be given off at that tem
perature from a perfectly absorbing body or an ideal black body.

The above conclusion was reached independently. by Kirchhoff
and Balfour Stewart about 1858, it is illustrated by an experi.
ment performed by Draper in 1847, in which a gun barrel con·
taining fragments of various metals, colored crockery, etc., was
heated in a furnace to a red heat. On looking into the gun
barrel one substance could not be distinguished from another,
the stream of radiation being the same from all, and equal to
black-body radiation. Draper drew from his experiment the
erroneous conclusion that all bodies became self-luminous at the
same temperature, about 525°C.

The radiation which a body giveJl off at a given temperature is
therefore equal to what it can absorb in the same time oj black
body radiation Jor the same temperature.

Consequently bodies which are good reflectors and poor
absorbers are also poor radiators, while poor reflectors which
absorb strongly are also good radiators.

469. Law of Total Radlatlon.-From the study of a large
number of experimental results Stefan in 1879 concluded that
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the total energy of radiation R coming from a body was pro
portional to the fourth power of the ab80lute temperature, or

R = CT'
where C is a constant.

Boltzmann, in a masterly discussion based on Maxwell's
electromagnetic theory of light, reached the conclusion that
Stefan's law is strictly true for black-body radiation; and this
conclusion is borne out by the very thorough experimental
investigations of Lummer and others. '. The law is also found
to be approximately correct in other cases of purely thermal
radiation.

The radiation in gram-calories per second from 1 sq. em.
of surface of a black body at temperature T reckoned from
the absolute zero, is found to be (1.30 X 1O-12)T4,

470. Law of Coollng.-I( a body at a temperature t is placed
in an enclosure at some lower temperature t', it will cool, and
the rate of cooling will be rapid if t - t' is large. It was assumed
by Newton that in such a case the rate of cooling is proportional
to t - t'l or the heat lost per second equals K(t - t')l where K
is a constant to be determined by experiment. This law is
nearly true if the difference between -the two temperatures is
not large, and it is often convenient to use. But the true law
of cooling is based on the law of exchanges. By the preceding
paragraph ,the heat given out in radiation by a body whose abso
lute temperature is T is equal to CTt where C is a constant. If
it receives radiation from a black body at temperature T I it
will absorb OTttl consequently the loss of heat per second is
equal to

C(T4 _ Tit).

471. Wave Length of Most Enerxetlc Radlatlon-Wlen's
Dlsplacement Law.-The radiation from a hot bodYI as we shall
see later (§900)1 is complex in its nature and made up of ether
waves of different wave lengths.

In figure 250 are given curves each of which corresponds to
a certain temperature and shows how the intensity of the radia~

tion of a black body at that temperature varies with the wave
length.

It will be observed that the hotter the radiating body the
shorter is the wave length of most energetic radiation (cor-
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responding to the highest points on the curves) .. Experiment
and theory have combined to establish the rem.a.rkable law
that the wave length or most energetic radiation is inversely
proportional to the absolute temperature, or in symbols:-

>..T = a. constant, found to 00,2940 by Lummer and Pringsheim,
where ). is the wave length in thousandths of a millimeter for
the highest point on the energy curve and T is the correspond
iog "temperature measured from tQe absolute zero.
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I'm. 250.-Curves showing that the wave lenlth of most ennrgetie radiation is
shorter ill proportion .... the temperature 0 the fp-liating body is higher.

AS8uming that the radiation from the sun i8 sufficiently like
that from a black body Jor the law to apply, we may determine its
temperature. For the wave lengt,h of maximum energy in the
sun's radiation is found by Langley to be 0.0005 mm., which gives

2940
for the sun's temperature 0.5 = 5880° absolute, or 5607°C.

Since the longest radiation waves that affect the eye give the
sensation of red, the above law shows why a heated body should
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first become red hot and as the temperature rises the shorter
waves become relatively more energetic until finally it appears
white !wt.

471a. Quantum Theory.-In order to account for the manner
in which the energy of the radiation from a black body is distrib
uted among the different wave lengths, as shown by such curves
as those in figure 250, Planck has found it necessary to assume
that there is something in the process of radiation, due no doubt
to the structure of the atom itself, which causes energy to be
radiated in certain small units called quanta, and that the
elementary unit or quantum for any given wave length is hVIX,
where V is the velocity of light, X is the wave length of the
radiation, and h is an absolute constant known as Planck's
constant. The value of h in C. G. S. units is found to be 6.55 X
10-27, and though no explanation is known why radiation
should be given out in such units, the constant h is found to
enter into so many different phenomena where atomic vibrations
are involved, that its great significance can scarcely be doubted.

472. Dew.-Leaves and grass are rather good radiators and
on clear nights they radiate strongly toward the sky and receive
very little radiation in return. What is received comes for the
most part from the air, which like all gases is a very poor radiator.
Consequently vegetation is cooled and if there is much moisture
in the air it condenses in the form of dew. Cloudy nights are
unfavorable for the formation of dew since clouds radiate toward
the earth.

When the temperature of the air is near the freezing point
the chilling due to radiation causes ice crystals to form and
frost is deposited instead of dew.

On windy nights there is usually no dewar frost because
the rapid movement of the air over leaves and grass acts by
conduction to keep vegetation at the same temperature as the
general mass of air, thus the heat lost in radiation is supplied
by convection and conduction; but on still nights the layer of air
resting next to a cooled leaf soon becomes chilled below the
average air temperature.
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PROPERTIES OF MAGNETS

473. Natural Magnets.-It was known to the ancients that
certain iron ores had the power of attracting iron filings and
small fragments of the same ore. The first specimens of this
ore were obtained at Magnesia in Asia Minor and were on that
account known as magnet8. The mineral exhibiting this quality
in the highest degree is a compound oxide of iron now known as
magnetite. H such a natural magnet or lodutone is dipped into
a mass of iron filings they cling to it in tufts especially at certain
points ealled poles.

474. Mariner's Compass.-H a lodestone having a strong pole
at each end is balanced on a point or suspended by a cord or
placed upon a float in water, it will set itself with ODe pole
toward the north and DOC toward the south. The mariner's
compass, which makes use of this property of the lodestone,
was known in Europe in the year 1200 and probably earlier
among the Chinese.

476. Artlfictal Magnets.-lf a small strip of hardened steel
is brought into contact with a lodestone it becomes a magnet,
and retains the property even when taken away. Iron filings
will cling to it in tufts usually at its ends. If it is balanced on a
point, one end will turn toward the north jus\ 88 in case of the
lodestone. Such a piece of steel is said to be magnetized and to
nhibit magnetilm. When balanced on a point SO that it can
freely turn it is called °a magnetic needle.

Very powerful magnets are made by CAUSing a CWTeD.t or electricity to
flow around a core of soft iron; such. eltdrOflUli1'ldl!, 88 they are called,
will be discUBBed later (f681).

4,76. Magnets Have Two Kinds or Polea.-The fact that a
magnetic needle will always set itself with the same pole pointing
to the north indicates that the two poles are di4erent. If two
magnetic needles are brought near each other it will be found

320
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th,at the two north seeking poles repel each other; so also the
two poles that turn toward the south repel each other; but if
the north pole of one is brought near the south pole of the other
decided attraction is observed. Thus like poles repel and unlike
attract each other.

The pole turning toward the north is usually called the north
pole in English books, but the French call it the south pole
because its polarity must be like that of the south pole of the
earth, considering the earth as a magnet.

477. Number of Poles.-If a thin strip of hardened steel, a
piece of clock spring for example, be magnetized by drawing
a pole of a lodestone or other magnet over it from one end to
the other it will probably be found to have two well-marked
poles, one at each end. If we break the magnet in the middle
and try 'to isolate one pole, it will be found that poles have
appeared where it was broken and that each fragment has two
opposite poles. However small the magnet may be broken up,
each piece shows a north pole and a south pole. No one has ever
made a magnet with one pole.

It is possible, however, for a magnet to have any other number
of poles and a ring may be magnetized and have no poles at all.
Long thin bars of steel when magnetized often show more than
two poles.

478. Relative Strength of the Poles.-When a magnetic
needle is floated.in a dish of water it at once sets itself in a north
and south direction, but it shows no tendency to be drawn to
ward the north or toward the south. The north pole of the
magnet is urged toward the north with a force equal and oppo
site to that acting on its south pole. The force between the
earth and the north pole of the magnet is equal and opposite
to that between the earth and the south pole of the magnet.
It is concluded, then, that the two poles of a magnet are equally
strong.

H the floating magnet has more than two poles, the result
is the same, it is Dot drawn either toward the north or south.
This indicates that the combined strength of the north poles in
a magnet is equal to that of its south poles.

479. Natu~ of Magnetlsm.-The fact that the fragments of a
magnet alwaY8 have two poles indicates that magnetism is a.
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condition which prevails throughout the whole mass of the
magnet, and polarity is merely an external manifestation of that
condition. A piece of steel or iron is conceived as made up of
particles or molecules each one of which is a little magnet.
When the steel is not magnetized these particles are thought
of as turned under the influence of their mutual attractions
so as to form little closed groups in which the north pole of one
particle is drawn toward the south pole of a neighboring one.
At any point of the surface north poles and south poles thus
neutralize each other So far as any external effect is concerned.
Such a bar shows no evidence of poles, and we say it is not
magnetized.

If, however, the bar of steel is placed between the poles of a
powerful magnet, or if the opposite poles of two magnets are
placed near together on the middle of the bar and then drawn
apart toward its two ends, the particles of the bar are rearranged,
being drawn apart from their former association under the

Fia. 25t.-Non-magnetized eteel bar.
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FlO. 252.-Magnetized bar.

influence of the more powerful ext~rnal attraction. The
arrangement is now that shown in figure 252 where the particles
are arranged in continuous chains or filaments, running from one
end of the magnet toward the other. All the little south poles
now have one general direction and all the ends of the filaments
terminate on the end and sides of the magnet toward the right,
while the north ends {points of the arrows) all terminate towal'd
the left. The bar now exhibits north polarity on the left and
south polarity on the right. If all the magnetic filaments were
straight parallel chains of particles extending from one end to
the other then polarity would be found only on the extreme ends,
but in consequence of the mutual repulsion of similar poles the
arrangement becomes as above shown, and the poles always
extend over the sides of the magnet.

480. Magnetic Inductlon.-When the pole of a strong magnet
is placed ~n the upper end of a short bar of steel which is clamped
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Fro. 254.

in a vertical position (Fig. 253), the steel becomes magnetic
and will support a considerable mass of iron filings at its lower
end. If the magnet is now separated from the steel bar some of
the filings will drop off but enough will remain to show that the
steel retains considerable of the, magnetism that was induced
in it by the presence of the magnet. It is permanently mag·
netized. If a bar of soft iron of the same size is now substituted
for the steel and the experiment repeated, it will be
found that the iron becomes more strongly magnetic
than the steel when under the influence of the magnet,
but when the magnet is withdrawn it loses its magnet
ism almost entirely. It does not become permanently
magnetized. The magnetic particles may be thought
of as subject to a kind of frictional resistance in case
of steel which makes their arrangement and the con
sequent magnetization of the steel more difficult than
in case of soft iron, but also prevents the arrangement FlO. 253.

Magnotic
from being so easily broken up by the forces with which induction.

the molecular magnets act on each other.
481. Magnetism Acts through DUferent Medla.-Magnetism

acts through most substances just as through air or vacuum.
Take a powerful horseshre magnet or, better still, an electro
magnet and place across its poles a thin sheet of cardboard
and then bring up a mass of iron filings under the cardboard:
they will cling in a great mass under the poles. If a plate of

glass or lead or wood or of any other non
magnetic substance be substituted they will
cling in the same way. -Let the plate now
be fixed in position a short distance down
from the poles of the magnet, as in figure
254, some iron filings will fall off as it is
lowered, but if not too far separated a con
siderable mass will still cling. Now slip in

a plate A between the magnet and the lower plate on which the
filings rest. There will be no change if the plate A is of wood,
glass, brass or any other non-magnetic substance, but if an iron
plate is introduced at A immediately some or all of the filings will
fall, showing that an iron plate will screen the region beyond, at
least partially, from the action of the magnet.



FIG. 25!i.-Tol'l!ioll balance.

MAGNETISM

LAw OF FORCE AND MAGNET1C FIELD

482. Law ot Force Between Two Poles-Coulomb"s Law.
The law of force between two magnets was first carefully studied
by Coulomb (1736-1806) by means of the torsion balance. A
magnet was suspended by a fine wire in a horizontal position
inside of a glass vessel by which it was screened from air cur
rents. The upper end of the wire was attached to a graduated

head by' which it eculd be
twisted through any desired
number of degrees. A second
magnet mA was then fixed in
a vertical position with one of
its poles near t.he similar pole
of the first magnet. The fo~ce

of repulsion was measu~d by
the torsion of the' wire. By
twisting up the wire by the
head e the poles were brought
closer together, and the in
creased torsion in the wire
gave the increase in repulsive
force. The method is com
plicated by the fact that the

magnetic attraction of the earth as well as the torsion of the
wire acts on the suspended magnet, and the action of both poles
of each magnet must be taken into account. By this investiga
tion Coulomb was led to enunciate the law that the force between
two magnet poles is proportional to the strength of the poles and
inversely proportional to the square of the distance between them.
It may be expressed thus ,

F=K
mm

"where F represents the force, m and m' the strengths of the two
poles, and r the distance between them; K is a constant which
depends on the units in which the various quantities are meas
ured, and, as is now known, on the medium surrounding the
magnets. The law assumes that the poles m and m' occupy so
little space that they may be regarded as points compared with
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the distance T, and when so understood the most refined modern
measurements only confirm its truth.

483. Field of Force.-The region around a magnet is said
to be a field of force. An interesting way of examining the field
of force near a magnet is as follows. Lay a sheet of glass on
the magnet and dust over it fine iron filings. On gently tapping
the plate the filings will gather into lines or filaments as shown

FI(I. 256.-Iron filings near a magnet.

in the figure. These lines indicate the direction of the magnetic
force in the field. A minute compass needle placed at any
point takes the direction of the line at that point. Lines 1uw
ing at every point the direction in 'which a compass needle would
stand if placed there, are called line8 of force. Of course an in
finite number may be imagined drawn from one pole to the other.

FIO. 257. Fro. 208.

In figures 257 and 258 are shown the lines of force in case of
two magnets placed near each other. In figure 258 the cor
responding poles are near each other and the magnets repel.
It will be seen that no lines of force pass from one to the other,
and two neutral points are shown at p and p'. In figure 257
the magnets are shown with the north pole of one opposite the
BOuth pole of the other. The two attract each other in this
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case and lines of force pass directly across from one to the other,
leaving a single neutral point at p.

484. Faraday's Theory of the Magnetic Fleld.-Faraday be
lieved that the medium around a magnet, wherever there is a
magnetic field, is in a peculiar physical condition, which we may
call magnetizedj and that in consequence of this condition it has
at every point a tendency to contract or shorten in the direction
of the lines of force, and to expand or spread out at right angles
to the lines of force, or that there is a knsion in the direction
of the lines of focre and a pressure at right angles to that direc
tion. He saw in these tensions and pressures the explanation
of all the forces between magnets. For example, from figure
258 it will be clear that if the medium were to expand at right
angles to the lines of force the two magnets would be pushed
apart or repelled. While the shortening of the medium in the
direction of lines of force would, in the case shown in figure 257,
draw the magnets together. James Clerk- Maxwell, a Scotch
physicist of great genius, showed that Faraday's theory was
competent to explain the action of one magnet upon another,
and that the tension along the lines of force at any point in the
medium is equal to the pressure at right angles to them.

48~. Unit Pole.-For the exact study of magnetism it is
necessary that certain units should be adopted as a basis for
measurements.

A unit pole, or a pole having unit strength, is one which if
placed one centimeter from an equal pole in vacuum will repel
it with a force of one dyne.

It will be observed that this unit is based directly on the
C. G. S. units of length and force. If these units are employed
the expression for the foree in dynes between two magnetio poles
of strengths m and m', and r centimeters apart in vacuo, is

mm'
F~-,

"
For all practical purposes this expression also gives the force

in air and in all other media that are not distinctly magnetic.
486. Strength of Fleld.-When a magnet is placed in a mag

netic field, due either to the earth ·or to some other magnet,
each pole is acted on by a force which depends both on the
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FlG. 259.
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strength of the pole and on the strength of the field In which
it is placed.

The strength or intensity of a magnetic field at any point is
the force in dynes aD a unit magnet pole placed at that point.

Thus the earth field has a ~trength 0.5 at a point where a
magnetic pole of unit strength is acted on with a force of 0.5
dynes.

When a pole of strength m is at a point where the strength of
field is H, it is acted on by a force of Hm dynes.

In any field of foroo the two poles of a magnetic needle are
urged in opposite directions. The direction in which the north
pole tends to move is known as the positive direction of the line
of force at that point.

481. Magnetic Moment.-Suppose that in
a magnetic field of strength H, a magnetic
needle is placed in such a position that the
line joining its poles makes an angle a with
the lines of force of the field. Let m repre
sent the strength, or number of units in its -m
north pole, and - m the strength of its south
pole. Then the north pole is urged with a
force Hm in the positive direction of the lines
of force of the field and the south pole experi.
ences an equal force in the opposite direc
tion. These equal and parallel forces constitute a couple whose
moment is Hml sin at where l is the distance in centimeters
between the two poles of the magnet. The quantities m and l
belong to the magnet and their product ml is known as the mag
netic moment of the magnet, and is represent-ed by M.

Thus the magnetic moment of a magnet may be defined as
the product of the strength of one of its poles by the distance
between them.

The couple which acts on the magnet may then be expressed
by the formula,

HM sina.

488. Period of Oscillation of a Magnet in a Magnetic Field.
If a magnetic needle in a field of force is disturbed from it.s
JXlsition of rest, it will vibrate to and fro just as a pendulum

•
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(ll42)

08cillates in the field of the earth's attraction. The period of
one complete ()S{'iUation of a pendulum bas been shown to be

T-2.~ K
""}h

where K is the moment of inertia of the pendulum and mgh is a
quantity which when multiplied by the sine of the angle of in
clination of the pendulum gives the moment of force which at
that instant urges it t.oward its equilibrium position.

In ease of the oacillating needle the mechanical condition,
involved are the same, except that the couple causing the motion
is due to magnetism instead of to gravitation. The factor HM
is the quantity which when multiplied by sin a gives the couple
acting to turn the magnet; it, therefore, plays the same part in
this case as the factor mgh in case of the pendulum.

Hence the period of oscillation of a magnet in a field where
the strength is H units, is

T-2r~H~

where K is the moment of inertia of the magnet. and M is ita
magnetic moment.. It. should be observed t.hat. in t.his CMe as in
that. of t.he pendulum the fgrmula gives the period when the arc
is exceedingly small. With large arcs of vibration the period is
longer.

From the above formula it is clear that the stronger the field
of force at a point where a magnetic needle is placed the more
rapidly it will oscillate when set in vibration. This is the ex
planation of the rapid quivering of aoompassneedlewhen brought
near the pole of a magnet.

Problems

1. A ehort compa88 needle ill placed near tbe side of a straight bar magnet
and equidistant from ita poles. In what direction does it point? In
what direction will it move if floating, and why?

2. Two bar magnets, exactly alike, are placed in line with each other, their
north poles toward each other and south poles directed away. What
ia the strength of field ata point midway between the two and thedirection
of the lines of foree near that point?

a. What is the magnetic moment of a bar magnet having poles of strength

•
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200, a.nd 20 em. apart, and what would be the moment. of the couple
required to hold it at right angles to the linea of force in a field of strength
5 in C. G. S. units.

'" What couple would be required to hold & magnet. with pole strength Iso.
and with 16 emil. between poles, atan angleol 3O°with thelinesoffon:ein
a field of tJtrength 2.

6. Find the ratio of the strength" of field at two placee when a cert&in mag
netic needle oscillates n times per 800. at one place and fl.' times per
800. at the other.

489. Strength of Field at a Point Near a Magnet.-The direc
tion and intensity of the force near a magnet may be caleulated
88 follows. Let m and -m be the strengths of the two poles
of the magnet, and let r be the distance (rom the point P to the
north pole of the magnet and let r be its distance from the
south pole. Then if a unit pole were at P it would be subject

to 8. (orce ~ in the direction a, and to a force <;;2 in the direction

b. Laying off distances a and b proportional to the amounts

---~PR

N·~m~=====_~m2s
Flo. 260. Flo. 261.

of these two foroos, the resultant force will be represented on
the same scale by the diagonal of the parallelogram on a and b.
The resultant is, of course, tangent to the line of force at P.

It is sometimes desirable to calculate the foree due to a magne~

at a poi.D.t P in line with the axis of the magnet as shown in figure
261. Let m be t.he strength of each of the poles, r the distance
of P from the center of the magnet, and l the distance of either
pole from the center of the magnet. Then by Coulomb's law
the force on a unit north pole placed at P due to the north pole

18 (r: l)2 and is directed toward the right. That due to the

other pole is (r'; l)' and is toward the left. The resultant force

at P is then toward the right and may be written
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m mF- - .
(r-l)l (r+l)2

11 I is amall compared with r the terms involving It and 14 in
the denominator may be neglected, as they are insignificant com
pared with r4, 80 approximolely

F= 4ml or p_2.M
" ...

where M -= 2ml, the magnetic moment of the magnet.

Problems

1. What is the amount and direction of the magnetic Coree on a unit pole
placed at /I. point in line with a bar magnet and 20 em. away from ita N
pole, if the strength of the magnet's poles is 100, and ita length between
poles ill 20 em.?

2. The poles of a bar magnet have a strength of 200 units each and arc 20
em. apart. Find the direction and amount of the foreedue to the N pole
at a point 30 em. from each pole. Find abo the force due to the S pole
at the 8llIIIe point. Find the resultant strength of field at the point by
the vettor diagram.

S. Find the amount and direction of the magnetic field strength at a point
30 em. distant from each of the poles of a bar magnet, in which the poles
have strengths +300 and -300 and are 30 em. apart.

'- Find the smount and direction of the force on a unit north pole placed in
line wit.h the magnet dClJC.ribed in problem 3 and 30 em. distant from its
oorth pole.

6. Find the lItrength of the magnetic field at a point 5 em. distant from the
center of the magnet of problem 3 in a direction at right an&les to ita
axiS.

6. Calculate by the method used in 1489 the strength of field at a poiot on a
line drawn through the center of the magnet at right angles to ita axis.

TERRESTRIAL MAGNETISM

490. Declination or the Macnetlc Needlc.-The compass
needle, mounted so as to rotate in a horizontal plane, does not
in general point directly north, but a few degrees east or west of
north, and this deviation is called its declination. In observing
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Flo. 263.-DippiDII: Deedle.
S

F!G. 262.-Deelin&tion of eomplUlll.

the declination it will not do to assume that the magnetic axis
of the needle is in the same direction as its axis of figure. If the
magnetic &Xis is 88 represented by the dotted line in figure 262
then the apparent declinat.ion is in the first case too small. If
the needle is now turned over and suspended with the opposite
side upward, it will give too great an apparent declination. The
mean of the two will be the true declination. This direction is
called the magnetic meridian.

491. Dip or Incllnatlon.-It was observed by Hartmann
(1489--1564) that if a needle was balanced before being magnet
ized the north end would dip downward after magnetization.
The so-called dipping needle wss first made by Norman, a London
instrument maker, who mounted a
needle on a horizontal axis so that it
could swing freely in a vertical circle.
The needle was then carefully balanced
so that it would stand in any position
before magnetization. But after it

was magnetiz.edit. was ob6erved that the north pole pointed down
ward some 70" below the horizontal if the plane in which it turned
was north and south by the oompass.

To diminish friction the cylindrical pinions on the ends of the
axis of the dipping needle usually rest on horizontal plates of
polished agate, on which they roll as the needle turns.

In this case also the needle must be reversed, the side toward
the east being turned toward the west, to guard against error
due to the axis of the needle not being in line with the direotion
of its magnetization. To guard against any want of balance in
the needle, it should be magnetized over again with its pole8
rtveraed, ADd the dip again observed. If the needle is well con-
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structed, the mean of these four observations will be the required
dip or inclination,

492. Resultant Direction ot Magnetic Force.-Tbe dipping
needle gives the direction of the rc:;ultant magnetic force at any
point. It is found that near the equator the needle is horizontal,
as it is taken north its north pole points downward by an amount
which increases steadily till at some point northwest of Hudson
Bay it points vertically downward. That point is oalled the
rwrth magnetic pole, and near there a horizontal compass needle
would have no directive tendency and would be useless. North
of that point the north pole of the compass needle would point

south.
In vessels that change their

latitude greatly the compass
needle must be provided with a
little sliding weight or counter
poise to correct its dipping ten
dency. South of the equator the
south pole of the needle dips
downward.

Figure 264 shows the probable
form of the lines of magnetic force
around the earth; of course, the

, direction of these lines of forceF,o 264.-Liue8 or rorce of the earth.
is known only at the earth's sur-

face. The magnetic condition of the interior of the earth is
entirely unknown.

The declination or deviation of the resultant force from the
geographic north direction also varies from point to point on
the earth, at some points being east of north and at others west
of north. This fact was first observed by Columbus who, as he
advanced in his voyage, was alarmed to see that the compass no
longer pointed as it had done when he started.

The chart on the following page shows the declination of the
magnetic needle throughout the United States in 1900. Isogonal
lines connect places where the declination is the same.

493. Intensity of the Earth's Magnettsm.-The magnetic
force of the earth at any point may be considered as the re
sultant of two component forces, the horizontal component H
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H

v

(Fig. 266), and the vertical component V. The horizontal com
ponent H is the force which is effective in directing the compass
needle. The smaller this component the more feebly will the
needle be affected. When a needle is balanced or suspended in
the usual way so as to vibrate in a horizontal plane, its period
of oscillation depends on this component only.

Iv; shown in paragraph 488, the intensities at different places
may be compared by causing the same magnet to
vibrate first at one place and then at the other. The
intensities are proportional to the squares of the
number of vibrations persecond. By this meanil the
horizontal component of the intensity may be deter
mined at any point as compared with that at some
standard place.

FlO. 266. When the horizontal intensity and the dip are both
known, the resultant intensity may be found by the relation

R~ H
co,a

when a is the angle of dip.
The following table shows the value of the horizontal compo

nent and total force at certain places. Notice how the hori
zontal force becomes less in higher latitudes. The intensity is
given in C. G. S. units, or the force in dynes upon a unit pole.

Strength of the Earth's Magnetic Field (Dynes per Unit Pole)

PIa.,.,. Dip I1ori~ontal ne.ultant
inten.ity ;ntenBity

Centra! South America ............... 0° 0.30 0.30
North coast of South America ........ 40° 0.32 0.42
Cuba.............................. 50° 0.32 0.50
Georgia .... ........................ 60° 0.26 0.52
New York .. ........................ 70° 0.18 0.53

494. Secular Change In the Magnetic Fleld.-Qne of the most
remarkable features of the earth's magnetism is that it is con
tinually changing. The declination of the needle is slowly
changing everywhere; that is, the magnetic poles are slowly
shifting their positions. At the same time the dip is changing.
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Dec/intltlf)n
16 '28 -40,....

The changes in declination and dip at London are shown by the
curve in figure 267. The pole of a freely suspended needle
would at that place apparently move through a complete cycle of
change in about 470 years. This 8low change is called the
aecular change.

8 I~E.,
•••'.

'..
'8

\ .lJ-J..J.-'..L..J...Q". '.
Flo. 267.-SeeullU" change ill dip and declination at London.

(After L. A. Bauor.)

405. Diurnal VarlatloDs.-The careful study of the magnetic
conditions at any place by seU-recording instruments shows that
there is II. periodic change in the magnetic elements depending
on the time of day.

"w......

••~-
~-.

E

AM ,,_ PM
2 .. 6 8 10 12 2 • 8 8 10 12

.000'

-.-
,

FlO. 268.-DiufDIlJ changes in dip, d&Clin3~iDn aod inteo.'!"ity at Kew.

The curves of figure 268 show the average variations at
Kew, near London. It will be observed that the maximum
changes take place in the daytime and may be due to variations
in temperature of the earth's surface.

400. Irregular Dlsturbances.-The magnetic needle is also
often disturbed by what are called magnetic storms; these dis
turba.nces usually accompany any marked display of the aurora
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borealis, and they also seem to be more prevalent at times of
sunspot maxima.

497. The Earth a Magnet.-It was suggested by Dr. William
Gilbert (1600), physician in the court of Queen Elizabeth and
the first to ta.ke up the scientific study of magnetism, that the
earth itself was probably Ii great magnet, and later observations
have borne out this idea. Two well-marked magnetic poles
being found, one northwest of Hudson Bay in North America
and the other south of Australia.

But while there is this general resemblance to a simple magnet,
the direction of the magnetic force varies from place to place in
a way that cannot be wholly aqoonnted for by the supposition
of simply two poles.

The magnetism of the earth seems to be due to a variety of
causes, the presence in the earth of magnetic masses is a cause
of local variations and may have great influence in the surface
layer of the e1l.rth, but it seems probable that the temperature
in the interior of the earth is too high for it to possess any very
strong magnetism. Electric currents flowing in the surface of
the earth and due to its varying temperature as first one side and
then another is exposed to the sun, as well as currents of elec
tricity in the upper air, probably play an important part in
determining its magnetic state. But the complete explanation
has not yet been given, and any theory to be satisfactory must
account for the remarkable secular changes in its magnetism
which go on slowly and progressively year after year.

498. Gauss' Method 01 Measuring the Horizontal Intenslty.
The horizontal component of the earth's magnetic force may be mea~ured

by the following method due to Gauss. A small steel bar magnet is sus
pended horiwntally by a fine fiber in a eloaed box by which it is protected
from air currents. It is then set oscillating through asmallarc and the period
of oscillation carefully determined. This period depends on M the map;netic
moment of the magnet and on H the horizonta.l component of the earth's
magnetic force. By §488

HM _ 4...'K
T'

where K is the moment of inertia of the magnet, a quantity that is deter
mined by its masa, size. and shape, and T is the period of a complete oscilla
tion. The product HM is thus found.

To determine the relation of H to M a second experiment is necessary.
Suppose P is the point where the magnetic force H is to be determined and
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where the period of osc:illation of the ffil'gnct NS was observed in the firs\.
experiment. P\ace at P a very short. magnetic needle, while the magnet NS
ill placed exactly east or west of P and with its axis on the east and Wl!l!Il line,
n 8howD in Fig. 200. If r ill the diJtance from the <:enter of NS to P, then
the force at P due to the magnet is, as shown in 1489.

2M
F--·

"
Then at P the force H due to the earth and the force F due to the magnet are
:Ll right &nRlea to each other, as shown by the arrows in the &gure. The
needle at P will take the direction of the resultant force R and will therefore
be de6eeted through the angel a. but

F
lana-nor

2M
lana-riB

whence

s p F

FlO. 269.

This cxprteBion shows that to determine the ratio of H to M it ill only
nec eery to measure the distance r .:nd the angle of de8ectioD a.

Haviog by the first experiment determined the product HM and by the

!teOODd the ratio ~. it only remail\ll to multiply the two t.or;ether toJind

H' and lKldet.ennine Jl.

UNIT TuBES OP FORCE

499. Number of Lines of Force.-Up to this point lines or
force have been regarded 88 simply expressing the direction of
the force in the magnetic field. We must now follow Faraday
in a very remarkable development of the idea.

In a stream of water flowing steadily lines may be imagined
drawn which at every point are in the direction of flow, and
which may be called stream lines. An infinite number of such
lines may be drawn. The whole stream may then be conceived
to be divided up into tuhea of flaw by means of surfaces which
everywhere coincide with stream lines. These tubes of flow
may be taken of such a size that each will transmit the same
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quantity of water per second, say one cubic foot. Then, where
the stream is most rapid, the cross sections of the tubes ·of flow
will be smallest and they will widen out as the velocity dimin
ishes. The whole number of such tubes in the stream will be
equal to the number of cubic feet of water transmitted per sec
ond. These tubes of flow may be called unit tubes, and the num
ber of them crossing perpendicularly a surface 1 sq. ft. in area
is equal to the number of cubic feet of water crossing that area
per second. Thus the number of unit tubes passing perpen
dicularly through a unit surface at any point in the stream is
equal to the velocity at that point.

Now in the same way the magnetic field may be conceived
a.<J divided up into unit tubes by means of surfaces parallel to
the lines of force. And it may be proved that where such a

unit tube is smaller the field is more
A intense, and where it widens out the

strength of field is less, just as the
velocity varies in case of the stream
of water. So that it is possible to
take these tubes of such a size that
the number passing perpendicularly
through a square centimeter of sur
face at any point may be equal to

Fla. 270. the strength of the magnetic field
at that point.

We may imagine that each unit tube is represented by a line
of force drawn through its center or axis, and when the phrase
number of lines of force is used it refers to such lines.

Using the term "in this way, it is clear that in the case shown in
figure 270 more lines of force pass through a card in position C
than in position A, as the force is greater at C than at A, and con
sequently there are more lines of force to the square centimeter.
Clearly, also, fewer lines of force pass through the card in position
B than in A and most of all in position D. If the card were placed
parallel to the lines of force none at all would pass through it.

The number of lines of force through A is found by taking the
average strength of the field at the surface A and multiplying this
by the area of A in square centimeters, since the number of lines
per square centimeter is equal to the strength of the field at that
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point. If the surface is oblique to the lines of force as at B, the
number of lines of force passing through it will be found by mul
tiplying the number in the perpendicular position A by the oosi1UJ
of the angle a, or, what comes to the same thing, multiply the
average strength of the field at the surface B by the projection of
that surface on a plane at right angles to the lines of force.

Problems

1. How mllny lines of foroe pass through II. squore meter of floor area where
the totll.lstrength of the eart.h '8 magnetic field is 0.6 and the linea of force
are inclined 60Q from the horizontal?

2. How many lines of force in this case would pass through an area of 1
square meter on an east and west wall, and how many in case the wall
ran north and south?

3. How many lines of force pass through an area of 4 sq. em. placed all at A
in figure 270, with its center 12 em. from each pole of II. magnet 20 em.
long between poles, strength of poles being 2887

4. How many lines of force pass through a circle I em. in diameter placed 8
em. from the north pole of a bar magnet 16 em. long, which points
directly at it and has poles or strength 2007 The plane of the circle is
perpendicular to the axis of the magnet.

600. Lines of Force Inside a Magnet.-The lines of force of
a magnet are not to be supposed as only outside of it. If we

FlO. 271.

imagine a minute magnetic needle placed in a crack extending
across the magnet it will be acted on mOISt powerfully by the poles
N'S' on each side of the crack, but it will also be affected by the
attraction of the end poles Nand S of the magnet. In conse
quence of the superior influence of the poles N'S', it will set its
north pole toward the left or S'. If we now imagine the cleft
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shifted along toward the north end of the magnet, the force inside
the cleft will become less because it will be nearer to N, which
pole tends to make the needle point in the opposite direction.
But still the needle will point from right to left. When the cleft
comes infinitely near to the end N, the magnetism of N and of St,
which form two opposite and equally magnetized layers, will
neutralize each other so that t.he effect is the same 88 though the
needle were just outside the magnet at N. We see in this way
that the force in the cleft is absolutely continuous with that out
side of the magnet: there is no abrupt change in passing through
the surface. The foree in such a cleft is called the magneti.c
induction and the lines of force outside of • magnet form con
tinuous closed curves with the lines of induction inside of the
magnet. The lines of Corce outside arc also called lines of induc
tion, as there is no distinction between the two except inside of a.
magnetic medium. What is called the positive direction of these
lines is from the north to the south pole oulside of the magnet.
Of course as many lines of force as emerge from the north pole
enter at. t.he south pole, and all the Jines of force or induction in
the magnet ps..."S through its middle section. Looked at in this
way. the poles are seen to be simply those regions where the
lines leave or enter the magnet. and the most intensely mag
netized portion of the magnet is the center where the lines of in
duction are closest together. If a little block could be cut from
the center of the magnet without disturbing its magnetism, it
would be found a. more powerful ma.gnet than a similar block cut
from any other part where the lines of induction are not 80

close.

W(lT7l.inq.-In u..aing the words entui"" and _gang wi~h reference to
linero of force nothing like /loU! or motio" mUBt be suppoeed; when what we
arbitrarily call the poIuiH direction of the line of foree is toward a surface, it
is l!Ipoken of lUI entering it; and when that direction is away from a wrfaee
the line of force may be BlLid to leave the surface or emerge from it.

301. Influence of the Shape of a Magnet on Its Power and
Retentlveness.-A short thick bar of steel is more difficult
to magnetize strongly than a long thin one and loses its magnet
ism more easily. A thick magnet may be thought of as made up
of a bundle of thin ones of the same length. But it is clear that
in such a bundle each lit.tle magnet would tend to set up lines of
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Pta. 272.

force down through its neighbor in such direction as to oppose or
weaken the otber's magnetism. .

Thus there is a demagnetizing tendency which is greatest in a
short thick maa:net. Horseshoe magnets are long and have their
poles close together and consequently there is very little demag
netizing tendency. There is, however, a tendency for the lines
of force in this case to pass across on the inside of the poles instead
of out at the ends. A soft-iron block placed across the poles, and
called an armature or keeper, provides an easy path for the lines of
force Crom one end around to the other and thus
tends to keep the poles near the ends.

602. Blna: Macnet.-A uniform ring of iron or
steel may be magnetized by means of an electric
current so that the linesof force are circles entirely
within the substance of the ring. In such a case
the magnet has no poles 88 there are no places
where the lines of force enter or leave the ring.
Such 8. magnet hAh no external field of force and would not act
on a magnetic needle placed near it, and yet it is magnetized, as
will be evident if it is broken, for in that case each half will show
two poles.

MAGNETIC INDUCTION

603. Induction Studied by Iron FlIIoIIS.-If the lines of force
of a horseshoe magnet are examined by means of iron filings on a
plate of glass, as described in §483, and if a bar of soft iron is then
placed a short distance in front of the poles of the magnet and the
field again. examined in the same way, a notable ehange will be
ob6erved. The lines of force are bent toward the two ends of the
soft-iron bar as though they could be established in the iron more
easily than in the surrounding medium. And the softer the iron
and the more easily it is magnetized, the greater the number of
lines of force that will pass through it rather than the more re
sisting medium around it. Thus the presence of the iron makes
the field of force weaker beyond it, and the nearer the iron bar is
to the poles of the magnet the more lines of force will be drawn
into it and the fewer there will be in other parts of the field.

604. Permeablllty.-The ease with which lines of force maJ
be established in anJ medium as compared with a vacuum haa
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FIG. 273.

been called by Lord Kelvin the permeability of the medium.
Thus iron has a permeability several hundred times greater than
air. Most other substances have a permeability which is sensi
bly the same as air or vacuum, and, therefore, the magnetic field is
practically the same in wood, glass, or water as in air.

A hydraulic analogy may aid in forming a clear conception of
this subject. Imagine a stream of water continually flowing out

of the north of the horseshoe magnet
(Fig. 273) and entering its south pole.
Suppose the medium surrounding the
magnet was of a uniform poroU8
nature that opposed considerable re
sistance to the flow from N to S.
The lines along which the flow would
take place would be like the lines of
force in the field before the soft iron

was introduced. Now imagine a cavity to be made in the porous
medium having just the size and position of the 80ft-iron bar.
The lines of flow would now tend toward this cavity through
which the liquid would flow freely and a correspondingly smaller
flow would take place in other regions.

Fta. Z74.-Bar or 80ft iroD panJlel
with lines or foree of field.

-....--
-~-

- ....--

Fta. 275.-Bu of 80ft iron
8l':l"OM the line. of foree.

The lines of flow in this case correspond to the lines of force
when the soft-iron bar with its great permeability is in the field.

605. Magnets Formed by lnductlon.-When a soft-iron bar
is placed in front of a magnet as shown in figure 273, at the end
nearest the north pole of the magnet the lines of force are directed
toward the end of the bar as toward the south pole of a magnet
and at the other end they are directed away from the bar as from
a north pole. The bar of iron thus becomes a magnet by indudion.
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If it were of steel it would retain some of this magnetism when
taken out of the field.

Suppose a long bar of soft iron to be placed in a magnetic field
parallel to the direction of the Jines of force. The result will be
as shown in figure 274, lines of force will be drawn into the bar
in consequence of its great permeability entering it at onc end and
leaving it at the other, so that onc end becomes a south pole and
one a north pole. On each side of the bar the field is weakened.

When, however, the bar is placed across the field of force as in
figure 275 it will have only a very slight effect on the field of force
since the lines of (oree can pass through only a small thickness of
iron. So also a thin flat sheet of iron placed perpendicular to the
lines of force of the field would have practically no e1Jeet on the
field.

606. meet or Heat and larring In Case or Magnetizing by
Inductlon.-The magnetism induced in an iron or steel bar
placed in a magnetic field parallel to the lines of foree may be
increased by striking the bar ~ith a hammer or jarring it while
under the influence of the field, also by heating the bar red-hot
and allowing it to cool in the magnetic field. These disturbances
seem to facilitate the arrangement of the molecules under the in
Rucnce of the magnetic force and help to overcome the resistance.
to magnetization which especially characterizes hard steel.

607. Magnetic Induction in tho Earth's Fleld.-lf a bar of·
soft iron having no permanent magnetism is placed in the earth's
field parallel to the lines of force, that is, in the direction of the
dipping needle, its lower end in north latitudes will beeome a
north pole and its upper end a south pole, as may be shown by a
magnetic needle. If jarred by the blow of a hammer while in this
position it will be found permanently magnetized. If, however,
it is placed at right angles to the lines of force of the earth it is
scarcely magnetized at all (§505).

In consequence of induction iron ships are magnetized by the
earth differently when pointing in different directions.

In such vessels the standard compass is usually compensated by
having soft-iron bars so placed ncar it that the magnetism in
duced in them will in every position just balance that induced in
the ship, while permanent steel magnets may be used to compen
sate the permanent magnetism of the ship.
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508. HY8teresls.-When the magnetic field in which a. mass
of iron is placed is varied in strength, the changes in the magnet
ism of the iron lag behind the changes in the field. This is known
as hysteresis and is discussed in connection with the magnetiza
tion of iron by electric currents, §680.

PERMEABILITY, DIAMAGNETISM, AND INFLUENCE OF MEDIUM:

509. Magnetic Substances Attra.cted.-Whcn a fragment of
iron is placed in a magnetic field it uperiences a force in that

direction in which the strength of the

~kc field increases most rapidly. H at A
t r-'"~ ) (Fig. 276) it is drawn directly toward
ISfI--A- the magnet in the direction of the lines

Flo 276. of force. If at B it is drawn toward
the magnet at right angles to the lines

of force. If at C it will be drawn in a direction oblique to the
line of force somewhat as shown. 1£ it is in a uniform field, as
in the earth's magnet.ic field, or is at a point in a magnetic field
where the force is a maximum. or a minimum, it will be in equilib
rium and have no tendency to move in any direction. Such a
point of equilibrium would be found mid
way between two equal poles either like or
unlike.

If the fragment is long in shape it will turn
and point in the direction of the line of
force, but it will not always tend to move
along that line.

Any substance whose permeability is
greater than vacuum. will act in this way

Flo. 277.-Biamuth iD
in a vacuum and such are known as para- Dla&netie field.

magnetic or simply magnetic substances.
510. Diamagnetic Substances.-Faraday (1845) experimented

on the behavior of a great variety of substances in the intense
field between the poles of a powerful electromagnet. A little
oblong of pure copper when suspended by a fine fiber in this
field was found to set itself at right angles to the lines of force,
as shown in figure 277. So also fragments of wood, paper,
aluminum, bismuth, glass, and many other substances. These
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substances Faraday called diamagnetic. Substances like nickel,
cobalt, and manganese which behave like iron, setting them
selves in the direction of the lines of force, he called· paramagnetic
or magnetic.

Diamagnetic substa.nces when placed in a magnetic field are
driven from a stronger field toward a weaker, the force acting
on a fragment of such a substance being in the direction in which
the strength of the field diminishes most rapidly. This may be
well shown in the following way. A ball of bismuth, which is the
most strongly diamagnetic substance known, is suspended
between the poles of a powerful electromagnet, being hung
from onc end of a light arm of wood which is itself supported in
horizontal position by a delicate bifilar suspension, so that the
slightest force will cause the arm to swing around carrying the
ball out of the magnetic field. If while the baH hangs between
the two poles the current is applied to the electromagnet, the
bismuth ball will at once be driven aside out of the intense field.

The setting of the diamagnetic bars across the lines of force
described at the beginning of this section finds its explanation in
the preceding experiment; for the field of force between the
magnet poles is most intense next the poles as is shown by the
crowding together of the lines of force, and so the ends of the bar
are in a much less intense field when the bar stands across the
lines of force than if it were to be directed along them; it therefore
assumes the former position.

511. Influence of the Medlum.-By the following interesting
experiment Faraday showed that the medium surrounding a
body in a magnetic field plays an important part in determining
the magnetic force upon it.

When a thin-walled glass capsule, long in shape, is filled with a
weak solution of ferric chloride and suspended between the poles
of a magnet, it sets itself along ·the lines of force showing that
the ferric chloride is magnetic. This happens whether the cap
sule is hung in air or water. If, however, it is surrounded
by a solution of ferric chloride stronger than that within the
capsule it will act as if diamagnetic, placing its length across the
lines of force.

ti12. Permeability of Magnetic and Diamagnetic Substances.
When the permeability of a substance is greater than that of
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the surrounding medium, t.he lines of force are drawn in toward
the substance, as already discussed in §505 and 8.8 shown in figure
278 which represents the disturbing effect of a ball of substance
whose permeability is greater than that of the medium around it.

If, however, the permeability of the ball is less than that of
the medium, the lines of force will be spread, as shown in figure
279. A magnetic needle placed near the ball will point aside
instead of toward it.

In the first case if the ball is in a. field that is not uniform, as
near the pole of a magnet, it will be attracted or drawn toward
the stronger field. H, however, the ball has a permeability less
than the surrounding medium, it will be driven away from the
pole toward a weaker' field.

Magnetic or paramagnetic substances may then be defined as
those whose permeability is greater than that of vacuum, while
those whose permeability is less than vacuum are diamagnetic.

FlO. 279.~Permeability of b..lll~
thaD that of medium.

513. Magnetism of Gases.-Fa.raday also sLudied the magnetic
qualities of different gases. Oxygen gas was found to be at
tracted toward the poles, while hydrogen was repelled. Oxygen
was thus shown to be more permeable than air. Later experi
ments have shown liquid oxygen to be decidedly ma.gnetic.

514. Magnetic Alloy.-ln 1903 Heusler made the very inter
esting discovery that an alloy of 25 parts manganese, 14 alumi
num, and 61 copper, had decided magnetic properties, alLhough
none of the substances of which it is made is magnetic except
in the very slightest degree. It seems to indicate that magnetism
depends upon molecular rather than atomic structure. The
permeability of this alloy has been found to be nearly 33.

lUG. Effects of Heat on the Magnetism of Metals and Mag
neu.-The permeability of iron and nickel diminishes all the
temperature rises. At 737°C. iron ceases to be magnetic. A
small piece of iron heated to a bright red heat is not attracted
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even by a. powerful magnet, buLas it cools to 700° it again beoomes
strongly magnetic. A steel magnet when heated to bright red
heat loses all trace of magnetism, and if cooled while away (rom
magnetic influence will be found completely demagnetized.

Even when a magnet is slightly heated, say to I(KloC., it is
not as strong 88 at lower temperatures.

616. Force with which a Magnet Attraets Its Armature.
The force with which a magnet attracts its armature evidently
depends on the fact that the permeability of the armature is
greater than that of the surrounding medium. II there were no
difference between them there would be no change in the line8 ojfOT~
on withdrawing the armature and ronsequently no attractive force.

When the armature is of such a size that most of the lines
of force from one pole to the other pass through it, the force of
attraction is given very nearly by the formula

AB'p--
8.

where A is the combined area of the two poles and B is the
induction or the number of lines of force that pass from a pole
into the armature across a. square centimeter of surfll.Ce. If
these quantities are taken in C. G. S. units, the attractive force
P will be found in dynes.

Problems

1. Find the foree 5 em. away from a pole of 1I~l"Cngth 711, the other pole beinll:
80 far away in comparison that it may be disregarded. How many linell
of force go ~hrough the sphere of5 em. radius surrounding the pole til?

2. Jf a magne~ having poles of strength 300, and 30 em. apart. is mounted
on a pivot in a uniform magnetic field of strength 0.2. how mueh force,
applied 10 em. from the pivot, will be required to hold it at right anglee
to the Jines of force of the field.

S. What is the magnetic moment of ~he magnet in problem 2. What
torque is required 'to hold it at an angle of 45~ 'to the lines of force of the
earth field of strength 0.2?

j. Where the totd intensity of the earth's magnetic field is 0.6 and the dip
70~, how ffillony lines of force pass through a ciroular hoop 50cm. in diame
ter lying horizontally on the floor? How many if the plane of the hoop
is vertical facing north and south?

a. If a compass needle ollCillllotc8 2 times per sec. when 15 em. distant
from the pole of a long magnet, how flUlt will it vibrate when 8 em. from
the pole, neglecting tbe influenoo of the other pole?
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ELECTRIFICATION

617. Electri1ication.-lf a hard-rubber rod is rubbed with
fur or flannel it will attract light fragments of pitch, paper, or
gold leaf. A light ball of pith suspended by a thread, as shown
in figure 280, is strongly attracted. A rod of sealing wax, or
sulphur, or indeed of dry wood, will show the same power. In
cold dry weather if a piece of paper is laid on a table and rubbed
with flannel, it will be found to cling to the table and a slight

crackling may perhaps be heard as it is
pulled away; and if in this condition it
is held near the wall it will be drawn
toward it and cling to it. The shavings
which come from a carpenter's plane in
winter when the air is very dry will often
behave in the same way. In all of these
cases the substances are said to be elec
trified, a term which comes from electron,
the Greek word for amber, a substance
which was known to the ancients to
possess this power.

About the year 1600, Dr. Gilbert, who
FiG. 280. was also a pioneer in the study of mag-

netism, found that a very large number
of substances could be electrified by rubbing, though with metals
he could get no results. He accordingly classified substances as
eleclriC8 and non-eleclric8, according as they could, or qould not, be
electrified by rubbing.

•us. Conductors and Non-conductors.-In 1729 Stephen Gray
discovered that the electrification of a glass rod would leak off
irom it and could be communicated to a ball through a damp
cord. His experiments showed that electrification could be
communicated through certain bodies which he caned con~

ductors, while it could not be communicated through others
which were named non-conductors.

348
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Metals were found to be the best conductors, wood and damp
cord were fairly good, while glass, sulphur, and resin were
non-conductors.

Gray then showed that the substances which Gilbert had
classed as non-electrics were conductors, and if they were
imulated or mounted on non-conducting supports they could be
electrified as other substances can. The old distinction of electrics
and non-electrics was therefore abandoned, and substances were
classified as conductors and non-con~uctorsor insulators.

The insulating power of bodies may be compared by the
times required for a given amount of electrification to leak
through similar rods of the different substances.

In the following table bodies are classified according to their
resistances or insulating powers.

1718ulaWra
Amber
Sulphur
Fused quartz
Gl_
Hard rubber
Air and gases

Poor Conductors

Dry wood
Papcr
Alcohol
Turpentine
Distilled water

Good Co,ldlU;lor~

MeWs
Gas carbon and graphite
Aqueous aolutions of Balt~

and acids.

FlO. 281.

519. Electrlclty.-Take two metal pails, each mounted on an
insulating support (Fig. 281), electrify onc of them and then
connect the two by s. con
ductor, such as s. cord or a
wire. Both will show electri
fication when tested by the
suspended pith ball, though
the electrification of the one
first charged will be less than
before the two were connected.

(The connecting conductor
must be supported on glass
rods or from loops of silk thread or otherwise insulated when
placed on the pails.)

If the pails are connected by a metallic wire the redistribution
of the electrification is instantaneous; if by a rod of wood or by
a cord a perceptible time is required.

The communication of electrification from one body to another,
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FlO. 282.

one always losing 88 the other gains, suggests a transfer of
8Q111dhing . of which electrification is the external evidence.
This something is called electricity, and when electrification is
communicated from one body to another, there is said to be a
flow of electricity.

620. Two Kinds of ElectritlcaUon.-Rub a rod of hard rubber
or sealing wax with fur, and when strongly electrified present
it to a suspended pith ball. The ball will be attracted at first,
but if allowed to touch the electrified rod it may cling for amoment
and then spring away, strongly repelled.

If a rod of glass, electrified by rubbing with silk, is now brought
ncar the pith ball, it will fiy to the glass, but after contact it will
be repelled as it had been from t.he rubber rod.

While repelled by the glass it will be attracted by the elec
trified rubber, and vice verBa. It is
clear that the electrical states of the
glass and rubber are different.

This discovery was made by Du
Fay, a French investigator, in 1733.
He found thatall electrified substances
behave either like glass 01' rubber, and
the two kinds of electrification were
accordingly called mtreoua and resin
ous. Fra.nklin named the electrical
state of the glass positive and that

of the rubber negative, and these names have been universally
adopted.

621. Similarly Electrified BodIes Repel.-Two striJ)6 of hard
Tubber electrified by fur and suspended near together repel
each other. Two strips of paper if dra.wn through a fold of
flannel in dry cold weather, or even when drawn between the
fingers, will repel each other and stand apart. On the other
hand, a strip of rubber negatively electrified by fur is attracted
by a rod of positively electrified glass.

Similarly electrified bodies repel, while oppositely electrified
bodies attract each other.

The pith ball attracted by the rod of glass is repelled after
contact because it receives from the glass a charge of positive
electricity by conduction.
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522. Gold-Ieat Electroscope.-An instrument, such as the
suspended pith ball, used to detect electrification is called an
electroscope. A much more sensitive electroscope is that shown
in figure 283.

Two strips of thin gold leaf about .72' in. wide and 3 in.
long are attached to the end of an insulated brass rod so that
they hang side by side in a glass jar which screens them from air
currents. The brass rod passes through the insulating stopper
of the jar, and terminates above in a plate or knob.

Two strips of tinfoil aa on the inside of the jar are in metallic
connection with a metal base or tinfoil coating over the outside
of the bottom.

If a charge is given to the upper plate of the electroscope it at
once distributes itself by conduction over the rod and gold leaves,
causing the latter to repel each other and diverge as .. ' u ...

shown in the figure. If the charge should be too great
the leaves will diverge enough to touch the side strips
a through which the whole charge will escape.

523. Electric Serles.-In every case of electrifica-
tion byfriction the substances rubbed together become :-
oppositely electrified, as though something was taken
from the one and added to the other.

When glass is rubbed with silk the glass becomes FIG. 283.

positively charged and the silk negatively, but whenhardrubberis
rubbed with silk the rubber becomes negative and the silk positive.
Thesilk thus becomes negative in one case and positive in the other.
And in general, any substance may become either positive or
negative, depending on what it is rubbed with. It is possible to
arrange substances in a series such as the following in which
any substance is more positive than those below it in the list,
but is negative to those that precede it.

Glass (surface rubbed clean and polished).
Fur.
Flannel.
Glass (passed through a Bunsen flame).
Silk.
Wood.
Sealing wax.
Hard rubber.
Sulphur.
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LAw OF FORCE AND DISTRm~ON01" CHARGE

524. Coulomb's La1'V.-The French physicist Coulomb (1784)
investigated the law of force between two electrified bodies
using a torsion wire balance, illustrated in figure 284. By
means of a very fine wire a light horizontal bar of· shellac, glass,
or other insulating material .is suspended inside of a glass jar
by which it is screened from air currents. On the end of the sus
pended bar is a light pith ball n which is covered with gold foil.
A metal baIl m mounted on the end of an insulating glass rod
can be introduced into the glass jar through a bole in the cover.

To uae the inll~ntment remove the ball "" and
a by me8lUl of the gradull.tcd head from which the

wire is suspended turn the wire until the ba.!l n
hangs exaetly in the place of m. Now give a.

. charge to m and introduce it into the ja.r. At
d first 11. is attracted and touches til, the charge

then dividee between the two since both b&l1a
are conductors, and immediately n is repeUed to
such a distance that the twist in the wire
balances the foree of repulsion. The dilJt.aqee
between the bails is observed and abo tbe
number of degree& through which the wire ill
twiated.

Now increase the twist in the wire by mealiS
of the graduated head, thus forcing n toward m.
It will be found that when tho two are at one·
half the first distance the force of repulsion ILlI

ffiea.sured by the twist in the wire is four timea
aa great. .

To study the elled or changing the quantity
Fill. 284. - Cou lOin b' a of charge, a AeCOod insulated b.... baJJ is taken

balaDee. of the SlLme aile lUI m and mounted on a glaae
rod in the same w..y. The ball m with ita charge is now withdrawn from
the jar and touehed to the other similar ball whith has no charge. Imme
dia.tely the charge divides equally between the two (since they are alike) and
m now haa ooly h&lf the eharge whieh it had at first. If it is carefully intro
duced without permitting it to toueh n, the eharge 00 the latter will not be
changed, and if the force ill observed when the balls are the same distance
apart aa in tho first experiment it will be found that the force is only one
hslf IIJI great.

From many such experiments Coulomb concluded that the
force between two given charged bodies, provided the,. are small



COULOMB'S LAW 353

compared with the distance between them, is inversely propor
tional to the square of the distance and directly proportional to
the amounts of their charges.

This law may be expressed algebraically thus

qq'
F= K~i

where F represents the force, K is a constant, and r is the distance
between the centers of the two bodies whose charges are repre-
sented by q and q'. '

The constant K t.kpendJJ on the unu" thai may be used, and oUo,
08 toa8 shown by Faraday, on the medium between the two charged
bodiu.

626. Unit. Charge.-Unit charge or unit quantity of ele<:tricity,
in the eledroatalic 8tJ8Um 0/ units, is defined as that quantity
which when placed one centimeter from an equal cbara8 in
....acuum repels it with a force of one dyne.

The force in dynes between two electric cha.rges in vacuum
may therefore be expressed by the formula

•
F= qq

"
where the quantities q and q' are measured in electrostatic
units and where r is the distance between the charges, measured
in centimeters.

When the charges are in any other medium the force is usually
less and the formula is

F ~ qq'
K,'

where K is 8. constant usually greater than ODe. known 88 the
¥peCific inductive capacity or dielulric constant of the medium.

The force between two charges in air is appreciably the same
88 in vacuum. for the specific inductive capacity of air is greater
than that of vacuum by only about one part in 2000.

626. Dlstrlbutlon.-The distribution of an electric charge
may be examined by mea~ of a little metal disc mounted
on an insulating handle and known 88 a proQf plane. If the
disc is placed flat against the surface of the charged and insulated
pail shown in figure 285 and then removed. it will carry away
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a. charge which may be tested by the gold-leaf electroscope.
When examined in this way it is found that the greatest charge
is obtained from the outer surface of the pail ncar its upper
edge and on the outer corner at the bottom, less is found on the
middle of the aide and none at all in the interior except near the
upper edge.

When there is a metal cover on the pan, absolutely no chara6
un be found on any part of the interior.

Other irregular bodies may be examined in the same way
and it will be found that the greatest density of charge is at
corners and knobs projecting outward. For example, in a COD

ductor shaped as in figure 286 the greatest density will be found

,,,

FlO. 286.-Dell.tity of <fu:tribUtiOD indicated
rouahly by dotted line.

"i,,,
\
•

1..,.",,--2\" -.J

FIG. 286.-IMtribution
on pail.

on the projecting point on the left, no charge will be obtained in
the cavity even though there is a sharp point there, and very
little will be found toward the bottom of the dimple on the right
end.

627. Charge Entirely on the Surfaee of a Conductor.
The foUowing experiment was carried out independently by
Cavendish and Biot.

A metal ball having two closely fitting hemispherical metal
cups which were provided with insulating handles, was insulated
and then charged strongly with electricity. When the cups were
simultaneously removed they were found to have the entire
charge, the ball being left without any trace of electrification,
showing that the whole charge was on the surface.

•us. DLschal'Ke from Points.-The density of charge on sharp
projecting points of conductors may be so great that the charge
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will escape to the air. This discharge is a.ccompanied by a
stream of sir which, if the point is connected with an electrical
machine, may be strong enough to blowout 8. candle or turn a

Flo. 287.

\
FIG. 288-E1_

tric wind.

little wheel with light vanes, or if the point from which the dis
charge takes place is movable it will be driven backward as
illustrated in figure 288. Conductors which are designed to hold
electrical charges should therefore have all pro
jecting parts or corners carefully rounded, other
wise they will be rapidly discharged.

0529. Frictional Electric Machlne.-The early
forms of electrical machines were frictional; the
one illustrated in figure 289 is a good type of
this class. A circular glass plate is mounted
firmly on an axle 80 that it can be turned between
leather covered rubbers, which are pressed
against the glass by springs. The charge from
the glass is received by a metal conducwr which
is on an insulating support of glass or of hard
rubber. From this conductor there are two
branches which reach out, one on each Bide of the glass plate,
and on the inSide of each is a row of sharp metal points project
ing toward the glass plate, like the teeth of a comb. The elec
tric charge excited on the glass by the rubbers is carried under
the eombsby the turning of the plate, and through them it
readily passes from the glass into the conductor.

At the same time that the plate is positively electrified the
rubbers become negatively charged and should be conneeted
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by a. chajn or wire with the ground to permit this negative
charge to escape. It is usual also to have the lower 'half of the

FlO. 289.-Electrica.l machiDe.

gl888 plate covered with a silk bag which prevents the escape
of electricity from the glass 8B it turns.

Problems

1. If the chargee: on two small cooducting pith balls ""' +8 and -8, will
they attract or repel and with what foree when 4 em. apart? What if
they are allowed to touch?

2. Two sffilloll conducting balls of the same llize and 6 em. apart have
<lharges +36 and -4, respectively. What is the force between them?
Also what will the force become if they are touched together and then
plaeed 1\.8 before?

3. Two pith balls 3 em. apart and equally charged repel each other with a
fon:e of 16 dynes; find the charge on each.

40. Two pith balls hung from the same point and weighing Mo gnn. each,
are equally charged and repel so that they diverge until the threads are
at right. angles to each other. What. is the force of repulaion in gram'
and in dynell? If they are 8 em. apart, what. ill the charge on each?

I. Two pit.h balla, each weighing J1 0 grm. and IlUSpended from the lIaID.e
point. by thread, 30 em. long, are equally eharged and repelling each
other, hang 8 em. apart. What is t.he charge on each ball?

INDvcnoN

630. Inductlon.-When a conductor having no charge is
insulated and then brought ncar a positively charged body,
such as A, figure 290, it is found to be negatively electrified on
the side next to A and positively electrified on the farther side.
This can readily be tested by means of the proof plane and
electroscope.
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In this ease no charge has passed from A to B. The 000
ductor B is insulated and no Bow of electricity either into it 01'

out of it is possible. When B is taken away from the charged
body A it is found to have no charge, just 88 before it was brought
up. Also no charge is lost or gained by the body A in the opera
tion. The charges produced in the conductor B by the prox
imity of A are said to be induced.

631. The Induced Charges are Equal.-If, instead of the ODe
conductor B of the previous experiment, we take two insulated
conductors B and C, having no charge, and bring them near
the charged body A while in contact with each other, 88 shown
in figure 291, a negative charge will be induced in the nearer
one and a positive charge in the farther one. It they are now
separated and then removed the positive charge is trapped in

FIG. 291.

cB

Flo. 290.
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ODe and the negative in the other. On bringing them near an
electroscope they are found oppositely electrified; and if while
away from the vicinity of A they are touched together, the
charges totally disappear, showing that the positive charge of the
one was just sufficient to neutralize the negative charge of the
other. The charges are therefore equal and opposite.

The same result ia reached whatever the shape or size of the~
ductqrs B and C. Thus B may be large and C small, or vice
versa, and still the charges on each when removed from the in
fluence of.A will be found to be equal and opposite.

For if we consider the single cnductor B used in the first
experiment (Fig. 290) it is clear that if it is imagined cut in two
at any point, near the positively charged end for example, the
positive charge on the smaller part will be equal to the excess
of negative over positive on the greater part.
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E
FlO. 293.

•

FlO. 292.

•

A

•
•

•
•

Thus the positive and negative charges produced by induction
are always equaL

632. Induction wben the Conductor is Already Charged.
When the conductor has a charge to begin with the inductive
action takes place in the same way. but the original charge is
combined with the induced charge. Thus if B (Fig. 292) is

given a positive charge and brought
toward the. positively charged body

~ ~ ..B AI it. will be found that the positive
.. charge is denser on the side away

from A.
At a certain distance there will be

no charge at all on the end toward A.
If brought still nearer a negative charge will be found on that
end, while the positive charge on the rest of the conductor will be
correspondingly increased.

If A and B are both conductors and similarly charged, say
positively, they will react on each other, and the greatest density
will be found on the outer side or each.

If, however, they are oppositely charged the greatest den
sities are on the adjacent sides.

633. EtI'ed of Connecting with the Earth.-If, while in the
presence of the positively charged body A. the conductor B is
connected with the earth by a wire,
or by touching it with the finger, the
positive charge will escape to the +
earth, and at the same time the
negative charge will increase some
what, so that the conductor will be
left with a negative charge greater
than when it had both positive and
negative charges together.

It makes no difference what part
of B may be connected to the earth, whether the nearer end,
as shown, or the farther end, the result is exactly the same.

The induced charge that remains is sometimes called a bound
charge because it does not flow off or disappear when B is touched,
but is held by the presence of the charged body A.

634. CharKlnK Electroscope by Inductlon.-When a rod of
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hard rubber, negatively electrified by rubbing with fur, is brought
toward a. gold-leaf electroscope, the leaves will be observed to
diverge strongly while the rod may be several inches from the
instrument.

Positive electrification is induced in the top of the electro
scope and an equal negative charge is given to the leaves pre
cisely as in the case discussed in §530.

If the top of the instrument is touched for an instant by the
finger while the electrified rod is still held near, the negative
electrification of the leaves will escape and they will hang straight
down as in b (Fig. 294). If the finger is now removed, and then
the rod, the positive charge will distribute itself over the top and
leaves of the electroscope and they will diverge as shown in c.

t - - +;-- '\-~

, 'E b
FlO. 294.

•
• •

,
:1-'10. 295.

'.+
When the electroscope is positively charged the approach of a

positively charged rod increases the divergence of the leaves,
while a negatively charged body will draw them together unless
it is brought too near, in which case they will again diverge with
a negative induced charge.

It will be noticed that there are shown in figure 294 induced
charges on the metal side strips inside the electroscope. These
charges are opposite to the charge on the leaves and increase
their divergence.

636. Attradlon of Pith Balls Explained by Inductlon.
When an electrified rod is brought near a pith ball (Fig. 295)
an inductive action takes place as shown, and the attraction
between the positively electrified rod and the negatively elec
trified side of the ball is greater than the repulsion of the posi·
tively electrified side, since the negative side of the ball is nearel
to the rod.
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FIG. 297.-No elootric foree within
enclosing conductor.

was electrifying the outside by a machine so that long sparks
escaped from it.

539. Electrophorus.-A simple form of induction apparatus
devised by Volta is known
as the electrophorus. It con
sists of a cake or plate of
non-conducting illate ria I,
such as resin, sulphur, or
hard-rubber, supported on a
metal base and having a
metal cover provided with an
insulating handle of glass or
hard rubber. The upper sur
face of the resinous plate is
negatively electrified by rub
bing it with fur and the
cover is then placed upon it.
A positive charge is induced
on the lower side of the
cover and a negative charge
on its upper side, and on
touching it with the finger or
connecting it by a metal
chain or wire with the base plate the negative charge escapes,
leaving the positive charge held by the negatively charged
resin. If the cover ill now lifted from the resin, on presenting

,
FlI,l. 298.-Elootrophorue.

the knuckle the positive charge escapes in a bright spark. The
cover may then be again placed on the rellin, touched, and with·
drawn and a second positive charge obtained, and so on indefinitely.
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FIG,299.

In this way a great number of charges may be obtained without
renewing the electrification of the resinous sole plate.

The resin is a good insulator and the cover touches it at so
few points that there is very little direct loss by conduction.

540. Source of the Energy of the Charges.-Each of the
charges obtained in this way has energy, as shown by the noise
and light given out by the spark. This energy does not come
from the energy spent in electrifying the plate of rubber or resin,
for a spark is obtained every time the insulated cover is touched
and withdrawn without any appreciable loss of electrification
by the resin.

The energy must be supplied in the operation of withdrawing
the plate. This will be made evident by the following experiment.

Suspend the cover by silk cords from a
spring, and after having discharged it let it
be lowered upon the resin and then with
drawn without being touched. The spring is
scarcely stretched more when the plate is
withdrawn than when it was lowered. But
if when the cover is on the resin it is toucluJd,
the negative charge escapes and the attrac
tion between the positive charge in the cover
and the negatively charged resin causes the
spring to be greatly stretched when the plate
is raised, showing that more work has to be
done to raise the plate after it has been
touched than before.

It is this work done by the person lifting the plate that is the
source of the energy of the charge that is obtained.

If the cover is raised only an inch from the resin the spark
will be much less energetic than if it had been raised 10 in" for
less work has been done.

641. Faraday's Icc-pall Experlment.-A very important case
of induction is where the charged body is surrounded by a con
ductor. This was first investigated by Faraday as follows:

Taking an insulated metal pail having a metal cover and con
nected with an electroscope, it was observed that Wh:lll a charged
metal ball was brought up toward the pail the divergence of the
leaves of the electroscope increased until the ball was entirely
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within the pail, after which no change was observed whatever the
position of the ball might be, whether it was close to the bottom
or to one side or in the middle.

The ball was now permitted to touch the inside of the pail,
but not the slightest change in the gold leaves was observed.
When the ball was withdrawn it was found completely discharged
while the leaves remained diverging.

The same observations may be made using a deep open pail,
as in figure 300, provided the ball is not too near the open top.

When the positively charged ball is introduced into the pail
there is induced a negative charge on
the inside of the pail and a positive
charge on the outside, as may be
shown by a proof plane.

When the ball touches the interior
of the pail the charges on the ball
and on the interior of the pail disap
pear, for the baU and pail then become
one conductor and there is no charge
on a cavity in a conductor.

If these charges were not exactly
equal there would be some excess of
either positive or negative charge
which would pass to the outside and cause a change m the
electroscope.

The experiment then leads to the following conclusion: When
a charged body is surrounded by a conductor a charge is in
duced on the inside of the condut:tor equal and opposite to that
on the body.

The walls, ceiling, and floors of ordinary. rooms are fairly
good conductors so that when we have a positively charged
body in a room we may be sure that an exactly equal negative
charge is distributed over the walls and neighboring objects.

642. PosItive and Negative Electrifications Always Equal.
Hold a rod of sealing wax in an insulated pail connected with
an electroscope and rub it with a pad of flannel which is insulated
on another rod of sealing wax.

They may be rubbed quite vigorously but no sign of elec
t,rification is shown by the electroscope, but if either one by
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itself is drawn out of the pail there is decided divergence of the
gold leaves. It follows that the electrificatiollil developed on
the sealing wax and 8annel, respectively, are equal and opposite.

In every case of electrification, whether by induction or
friction, equal positive and negative charges are produced.

043. Electric Charges Multiples of a. Certain Unlt.-Very
important results have recently been obtained by the exact
measurement of extremely small electric charges. A method
which has proved most fruitful was developed in 1910 by R. A.
Millikan, by which the minute electric charges on microscopic
drops of oil spray from an atomizer were accurately measured.

A drop was isolated and observed through a low power micro
scope as it slowly settled down through air in the space between
two horizontal metal plates which were connected together so
that there was no electric force in the region between them.
When the drops had nearly reached the lower plate the two
plates were electrified, one positive and the other negative, in
such a way that the electric force on the charged drop carried it
upward. As it neared the top the plates were once more con
nected and discharged permitting the drop to settle again-and
so on indefinitely.

It' was possible in this way to observe a single drop for hours
at a time, and to measure accurately the velocity with which it
settled downward and also the velocity with which it was urged
upward. From the f.armer of these two measurements the size
of the drop could be determined, and then from its upward
velocity in the electric field its charge could be calculated. In
several thousand such experiIJ;lents the charges upon the drops,
whether positive or negative, were always found to be exact
multiples of a small charge e, which had the value 4.77 X 10-10

in electrostatic units.
It is believed that all electric charges, whether large or smaU

are a whole number oj titne8 this elementary charge, so that it is
impossible to increase or diminish an electric charge by a Jractional
part oj e.

644. Induction Machlnes.-Various forms of electrical ma.
chines have been devised in which charges developed by induction
from small initial charges are continually added to the original
charges until powerful effects are obtained. The fil:st powerful
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and successful machine of this kind was made by Holtz about
1864.

A modification of this machine, due to the labors of Voss and
Toepler and known as the Voss-Holtz or Toepler-Holtz machine,
is shown in figure 301 with a diagram illustrating its action.

A circular plate of glass carrying on its front surface six
small discs of tin foil, marked at, a2, ... (1&, is rotated rapidly
in front of a fixed plate of glass, on the back of which are attached

.' .

"1:
... I,=-- --.." -- --

------
FIG. 30t.-Toepler-Holtz machine lind dill.&ram.

two conductors of paper A and B, called armatures (outlined by
the dotted lines). In front of the rotating plate are mounted
on insulating supports the two conducting combs DD' with
sharp points close to the plate and directed toward it; these
conductors are connected to the knobs K and K'. A con
ducting bar, called the equalizing bar, EE', crosses diagonally in
front of the rotating plate and is also provided with combs
directed toward the plate.

At C and C' there are metallic arms which are connected
with the armatures on the back of the fixed plate and carry
little tinsel brushes that touch the tinfoil discs on the revolving
plate as they pass.

Suppose, now, that A is slightly more positive than B, owing
to the remains of a previous charge or to the influence of some
neighboring charged body or to the brushes at C and C' rubbing
a little differently on the discs as' the plate is turned. And
suppose that the discs a, and ab are under the combs of the
equalizing bar EE' and are connected with it by the tinsel
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brushes carried by that bar. The bar with the two discs thus
forms one continuous conductor with the two inductors A and B
opposite its ends. A negative charge will therefore be induced
in the end toward A and an equal positive charge in the end
toward B. If the plate is now turned, a6 carries its negative
charge past the position ae until it is between the brush C'
and the armature B with which that brush is connected, and
is therefore situated almost as if inside of a conductor; it
accordingly gives up almost its entire charge through the
brush C' to the armature B which thus becomes more negative.
At the same time the disc a2 has moved past the position aa
and given up its positive charge to the armature A through the
brush C.

The armatures with their increased charges act more power
fully on the next pair of discs that pass under the bar EE',
and so these discs carry still larger charges to the armatures a.nd
thus the effect rapidly increases till the armatures are so highly
charged that they lose by leakage as rapidly as they gain.

When the armature A is positively charged it acts inductively
on the comb D through the two layers of glass, attracting a nega~

tive charge on the points of the comb and repelling positive to
the knob K, but the negative charge induced on D is discharged
upon the surfacE' of the revolving glass plate from the sharp
points of the comb, and is carried away by the motion of the
plate, leaving the conductor and, knob K strongly positively
charged. At the same time the positive charge induced on D'
is discharged on the revolving plate, leaving K' negatively
charged, and if the gap between K and K ' is not too great,
spark discharges will take place between them. Two small
Leyden jars (§567) are connected with the conductors D and D'
and act as reservoirs in which the charge accumulates between
discharges.

545. Wlmshurst Machtne.-In the Wimshurst machine two
circular plates of glass are revolved in opposite directions, one
in front of the other.

On the outer surface of each are a number of radial strips
or sectors of tinfoil, on each of which is a little metal knob or
button. As the plates rotate, the buttons strike the tinsei
brushes of a pair of equalizing bars, one of which is fixed in front
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of each plate, one inclined to t.he right and one to the left, so
that the two are nearly at right angles to each other.

[0 the diagram the inner and outer circles represent the two
plates while the heavy lines indicate the positions of the con~

dueting sectors.
Suppose that the plates turn in the directions of the arrows

and that the sector a is slightly positive and b negative.
Then c and d which are connected by the equalizing bar will

become oppositely charged by induction, c negatively and d
positively. The rotation of the plates carries c with its negative

FlO. 303.-Dill.aram.

charge to e, and d with its positive charge to j. where they are
opposite tbe ends of the second equalizing bar and by induction
attract positive charge into g and negative into h.

At A and B are combs between which the plates turn, the
rotation of tbe plates carries the positively charged sectors
toward B and the negatively charged ones toward A, making
the knobs Nand M positive and negative respectively.

646. Summary.-The following is a summary of the main
preceding facts relating to electric charges.

1. There are two kinds of charges. Bodies with like charges
repel and with unlike charges a.ttract each other.

2. The force between two small charged bodies is dire<:tly
proportional to their charges and inv~rsely proportional to the
square of the distance between them.
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3. The force between charged bodies also depends on the
medium between them.

4. It is impossible to produce one kind of charge without
at the same time producing an equal charge of the other kind.

5. Whenever a positive charge disappears an equal negative
charge also disappears.

6. The total charge in a body or the sum of the positive and
negative charges which it may exhibit does not change so long.
as the body is truly insulated.

7. The distribution of charge in a conductor is influenced by
neighboring charged bodies. (Induction.)

8. Charges are always multiples of an elementary unit e
taken a whole number of times.

POTENTIAL AND ELECTROMETERS

F'{I. 304.

• +
+

+ +
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547. Potential or Electrical Pressure.-Suppose an electro
scope connected with a charged pail by a wire. It makes no

difference in the indication of the electro
scope whether it is connected to the in
side of the pail where no char.ge can be
obtained by the proof plane or to an
edge where the density is greatest. There
is perfect equilibrium between the electro

f ... scope and the charged pail and no tend
ency of the charge to flow from one to
the other. When two conductors are in

this. relation they are said to be at the same potential or to have the
same electrical pressure.

The potential of a conductor is that electrical condition which
determines the flow of electricity.

Potential determines the flow of electricity just as pressure
determines the flow of fluids and temperature the flow of heat.

When any oonductor is connected with the earth flow takes place
until the conductor comes to the potential of tlw earth.

When two charged conductors are connected by a wire, the
one that loses positive charge is said "to have been at a higher
potential than the other.

M8. Effect of Increased CaJ)Mlty.-1f an insulated-eonductor
baving no electric charge is brought up and touched to the
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charged pail shown in figure 304-, part of the charge will flow in'too
the conductor and the whole system comes to a. new state of
equilibrium in which the potential is less than before. This
is shown by the fact that the gold leaves of the electroscope do
not diverge so strongly.

In this case there bas been a decrease in potential though
there has been no change in the total amount of the charge.
The enlarged system of conductors
is said to have a greater electrical
capacity than the original pail and
electroscope.

Change in potential due to a change
in capacity of the charged conductor
is well shown by Fa.ra.day's ap
paratus, figure 305, in which a roller
suspended by insulating silk cords·
carries a conducting ribbon of tin
foil. When rolled up and ch&rged
the pith balls diverge widely, but 88

the ribbon is unrolled, thus in
creasing the surface and capacity of
the conductor, the pith balls ap
proach each other. That this is not
due to any loss of charge is shown
by the fact that when the ribbon is again rolled up the pit.h b(l.lll~

diverge as at first.
M9. Potential or a Conduetor.-In non-oonductors the po~n

tial may be different at. different. points, but in a conductor or
in connected conductors, when the electrical charge is at rest,
all parts are at the same potential, since otherwise flow would
take place from one part to another.

Even when a conductor is hollow the potential in its interior,
due to charges at rest, is everywhere the same as at its surface,
provided it does not contain any insulated charged bodies; for
Faraday showed (§538) that there was no electric force inside
of a hollow conductor in such a case and consequently it must·
be a region of uniform potential.

Thus the surface of a conductor is an equipotential surface,
since all points of it are at the same potential, and the interior
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of a conductor, provided it does not contain insulated charged
bodies, is an equipotential region.

550. Zero Potentlal.-Bodies are usually discharged by con
necting them with the earth, and its potential is accordingly
taken as the zerQ. ~dies which give up a positive charge when
connected to the earth are said to have a positive potential,
while bodies which receive a positive charge from the earth
have a negative potential.

The walts and floors of wood snd plaster which enclose ordi
nary rooms are conductors, though they conduct rather slowly,
the interiors of rooms are therefore to be regarded as cavities
in conductors which are at the e"arth potential. When there are
?W insulated charged bodies inside of such a room it is an equi
potential region, aU at zero potential, even tlwugh there may be
electrified clouds jlooting overhead.

MI. Potential Without -charge.-It was shown by Faraday
that when an insulated conductor is touched to the inside of a
hollow conductor which completely surrounds it, it receives
absolutely no charge. It follows that in such a case there is no
flow of electricity from one to the other and therefore both must
have been at the same potential before they touched. We see, then,
that merely putting a conductor without charge inside of a
hollow conductor brings it to the potential of that conductor;
that is, a conductor which has no charge takes the potential of
the region where it is placed.

M2. Potential Affected by Neighboring Charges.-The case
just discussed is a special instance of the general principle that
the potential of a conductor depends not only on its own charge,
gut on that of all neighboring objects.

This is well shown in case of the electrophorus (§539), for
when the metal cover of that instrument is removed and dis
charged by touching it, it comes to the earth potential. But
when it is placed on the negatively charged base its potential
is lowered, as is shown by the fact that if it is now connected
with the earth positive electricity flows from tM earth to the cover.
It thus comes to the earth potential and has a positive charge.

If it is now removed from the negatively charged base plate
its potel,ltial is raised, for on touching it positive electricity flows
from it to the earth.
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It thus appears that the potential of • conductor depends not
only upon its own charge, but also upon all other charges near
enough to affect it.

If a conductor were removed from all other chargt d bodies
its potential would depend only on its own charge and would
be proportional to that charge. But if a positively charged body
is brought near the conductor its potential is raised though its
charge is not changed.

A positive charge not only raises the p<Jtential of the body to
which it is given, but it raises the potential of thtJ whole neighboring
region and of any bodies that may be near. & also a negative
charge lowers the potentiaL of all points in il8 vicinity.

653. What Determines the Potential or a Conductor.-From
what precedes it will be seen that the potential of a conductor
depends upon the following three conditions:

1. 11.3 caparity,-deUrmined by its me and shape.
2. Its charge.
3. The charges on 8urrounding bodies.
664. Measure of Difference of Potentlal.-When Ii small

electric charge is moved along an equipotential surface or from
one part of an equipotential region to another, M work is Mne,
for there can be M electric force acting on the charge since there is
no tendency to flow. . .

If two conductors are at the same potential no work is done
in transferring a small charge from one to the other. But if
they are not at the same potential work must be done to carry
a small positive charge from the one at the lower potential to the
one at the higher, just as in case of two vessels, each containing
a fluid under pressure, work must be done by a pump to force
any fluid from the vessel in which the pressure is less into the
one in which it is greater.

It may be proved that if a little charge is transferred from
one conductor to another the work done will be the same by
whatever path the transfer may be made, and accordingly the
work done may be used as a measure of the difference of potential
of the two conductors.

Thus the difference of potential of two conductors is measured
by the number of ergs of work required to transfer unit charge
from one to the other. Difference of rotential determined in this
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wa.y is in electrostatic units. and one electrostatic unit 0/ potential
u very nearly equal to 300 volU, the ooU being the unit of potential
in what is called the pradicol Iystem of units.

666. Instruments to Measure Potentlal.-EledT08CUpU and
electrometers artf potential measuring imtrnmenl3. For instance,
the deviation of the gold leaves of a gold-leaf electroscope de
pends on the difference of potential between the leaves and t.he
side conducting striP6 that are connected with the earth. The
leaves have the same potential as any conductor that may be
connected with them. But this instrument, in the ordinary

FlO. 306.-AttTaeted-dUlc e1er:tromew.

form, is not well adapted for exact measurements, though a
modified fonn in which the deflection of a single narrow strip
of gold leaf is measured by a low power microscope, is valuable
for some investigations.

666. Attracted-dlsc Eledrometer.-The instrument shown
in figure 306 is known as the attraded-disc elutrometer, or the
Ktlvin absolute eledromela', and may be used to measure large
differences of potential.

Two circular flat plates of metal, A and B, are mount.ed par
allel to each other. By means of the screw 8 the plate A may be
raised or lowered and the distance between the two plates may
be determined by the scale and vernier v. The upper plate is
made in two parts, a central disc and a surrounding ring. The
disc is suspended from one arm of a balance and hangs 80 that
its lower surface is exactly flush with that of the ring, which
is separately supported, though the two are in conducting
communication.
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The plate B is connected wi~ the earth, while A, which is
insulated by hard rubber or glass at r, is connected with the
charged conductor whose potential is to be determined. There
is So charge on A and an opposite induced charge on B and CO~
quently an attraction between them. By means of the balance
the force with which the disc is attracted is exactly measured.

The difference of potential V between the plates A and B may
then be found in electrostatic units by the formula

V-d~8'i
where d is the distance between the plates in centimeters, F is the
force of attraction in dynes, and S is the area of the disc in square
centimeters.

The instrument is called an absoluk electrometer, because its
determinations depend directly on measurements of length and
force and it may be used to staDda.rdize other instruments.

The guard ring, as it is called. which surrounds the attracted
disc was introduced by Lord Kelvin to cause a uniform distribu
tion over the central disc, without which the difference of poten
tial could not be calculated by the above simple formula. For
in case of two parallel plates the distribution is denser toward
the edges, but is extremely uniform near the center if the plates
are not too far apart.

The balance must be enclosed in a metal case, as shown by the
dotted lines, to screen it from all outside disturbing electrical
attractions.

M7. Quadrant Electrometer.-Tbe quadrant electrometer,
also designed by Lord Kelvin, is shown in figure 307. A small
round brass box is cut into four quadrants. which are slightly
separated from each otber, and mounted on insulating supports
as shown in the figure. The needle consists of a thin flat plate
of aluminum, broad at the two ends as shown in the plan, and
mounted on a. light vertical wire of aluminum which passes
through its center and carries on its upper end a small mirror
by which the motions of the needle are obaerved.

The fiat needle is suspended by a fine quartz fiber or by two
parallel fine fibers of silk constituting a hifilar suspension, 80

that it bangs horizontally in the middle of the box formed by the
four quadrants. and in the position shown.
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FIo, 307.-Quadrant electrometer.

p

,

The diagonally opposite quadrants A A are connected by wire
conductors to the pole P', while the quadrants B B are connected
to the lX'le P. The needle is given a positive charge 80 that if
the A quadrants are connected with a positively charged body

while the B quadrants arc
joined to earth, it will turn
toward the B quadrants;
while if the A quadrants are
negative it will turn toward
them. The deflection of the
needle is read by the motion
of a narrow beam of light,
reflected from the attached
mirror upon a graduated
scale, and is nearly propor
tional to the difference of
potential between the A and
B quadrants.

The sensitiveness of this
instrument may be many
timc.s greater than that of
the gold-leaf electroscope.
To secure the greatest sensi~

tiveness a very light paper
needle is used, hung by an
exceedingly fine quartz fiber.

Another method of using
the instrument is to connect the B quadrants to the body to
be tested, while the needle and A quadrants are conneeted
together and to the earth. In this case the needle will turn
toward the B quadrants whether the charged body is positive
or negative, and the deflection is nearly proportional to the
square of the difference of potential measured.

ELECTRON THEORY

558. Theories of Electrlclty.-The early investigators thought of
electrified bodies as containing something which they called an imponderable
fluid, because it could flow from one body to another and yet did not seem to
possess weight or inertia.
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Symmer conceived two such fluids, positive and negative electricities,
which neutralized eneh other when mingled.

Franklin, however, advocated the view that there was but a single elee.
tricity and that for every body there was a normal amount when it showed no
electrification; if there was an excess it showed one kind of elootrification,
while if there was a deficiency of the electric fluid the body was electrified in
the opposite way.

The strong points of thil:l theory are that it explains how oppo&te charges
neutralize each other and how it is impossible to develop a positive charge
anywhere without at the same time causing an equal negative charge to
appear somewhere else.

But :F'ranklin's theory assumed that each portion of the electric fluid
repelled every other portion directly.

559. Faraday's Theory.-Faraday, however, conceived that electrical
forees were communicated hy the insulating medium between electrified
bodies and showed that, while the foree between two charged conductors does
not depcnd on the kind of metal used for the conductors or whether they are
solid or hoUow, it does depcnd on the kind of insulating medium that eepa
rates them.

560. Electron Theory.-Maxwell, following out Faraday's idea of the
importance of the dielectric, showed how electric phenomena might be
explained by what may be called the displacement theory. He conceived all
Sl,lbstances, conductors and insulators alike, as full of electricity which could
flow freely through conductors, but in insulators experienced an eia.lltic
resistance which prevented it from being more than slightly displaced. A
form of this theory based on the modern conception of electrons, is known o.s
1M ewetron theory.

The experiments of Millikan, (§543) together with recent researehCl:!
relating to electric discharge in gases, and in the field of radioactivity, have
led to the belief that all electric charges whether positive or negative are
exact multiples of a unit charge e having the value 4.70 X 10-10. in electro
static units, which is so lIffiall that there are more than 2000 million of them
in the electrostatio unit as defined in §525.

The positive elementary unit charge is never found separate from atoms of
matter, but the negali-ve unit, as was shown by Sir J. J. Thomson, is carried
by the small particles or corpuscles that make up the cathode-rays in a vac·
uum tube (§774) and have only Yl800 the mass of the hydrogen atom. These
negative particles or ewetrom, as they are called, exist in all kinds of mll.tter,
can pass through conductors, and may be transferred from one body to
another.

The electron theory supposes that every atom of matter in the neutral
state is made up of a certain number of the elementary positive units and an
equal number of electrons held in equilibrium by electric forces.

When an atom loses an electron it becomes positive, when it gains an extra
one it becomes negative.

561. Conductors and lnsulators.-In conductors the slightest
external electric force causes electrons to pass continuously from atom to
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FlO. 308.

atom through the body, thus toMtituun,; a flow or current or electricity,
In this motion the e1eetroWl are const.a.ntly checked by their impacts ag&inst
atoms of matter or other electronlJ and in this way they are retarded by a sort
of Jridional resistance, just as 8hot are retarded in moving through a ffi&llB

of molasses; but there is nothing like an tlo3lic resistance to make them spring
back when the displacing force is removed.

In insulators, on the other hand, if electric force is applied, there is a
certain yielding or displacement of the electrons, if the force is increased
the electrons are displaced more, but there is no continuous flow IIJl in a

conductor, and as BOOn as the external
force is removed they spring back to
their original positions, behaving I\.lJ shot
would if imbedded in a ffia.as of rubber.

Now IIUppose that the process of
charging two conductors A aDd B by an
eleet.ric machine consiata in forcing !lOme
e1ectrona out' of A into B, thereby
making A positive and B negative. This
will C6U8e a crowding outward of the
electrons in the dielectric immediately

surrounding B, while those around A will be displaced inward to 'make
up for its deficiency, and 80 in all the dielectric surrounding A and B the
electrons will everywhere be displaced in the opposite direction to the
arrows which indicate the positive direction of the !iDee of foree.

But since in a dielectric electrons arc not free to move, their displacement
at any point is only through a very amaH distance and is opposed by the
internal electric forces between the po8itive and negative elementary charges
in the dielectric which urge all the electrons back toward their original un
atrained po8itions. There is therefore produced a back pressure on the elec
trons in B and a negative preslNre on that in A, 90 that if A and B are now
connected by a conducting wire there will be a flow of electrons from B to A,
until the displaced electrons in the dielectric have sprung back into their
original po8itions. The discharce is thus conceived as forced from B to A
by the springing back: of the electrons in the dielectric in consequence of the
intem.al electric forces in the dielectric..

This difference in pre8lJUre between A and B due to the reaction of the dis
placed dielectric is the difference between their potentials. Suppose lha..
after A and B are charged they are moved nearer together. The atrain will
now take place through a le!lll thickness of dielectric and the difference in
prellllure between A and B will accordingly be less. The work required to
produce a given charge will therefore be less when they are nearer together;
that is, the energy of the charge will be lells. They will therefore tend to
move together; that is, there ia an allroction between A and B. For if they
are moved apart they will have more energy, but they can only get this addi
tional energy from the work done in separating them; therefore there must
be a foree opp08ing the separation or a foree of attraction.
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562. Tubes of Force.-The electric field may be conceived ae
divided up into tubes by means of surfaces in the direction of the lines of
foree. (Compare i499). These tubes of foroo willa1waye have at one end a
po8ililXJ charge and at the other an equal negative charge.

On the electron theory there will be as many electrons displaced inward
acrOBS one end of II. tube of foree, as will be displaced outward across the other
end.

563. Induction as Explained on Electron Theory.-Suppoae A
and B are conducrors ncar each other (Fig. 309) and having no charge at
first. Let a negative charge be given to A.

In doing this we may suppose that electrons are transferred from the
ground 80 that the walls of the surrounding room beoome positive. Tubes of

FIG. 309.-loduetion.

force in which e1eetrons are displaced outward will extend outward from A in
every direction toward the walls of the room. But since B is a conductor
there is no f011;e resisting the displacement of the electrons through it,
whereas in every other direction there is the active elastic resistance or the
dielectric to be overcome. Displacement can therefore take place more
readily on the side or A toward B than in other directions and a number of
tubes of displacement wiH tenninate on B, and the electrons where the tubeg
terminate will be displaced toward B's interior, while on the farther side of
B there will be an equal outward displacement of eledrons. These con
stitute equal positive and negative charges respectively.

664. Why an Electrostatic Charge Appears Only on the Snrw

face of a Conduetor.-If a charge is given to a hollow conductor (Fig.
310) all part:.<> of the metal shell come to the same potential and there is a
displacement of electrons in the dielectric surrounding it, and this displace~

ment is either away from the conductor or wward it depending on the kind of
charge given to the conductor.

But the dielectric A in the interior is entirely SUTTOlmded by tM conductor
aM ill there/are pre88ed upon equally in every direcli<m. consequently there can
be no displacement of it:.<> electrons. Thc pressure or potential in the interior
is, however, everywhere the same as that in the conductor which surrounds
it. If a small conducwr B is touched to the interior of the shell it comes to
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the same potential as the shell, but the eleetrons in the dielectric around it,
being equally urged in every dirwtion are not displaced and accordingly B
neither gaillil nor loses electrons; that is, it does not receive a charge.

It is much as though a bottle with flexible rubber walls was filled with
water and then put inside of !II vessel full of water under cOl1lliderable pres
suro. If the stopcock is then opened no water will flow either into the bottle
or out of it. For the pressure is the same inside of the bottle a.s it is outside.
If the sropcock is closed and the bottle is removed from the region of pres.
sure it will be found neither to have gained nor lost charge.

80 itis also with the conductor Bj when inside of A it is at the sarno poten·
tisl as A, but it does not receive any charge because no displacement in the
dielootric at its surface is possible, and so when removed from A its potential
changes to that of the regioll where it is placed, but it shows no trace of
charge.

FIG. 310.-Hollow conductor. FlG.311.

666. A Case of Inductlon.-8uppose, however, that the eonduciQr
B wbile inside the charged body A and insulated from it, is connected with
the earth by a wire as shown in figure 311. The electrons in the dielectric
will then be displaced not only in the dielectric between A and the walls of
the room, but also between A and B, and if A is positive they are displaced
toward A and away from B causing a corresponding flow of electrons iniQ B
from the earth.

If B is now insulated and removed from the interior of A it will he found
negatively charged, for the displacement in the dielectric around it cannot
disappear until the electrons that flowed into B are permitted to escape.

Si'fU:e the omward di8placement on B must be equal to the inward di8place
ment over the inner 8urface (If A, the charge on B must be equal and opvosUc
to that on the irnerior.of A; this has previously been shown to be the ease in
Faraday's ice-pail experiment (§541).

CONDENSERS AND CAPACITY

0566. Condenser EIperlment.-Take a tin plate, mount it
bottom upward on an insulating stand and connect it with flo
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FlO. 312,-Dischllrge of
Leyden jllr.

gold-leaf electroscope. Cover the plate with a sheet of glass and
then give it a sufficient charge to cause the gold leaves to diverge
strongly. Now take another tin plate, connected to earth by
the hand or by a wire, and lower it upon the glass. The gold
leaves will be observed to come together as the plates approach
each other, showing that the potential of the charged conductor
is diminished by the approach of the grounded conducting plate.
The closer the two plates are brought together, the greater will be
the decrease in potential. On removing the upper plate the
leaves diverge as at first, showing that there has been no loss
of charge.

In this experiment evidently the capacity of the first plate
has been increased by the proximity of the second uninsulated
plate. Such a combination is known as a oondenser, because
it cali take a large charge at a small potential.

The decrease in potential is due to the presence of an induced
charge on the second plate opposite in kind to that on the first.

567. Leyden Jar.-The earliest form of condenser was de
vised in 1746 by Musschenbroek, of Leyden. That experi
menter, in attempting to charge a glass
of water with electricity, held the glass
in his hand while one pole of the elec
trical machine was connected with the
water through a nail resting in the glass.
After charging it well, the knuckle of the
other hand was touched to the nail and
a smart electric shock was obtained.

Further experimentation showed that
all that was necessary was that
there should be two conducting coat
ings separated by the glass.

Accordingly, a Leyden jar, as it is called, is made by coating a
glass jar or bottle inside and outside with tinfoil for about two
thirds the height of the jar. Connection is made with the inner
coating through a metal ro.d terminating in a knob.

To charge such a jar onc coating must be connected to one
polc of the electrical machine while the other coating is connected
to the other pole of the machine either directlyor through the earth,
so that the two coatings simultaneously receive opposite charges.
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The jar is discharged by connecting the knob and outer coating
by a conductor.

If the outer coating is touched with one hand while the knuckle
of the other band is brought to the knob, the jar is discharged
through the body and the sensation of shock is experienced.
Slight shocks are felt in the hand and &rIDS while stronger shocks
are felt in the body.

A Leyden jar is said to have greater oopo.cily for charge than
an ordinary insulated conductor, because it wiU receive a much
greater charge from a given electrical machine than will be
taken by the simple conductor.

668. Condensers.-Any contrivance in which two conductors
are separated by a thin dielectric which has sufficient dielectric
strength to prevent discharge between them, is a condenser and
has the same properties as a Leyden jar.

A convenient form of condenser, due to Franklin, may be
made by coating the opposite sides of a plate of glass with tinfoil,
which, however, must not reach too near the edges of the plate.

569. Iosulated Leyden Jar.-If a Leyden jar has either of its
coatings insulated, no more charge can be given to the other
coating than to a simple metal conductor of the sa.me shape and
8i~e. If a Leyden jar is charged and then placed on an insulating
stand, it cannot be discharged by simply touching the knob.
But if the finger is touched first to the knob and then withdJ'&wn
and touched to the outer coating and so on aUernalely a small
spark will be obtained every time and the jar may thus be very
slowly discharged.

570. Explanation of AcUon of a Condenser.-The older way
of explaining the action of a condenser is as follows: The plate
A receives, say, a positive charge from the electrical machine.
This charge acts inductively through the glass dielectric and
attracts a negative charge from the earth, which in turn reacts
on the positive charge in A attracting it, and 80 enabling a
much larger charge to be given to A by the machine. If the plate
B were not connected to the earth .the positive eharge which
would be induced on its outside surface could not escape and
would by its repulsive action on the charge in A neutralize the
attractive action of the negative induced charge, so that no more
charge could be given to A than if the plate B were not there.
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FIG. 313.--charging Il.

eQndenaer.

But. it. is bet.ter to look at. t.he act.ion in t.he following way,
from the standpoint of the displacement theory. LetA (Fig. 314)
represent the inner coating of a Leyden jar which is stripped of
its outer coating. Connect A to the positive pole of an electrical
machine and connect the negative pole to the floor or walls of the
room. The conductor A will become positively charged and an
equal and opposite negative charge will
be found on the walls of the room. The
tubes of force or displacement extend
from A to the walls, but the difference of
potential produced by the machine can
cause only a small strain or displacement
of the electrons in so thick a dielectric,
and, therefore, only a small charge will be
given to A. But if the outer coating is
now put upon the jar and connected with
the negative pole of the machine, as. in
figure 315, the whole strain will take place in the thin layer
of glass and 80 a great displacement of electrons in the glass will
take place involving a large flow of electrons into one coating
and out of the other, leaving the jar strongly charged.

If the outer coating were insulated and the negative pole of
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the charging machine were connected to the walls of the room,
no displacement could take place through the glass toward the
outer coating without an equal displacement taking place
outward from the outer coating toward the walls, SO that the
jar would take no greater eharge than if there were no outer
coating.
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571. Capacltl of a Conductor.-From the above discussion
it. will be clear that the charging of every conductor is analogous
to the cbarging of a Leyden jar; the conductor itself coz:responds
to the inner coating of the jar; while the surrounding walls or
conductors on which the tubes of force terminate correspond to
the outer coating; it differs from a Leyden iar only in the greater
thickness of the dielecbic.

672. Capadty.-The larger the charge given to a Leyden jar
or condenser, the greater is the difference of potential between
ito coatings, 80 that we have

where Q is the charge, V is the difference of potential between the
coatings of the jar, and C is a constant called the capacity of
the jar.

When V = 1, C = Q, and, therefore, the capacityo! a condenser
is the quantity of charge required to make unit difference of
potential between ita coatings.

Capo.city depends on that area S of one surface which is op
posed by the other and varies inversely as the thickness of the
dielectric d which separates them. It may be computed from
the formula

c_ SK
4.d

where K is a constant which depends on the nature of the
dielectric and is called its specijk inductive capacity or dielectric

""""'nt.
The derivation of this formula is given in §583.

Cawion.-The atudent. is wamed aga.in&~ t.hinking Utat the eapacit.y of a
conden&er is the great.elJt charge which it can hold. The maximum poBBible
charge of a condenser dependa upon its insulation and the st.rength of the
dielectric between its coat.ings to resist. dillroptive dillCharge. One oonden~r
may be charged to many timell its capacity before it dillChllrges, while an
other may break down or discharge before it is charged to one-tenth of its
capacity.

Some Specific Inductive Capacilit8, or DiiJleclric COlUlanl8

Hardrobbcr .... 2.5 Paraffin .•.... 2.0 Air (normalpre8lrore) 1.00059
01&'16 ••..••.6 to 8 Turpentine .. 2.2 Carbon dioxide 1.00090
Mica 8.0 Petroleum /S.l Hydrogen............• 1.00028
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573. Hydraulic Analogy.-lt is instructive to consider the following
hydraulic model of a condenser. A metal box is divided into two parts A
and B by a. partition of thick sheet rubber. Each side is provided with a
tubular opening controlled by a stopcock, the whole is then filled with. water
and immersed in a pond. While the stopcocks arc open the pressure is the
same in A and B and the,rubber is not strained. It is like a Leyden jar unin
sulated and discharged. Now attach a pump to B and force water in while
the stopcock of A illIeet open or, what amounts to the SlLlle thing, conneet
the pump both. to A and B so that it pumps water outo! A and into B. The
rubber will be strained a.a shown in the figure, the
side A will be at the pressure of the pond which
may be called zero, while the other side is at a
higher pressure p. This difference in pressure p
between the two sides is due to the strain of the Fro. 316. _ Hydl'1l.ulic
robber. If A and B are now connected by a pipe model of Leyden jar.
and the stopcocks are opened there will be a flow
from one side to ~he other as the robber springs back into the unstrained
condition.

So whell. a Leyden jar is discharged electricity may be thought of as forced
from one coating to the other by the springing back of the displaced elec
trons in the dielectric.

If the robber diaphragm were thicker more difference in pressure would be
required to force in a given charge. So in a Leyden jar, the thicker the
dielectric the greater the difference of potential between its coatings when it
has a given charge.

If the diaphragm were made of a substance that was more yielding than
rubber, it would correspond to a. dieleetric of groo1.er specific indudiVil capa-
city; for a. given pressure would then foree in a greater charge.

Also suppose the stopcock A is closed and the pump connected to B, pres
sure will be produced in B and perhaps ll. slight amount of water foreed in
due to the elastic yielding of the box itscH, but the rubber diaphragm will not
be appreciably strained and the pressure will be the same on both sides. This
is the case of trying to charge an insulated jar. The stiff and but slightly
yielding walls of the box represent the insulating dielectric that surrounds the
Leyden jar and extends to the walls of the room, while the rubber diaphragm
represents the thin glass dielectric between the coatings of the jar.

Remembering that the dielectric surrounding the jar is slightly yielding
will enable the student to explain the succession of small sparks obtained
from the insulated jar as described in §569.

.574. Energy of Charge.-When we begin to charge a Leyden
jar or condenser the two coatings are at the same potential and,
therefore no work is required to transfer the first little portion of
charge from one coating to the other. But as the charging goes
on the difference of potential between the two coatings increases
and more work is required to produce a given increase in charge.
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Suppose the final potential to which the jar is charged is V,
and suppose that in charging it Q units of electricity aretrang-.
ferred from one coating to the other, giving one a charge +Q
and the other a charge - Q. If during this transfer the differ
ence of potential between the coatings we11l to remain constant
and equal to V the work done in charging would be QV ergs.
But since the difference of potential is zero at the start and in
creases in proportion to the charge, the average potential during
charging is Y2'V and the work actually done in charging is Y2'QV,
which is iherefore the energy of the charge.

The case is analogous to the filling of a cylindrical water
tower, the pressure is zero when the tower is empty, and increases
as the water rises until the final pressure p is reached. The work
done ill, therefore, 72PV where v is the total volume of water
pumped in.

The energy of the conden&er exists as electrical strain in the
dielectric.

671~. Dissected Leyden Jar.-That the energy of the charge
is in the dielectric and not in the conducting surfaces is shown by
the following experiment.

FIG. 317.-Leyden jar with removable coa.tiDgll.

Take a Leyden jar, such as is shown in figure 317, in which the
metal coatings can be removed from the glass. Charge it strongly
and first remove one coating while the other is insulated, and then
remove the other also. They are found to have only slight
charges, but when they are again fitted upon the glass a vigorous
discharge may be obtained.

316. Leyden Battery.-The Leyden jars in the conbination
shown in figure 318 have their inner coatings connected together
and are mounted in a box lined with tinfoil by which their outer
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coatings are also joined. Such an arrangement is known as a
Leyden battery, the jars are also said to be connected in parallel
or multiple, and the combination is equivalent to a single large
jar having a capacity equal to the sum of the capacities of the sepa,
rate jars.

FlO. 318.

+

Fw, 319.

577. Leyden Jars Connected in Cascade or Series.-In each of
the two arrangements shown in figure 319 four jars on insulating
stands arc connected in such a way that if the discharge were
to hurst through the glass of the jars it would have to pierce all
four jars to pass from onc end to the other, as four layers of glass

+,
FIG. 320.-Conden!lel'8 in scriel!.

intervene between the terminal conductors. In such a case the
jars are said to be joined in cascade or in series. The diagram
(Fig. 320) shows the state of electrification, the regions between
the charged plates representing the layers of glass.

Four similar jars joined in this way are like a singl-e jar having a
diel-ectric four times as thick, and the capacity of the combination is
one-fourth that of a single jar.
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Thill e&Be is well illustrated by the hydf0f5t.atic analogue (Fig. 321) in which
four models such All are described in §573 are connected in serics. Clearly
when water i.e pumped in at A and out at B the robber diaphragms are all
6trained and an equal quantity of water is displaced from each in\;Q the ne"t
succeeding, thus repre8Cnting the equality of the charge8 in Meh. The pres·
BUres represent the potentials. Evidently the pressure PI is greater than
Po. and P4 is the greatest of all, and to force in a given quantity of water fOUf

times lUI much pressure must be used All to force it intoa single oncarthe cella.

~B

Flo. 321.

The chief practical advantage of the CMCade arrangement i8 that it baa
gr«d dulectric II/rength and sparks do not eMily burst through the glMllj for
this reason the small jal1l used on induction cledrical machines are usually
connected two in series, one being connected to one pole of the machine and
one to the other, while their outer eoatings are joined by a wire.

When Leyden jars of different. capacities C1 C1 C1 are joined
in series, the capacit.y C of t.he combinat.ion is found from t.he
relation

1 1 1 1
C·= C1 +CI + C1

To prove thill fonnula let Q reprellent the charge, which will be the same
for e&A:;h jar when they are charged in /!edell. The powntia1JJ of the jal'll
will be

Q
VI - C,'

vl_ii.,
C,

The total differcncc of potential between
w;1I therefore be

Q
V, - C,'

the end coatings of the aeriC!l

(1 1 1)
" ~ V1 + V, +V, -Q C

1
+C, +C,

and if C is the capadty of the combination we have

Q 1 1 1 1
y--; therefore, ---+-+-C C CI CI C,

Problems

1. A Leyden jar 14 em. in diamcter ,and made of glass 3 mm. thick is coated
on the bottom and sides up to a height of 20 cm. What is its capacity
and what charge is required to bring it to potential 301 Take dielectric
constant of glnss - 6.

1. Two Leyden jars, one of capacity 300 and charged to potential 20, the
other brought to potential 30 by a charge of 7200 units, are connected
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together in parallel, positive coating being connected to positive and
negative to negative. Find the l'e'IUlting potential and the charge in
each jar after being connected.

S. If in Ute preceding problem the positive coating of each jar is connected
to the negative of the other, what will he the relll,llting difference in
potential and charge in each jar?

4.. A jar of capacity WOO is charged to potential SO; find the heat developed
in gram~alorjC8 when it is discharged through a long fine wire.

6. Three iars each of capacity 500 arc charged each to potential 12 and then
joined in series and finally discharged by connecting the end coatings of
the combination. Find the difference of potential between tho end
eoating1:l and the quantity of charge that PlUJlIelI through the dillehargc,
and thence calculate the energy expended in t.he discharge.

8. Let. the three Leyden jars of the previous problem be joined in parallel
and then discharged. Find the difference of potential between coatings,
and the quantity of d.i8charge, and thence determine tbe energy of the
diacharge.

7•. A Leyden jar of capa.city 500 is joined in aeries with another of capa.city
200, and the combination is given a charge 3000. Find the differenee of
potential between the coatings in each jar. Thence find the difference
of potential between the end coatings of the combination. What i.5 the
capacity of a single jar which when given the charge 3000 would have the
same difference of pot.cntial as the combination1

8. A Leyden jar of capacity 600 is joined in aeriCll with one of capacity 400.
Find the capacity of the combination.

9. Two Leyden jars of capacities C1 and C1 arc joined in series and given a
charge Q. Find the capacity of a single jar equivalent to the combina·
tion, by following the method of problem 7.

10. A Leyden jar of capacity 800 is joined in !!enos with another of capacity
200, and the combination charged to potential 20. Find the charge in
each jar and the difference of potential between the coatings of each jar.

CALCULATION OF POTENTIAL AND CAPACITY

578. Potential at a polnt.-Up to this point we have thought
of electrical potential simply as a certain condition which de
termines the flow of electricity; and we have shown that the differ
ence of potential between two conductors may be measured by the
work done in transferring unit charge from one to the other (§554).

But potential is not a property of conductors only. When a
little charge is brought up to any point whatever in space, work
must in general be expended in bringing it to that point, on ac
count of the attractions or repulsions of neighboring charges; and
this work, per unit charge, is used as the measure of the potential
at that point.
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Definition.-The potential at any point u meamred by the work
done agaimt tledrostatic forcu in bringing a unit poaitioe charge
up to that point from an infinite dWana.

This work may be calculated as follows:
Suppose there is 8. charge of q units of electricity at A (Fig.

322), and it is required to find the work done in carrying unit
charge from C to B in the same straight line with A when air is
the medium between the charges.

Conceive the distance BC divided into 11. small parts at the points
01 at, a3, etc., and let r be the distance Crom A to Band Tl, the dis
tance from A to a" etc. Then the force with which q repels unit

charge at B in air is q. (§525), while the force at a\ is~. To
T T,

get the work WI done when unit charge is moved from {II to 8, the

R.A ~

average force must be multiplied by the distance from B to a1
which is Tl - r.

The geometrical mean of ~ and~ is .!L; and this may be taken
T Tj 171

as the average force between 01 and B if these points are close
together. The work done in this element of the distance will

therefore be WI = .!L. (rl - r) .. q_ !I
l'T1 r Tj

and similarly the work done when unit charge is moved from a, to
a, os

'0 also

w,=!L_!L
rl r,

w, - !!. - !!.
r, r~

and finally w _...!L. _!l.
n - T._I R

Adding, we find
q qWI+W,+. etc.,+w. =;- R
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c
FIG. 323.

Now if the pointCisatan infinite

distance from A then 1- 0, and

the work done against the re
pulsion of q, in bringing a unit
charge up to B from an infinite
distance in. air or vacuum, is

simply 9, and this, by definitio~, is
r

the potential at B due to the charge q. Representing this p0-

tential by V we have, V - q.
r

H there are a number of charges .ql qtq., etc., at distances
1'11'11'" respectively, from the point B and in any directions what
ever, the potential at that point becomes, when air is the medium.

V = ql+ q,+ q, +, etc.
1'1 1', 1',

since the potential at a point depends only on its di8tance from
charges and not on their directions. The signs of the terms
depend on whether the charges are positive or negative.

In any other medium than air the potential V may be com·
puted from the formula

V =! (ql + q, + q, +,etc.)
K 1'1 1', 1',

where K is the specific inductive capacity of the medium (1525).

wllcre WI + Wt +. etc., + Wil is the whole work done in moving
the unit charge from C to B. In the final result all intermediate
terms ha.ve disappeared, the result is therefore the same however
great the number of parts into which OB may be divided; it is
therefore clear that no ertor was introduced by taking the
geometrical mean of the foreca at Band 01 as the average be
tween those points.

It may be shown that the work will be the same along any path
whatever between Band CJ even though these pointe may not lie
in the same direetion from A.

Thus the work done in carrying unit positive charge from C to
B (Fig. 323) against the repulsive force of a charge q at A is

qq •
.,.- R'
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679. Zero Potentlal.-According to the definition just given,
those pointa are at Z(lro potential which are at an infinite distance
from all electrified bodies. But the earth's potential bas also
been defined (§550) as zero potential. These two definitions are
inconsistent if the earth has a charge, and there are reasons for
thinking that it has.

But any charge which the earth may have will change the p0

tential of the earth and of all bodies in our laboratory rooms by the
same amount, so that differences of potential wiU be unchanged, and
it is only differences of potential that are measured by our
instruments.

In discussing problems that involve the electrical state of the
heavenly bodies or of regions remote from the earth, of course it
will not do to assume that the earth potential is zero. The zero
must then be taken as defined in the preceding paragraph.

680. Equipotential Swface8.-8uppose there is a charge of
12 units at A (Fig. 324) which is not near any other charged body.
Then the potential due to A may be calculated from the formula

v- q,
where q = 12, At 1 em. from A in any direction 'the potential
will be 12. The sphere of radius one having A as center is there
fore an equipotential surface of potential 12. The sphere w~ose

radius is 2 cms. is the surface of potential 6. the surface of p0

tential one would have a radius of 12 ems., while zero potential
would be at an infinitely great distance. H the charged point A
is inside of a room the surface of the room will be at zero potential,
for there will be an induced negative charge at each point of the
surface sufficient to counteract the action of the charge A.

The figure shows the position of the successive equipotential
surfaces, differing by unity, from 2 to 12. It will be noticed
that they are closer together the nearer they are to A. The same
amount of work must be done to move a unit charge from the sur
face 2 to 3, as from 3 to 4 or 11 to 12; in each ease one erg of work
is done. But the shorter the distance in which a given amount
of work is done the greater the force that must be ezerted,
hence the surfaces are closer together near A where the electric
force is greater.
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No work at all is done when an electric charge is moved along
an equipotential surface, hence at every point the direction of
the resultant force must be at right angles to the equipotential
surfaces.

Lines of force, or lines which at each point have the direction
.of the resultant force, must therefore cut equipotential surfaces
at right angles, and in the above case are a set of radial straight
lines.

•
8

, ,

FIG. 324.-EQ,uipotentiaI eurface duo to .. cnarge 12 at A.

0581. Induction from the Point of View of Equipotential Sur
faces.-In figure 324 notice that the region B surrounded by
the elliptical line reaches from a point where the potential is 3 to
where the potential is 5. If B is a non-conductor this distribution

,

FIG. 325.-Equipotcntill1 surfaces where B is II conductor.

of potential is possible, but if B is a conductor flow must take place
untilit is all at the same potential. The left-hand end will receive
a negative charge which will lower its potential, while the right
hand end will have its potential raised by a positive charge till all
parts come to some potential intermediate between 3 and 5. The.
lines of force and equipotential surfaces in this case are shown in
figure 325. In this diagram the conductor is supposed to come
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to potential 4, all other equipotentialsuriaces are bent outward or
inward away from B. Some linea of force from A terminate on
the negatively charged left end of B, while lines of force go out
from the positively charged end of B to the right. This case is

analogous to the formation of a level
spot or pond on the side of a. mountain.
The ground must be cut away on the side
toward the mountain. and built up on
the outside.

682. Capacity of an Isolated Sphere.
-Suppose an insulated ephere in the
center or a large room. H it has a posi
tive charge Q, its lines of force term

FIo, 326.-bolll.ted ephere. inate on an equal quantity of negative
electricity induced on the walls of the room. To find the poten
tial at the center of the sphere we have the formula,

(1578)

In the present case the only charge which is near enough to pro
duce any appreciable effect at 0 is the charge + Q. Although
this charge is distributed over the sphere, it is all at the same di~

tance r Crorn O. Therefore the potential at the center of the
sphere is

But in case of a charged conductor aU parts of it, inside and
outside, are at the same potential, the sphere is, therefore, aU at
the potential V oC its center.

But by 1572

therefore
C-T

or the capacity in electrostatic units of an isolated sphere sur
rounded by air is numerically equal to its radius.

If the medium surrounding the sphere has specific inductive
"<:apacity K, its capacity becomes (§572)

C =Kr.

•
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FI(I.327.-Spherical
condenller.

683. Capacity of a Condenser Made or Two Concentric
Spheres.-Suppose we have a condenser such as shown in
figure 327, consisting of two concentric metal spheres with air
between them. Let Tl be the outer radius of the inner sphere
and T2 be the inner radius of the outer sphere. If a charge +Q
is given to the inner sphere, an induced
charge -Q will be found on the outei
sphere. If the outer sphere is connected.
to earth it comes to zero potential and
all charge- disappears from its outer
surface.

The potential at 0 the cent.er of the
small sphere is therefore

V~+Q_Q
TI T2

since the charge +Q is at a distance Tl from the center, and the
charge -Q is at a distance T2 from the center.

But the potential everywhere insid~ of a closed conductor is
the same as at its surface. HeI\ce the potential of the inner
sphere is

v~+Q_Q~Q(l_l)
TI T2 Tl T2

and since the outer sphere is at zero potential, V is the difference
of potential between the two.

But by the definition of capacity Q = CV
therefore

If the medium between the spheres has a specific inductive
capacity K, the capacity of the condenser will be

C= KTIT2.

T2 Tl

If the spheres are close together we may write TIT!. = T2 and
T2 - Tl = d where T is the mean radius of the spheres and d is
the thickness of the space between them.

Then
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but 41rrt is the area of surface of a sphere of radius r; therefore

C_ KS
4.d

In this form the formula can be used for any condensers where
the two surfaces are close together, as in a Leyden jar or In a
condenser made of two flat parallel plates.

Problems

1. How much work must be done to ca.rry a unit positive charge from "'
point 1 meter distant from 8. charge +100 to 8 point 2 em. from it?

2. What is the potential at a point half-way between two equal spherical
conductors having charges +100 and -100, respectively?

S. What is the I'otentill.latone corner of a rectangle which measures 40 X 30
em. when there is Il. charge -300 at the diagonally opposite corner and
+120 at each of the adjacent OIles?

4. A spherical conductor 10 em. in diameter has a charge of +200 units and
II. small body having all equal plus charge is situated 1 meter from the
center of the sphere. What is the potential at the center of the sphere?
What is the potential at its surface? Is the charge distributed uni
formly over the sphere?

5. How much work would be done in moving the small charged body of the
preceding question up to 50 em. from the center of the sphere?

ELEQI'RIC DISCHARGE

584. Electric Discharge through Air at Ordinary Pressure.
Three forms of discharge are recognized through air at ordinary

FIG. 328.

pressures, the electric spark or disruptive discharge, brush dis
charge, and glow discharge.

In the ordinary spark discharge there is a flash of light ac
companied by heat and sound and the medium is mechanically
rent. The energy that was in the strained dielectric is dissi
pated in these various ways.

The discharge must not be thought of as "jumping across"
from one body to the other, it cannot be said to leap from posi
tive pole to negative or from negative to positive, but takes place
simultaneously at every point along the path of discharge. Imag-
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ine a piece of rope AB held in position by a set of elastic bands
which are attached to nails on each side of it, as shown in figure
328. If we pull the rope toward B the elastic bands are stretched
and resist; but if enough force is exerted they will break, and
the breaking will begin not necessarily at one end or the_ other,
but wherever the weakest one is found. But when breaking
occurs all parts of the rope move forward at once. This illUB
trates very crudely what probably takes place in disruptive dis
charge; the strained medium begins to break down at the weakest
point, wherever that may be, but the electric discharge takes
place simultaneously at all points along the line of discharge.

The brush discharge is seen when in a darkened room the hand
is brought near the positive conductor of a highly active electrical
machine. If it is not held near enough for the spark discharge
a luminous brush, like a little tree with branches of light ramify
ing from a short stem, extends out toward the hand from some
point on the positively charged conductor. It seems to be caused
by an almost continuous succession of extremely small discharges.

Sometimes in the dark when an electric machine is highly ex
cited, but when the conductors are separated too far (or sparks
to pass, a faint velvety glow of violet light known as the glow
discharge is seen on the knob of the n'egative conductor.

6S5. Oscillatory Dlscharge.-When a spring is bent and let
8y it oscillates back and forth, coming to rest when its energy is

FIG. 329.-oseillatory discharge.

finally spent in heat, sound, and air waves. So when a charged
Leyden jar is discharged through a circuit of small resistance
the energy or'the charge cannot be dissipated in the first rush
and consequently there is a back-and-forth rush of current from
one coating to the other until the energy is finally spent in sound,
heat, light, and electric waves. This is known as the oscillatory
discharge. If there is sufficient resistance in the discharge 'cir
,Juit there is no oscillation, just as a pendulum hung in molasses
will sink to its lowest position without oscillation.
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The oscillatory discharge was examined by Feddersen in 1863
by means of a. rapidly rotating mirror. Seen in this way, each
discharge showed as a group of sparks at regular intervals and
rapidly dying out, as shown in figure 329; see also §758.

386. Mechanical and Heating Effects of Disruptive Dls
charge.-When the discharge takes place through a sheet of
glass it is pulverized at the point of discharge. Pasteboard is
perforated by the discharge, the edges of the hole being raised
in a burr on each side as if by the sudden expansion and bursting
out of the contained air or moisture. When trees are struck by
lightning they are apt to be splintered, large slivers being flung
violently out sidewise, perhaps due to sudden vaporization of
moisture. When a living tree is struck the discharge usually
takes the sap layer and frequently follows the grain. A glass
tube having a fine bore filled with water and with a wire thrust
a short distance in each end may be burst by the discharge of a
Leyden jar.

The electric discharge is accompanied by heat. Ether and
bisulphide of carbon are readily ignited by it. Buildings con
taining inflammable material are occasionally set on fire when
struck by lightning. A mixture of one volume of oxygen with
two volumes of hydrogen explodes with violence if even a minute
electric spark passes in it.

A little gunpowder placed between the ends of two wires
through which a discharge is sent will usually be scattered unless
the discharge is retarded by causing it to pass through a wet
string or other poor conductor, in which case the powder may be
ignited.

Narrow strips of gold foil, 1 or 2 mm. in width, gummed to
a sheet of paper so that they form a conducting strip, may be
deflagrated or volatilized by the discharge of a Leyden battery.
The purple stain which- is left is wider than the gold-foil strips
and is streaked at right angles to its length as though the vol
atilized metal had been driven violently out from the path of
discharge.

687. LlghtnlDg.-The resemblance between lightning flashes
and electric sparks was early noticed. Franklin, in 1752, per
formed the celebrated experiment of obtaining electric charges
by means of e. kite as a thunder storm was approaching. The
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kite was provided with metal points and the linen kite cord was
a fairly good conductor when wet. To the lower end of the kite
cord was fastened a metal key to which a silk cord was attached
which was held in the hand and acted as an insulator Sparks
were obtained from the key and Leyden jars were charged, and
the familiar phenomena of electric charges were observed.

The so-called globe lightning, described by different observers
as a ball of fire slowly moving along and then suddenly exploding
with terrific violence, has never been imitated by any electrical
discharges obtained in the laboratory and is sa different from
the ordinary phenomena of discharge that many physicists con
sider such observations illusory and due to a subjective effect of
the discharge on the eye of the observer.

588. Atmospheric Electrlclty.-The electrical separation in
thunder .storms according to the theory of Simpson, is due to the
disruption of rain drops in the uprnshing current of air; for labora
tory experiments show that when a drop is broken up by falling
on a vertical jet of air the resulting drops are positively charged
while the current of air carries off negative charge. Rain from
the lower part of the cloud will carry down positive charge while
rain from higher regions of condensation will be negatively
charged.

Another circumstance that very possibly plays a part in the
development of thunder storms is that condensation of moisture
in the atmosphere takes place more easily around negative
nuclei or electrons than it does around positive nuclei, and the
faU of such drops to the earth will give it a negative charge.
In fair weather the earth is usually negative, the potential being
higher at points above the earth's surface, increasing at the rate
of from 75 to 150 volts per meter above level ground, while in
thunderstorms the atmospheric potential fluctuates greatly and
may even be negative to the earth.

689. Lightning Bods.-It was shown (§538) that when an
electroscope was surrounded by a conducting surface or even
enclosed in a wire cage it was screened from outside electrical
disturbances, and this suggests how buildings should be protected.

Buildings with metal outer sheathing need no other protection,
though care should be taken that the metal walls are at least as
well connected to damp earth as the gas and water pipes within.
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Wooden structures should have low metal points on the chim
neys and gables and other projecting portions, these points
ahould be connected together by heavy wires or other conductors
which run down the main corners of the building to the ground.
At or near the ground it is well to have them connected together
by a wire passing entirely around the building, and at two
points on opposite sides of the building good ground connections
should be made by connecting to pipes driven down to water or
to a metal plate bedded in coke in damp earth.

Insulation from the building is not needed, metal roofs and
gutters and rain-water pipes should be connected together and
may serve for lightning conductors if given good ground con
nections. Ordinary heavy glllvanized iron telegraph wire will

_serve well for the conductor or, still better, a flat ribbon of sheet
copper.



ELECTRIC CURRENTS

OR

ELECTRODYNAMICS

THE ELECTRIC CURRENT AND VOLTAIC CELL

390. The Electric Current.-When a Leyden jar is discharged
or when a series of sparks from an electrical machine pass through
a conductor, in fact whenever a charge is communicated from
one point to another, there is what is called a flow of electricity,
or an electric current.

The current is said to flow from the positive to the negative
conductor. This is a convention; fOf vitreous electrification was
called positive, and resinous was called negative, long before
there was any idea of the direction of flow. Recent investiga
tions have led to the belief that in an electric current there is a
/low or transfer of elementary negative charges or electrons from thl:J
negative to the positive conductor, thus what is believed to be the
actual direction of flow is exactly opposite to the ordinary
convention.

In all the cases hitherto considered the flow has been so
transitory as to be almost instantaneous. We now come to a
series of discoveries which made possible the production of
currents of electricity lasting for a considerable time.

691. Galvanl's Discovcry.-In 1786, Galvani, professor of
anatomy at Bologna, in experimenting on the muscular contrac~
tions produced by discharges from an electric machine, noticed'
that frogs' legs, hung on metal hooks in such a way that they
rested in contact with a strip of another metal through which
the hooks had been driven, were thrown into convulsive move-
ments such as were produced by electric discharges. Following
up the observation, he found that if strips of two unlike metals,
such as zinc and copper were taken and one put in contact with
the main nerve of the frog's leg while the other was touched to

399
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•

the thigh muscles, spasmodic muscular contractions took place,
provided the other ends of the metal strips were in contact with
each other.

692. Volta's DI8CQvery.-Volta., who was professor of physics
in the University of Pa.via, believed that the source of the elec
trical effects observed by Galvani was to be found in the contact
of the dissimilar metals. But if there was any difference of
potential produced in such a case it was far too small to be
detected by the gold-leaf electroscope as ordinarily used. This

difficulty was most ingeniously over-

~~
corne by Volta's device of the con
densing electroscope.

A gold-leaf electl'06COpe was con
structed having a flat brass plate
instead of 8. knob, as shown in figure
330, on which rested a second brass
plate of the same size having an in
sulating handle of glass by which it
could be raised. Both plates were

1"10. 330.-Volta', dilleOvery. given a thin coating of shellac var-
nish by which they were insulated

from each other and thus formed a condenser of large capacity,
since the separating dielectric was thin.

The lower plate was then touched by & strip of copper soldered
to the end of & zinc strip held in one hand while at the same time
the upper plate was touched with the other hand. .When the
upper plate was raised after breaking these contacts, the gold
leave'3 diverged with negative electricity, showing that the upper
plate of the condenser had been charged positively and the lower
negatively by the operation. The advantage of the condenser
was that although the difference of potential between the plates
was exceedingly small, a considerable charge W8.8 accumulated
which was set free when the plates were separated.

When the two condenser pilltes were of brass and directly
connected by the copper-zinc circuit, as in figure 331, no charge W8.8

obtained since the end metals were alike, being the two bra&'J
condenser plates; but if at any point in the circuit two dissimilar
meta~s were connected by a dilute acid or salt solution, as shown
in figure 332, the condenser plates were charged. In this case
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the solution takes the place of the body of the experimenter in
the originsl experiment.

It is now believed that the differences of potential obtained by
Volta were mainly due Dot, as he supposed, to the contact of

FlO. 331.

_do._ O~.T8'"

Fto. 332.

c.
-.

Zn-Cu In

metals and acid used and not at aU
au the size of the plates.

The Voltaic pile, based on this
discovery, consists of discs of copper,
zinc, and cloth or paper saturated
with acid or salt solution, piled one

FlO. 333.-Char&C by two cell..
upon another, first a disc of copper,
then acidulated cloth, then zinc, then again copper, cloth, and
zinc, and 80 on. A pile having 50 such combinations will
produce 50 times the difference of potential that can be ob
tained from a single element consisting of zinc-acid-copper.

What are known as dry piles are made by taking discs of
gilt paper and so-called silver paper, placing them in pairs, the
gilt face of one against the ailver face of the other, and then

dissimilar metals, but to the contacts between these metals and
the hands of the experimenter or the acid or salt solution.

693. Voltaic Pile.-In seeking to obtain a larger effcct Volta
found that when he took two cells in which strips of zinc and
copper dipped into dilute acid, and joined them in Bef"iu, as
shown in figure 333, he obtained in
the electroscope double the charge
given by one cell. The effect was
found to depend only on the kind of :!. __ ~ + +- •
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making a pile of such pairs, the same kind of paper being upper
most in each pair. In a moist climate the natural dampness of
the paper enables it to play the part of the acidulated cloth
layers in Volta's pile.

694. Voltaic Cell.-A cell having a plate of zinc and a plate
of copper dipping in dilute sulphuric acid is known as a simple
Voltaic cell, and several cells combined constitute a Voltaic or

,Galvanic battery. Since Volta's day many improved kinds of
battery cells have been devised, some of which will be considered
late' (§ §626-635).

The two plates of a Voltaic cell are called the electrode8, and
the terminals of the plates where the external wires are con
nected are called the poles of the cell. The copper terminal is
at a higher potential than the zinc terminal and gives a positive

charge, it is therefore called the positive pole,
while the zinc terminal is the negative pole.

On the other hand, the copper plate is often
Cu+ spoken of as the negaiive eledrode or electrO

negative element in the cell and the zinc as

the positive eledrode or electropositive element,
------_1 because positive charge is transmitted through

- I the acid of the cell from the zinc to the copper
Fill. 331.-~ledric plate as though repelled by the zinc and at-

CIrCUIt. tracted by the copper.
Electric Current in a Cell.-Since the two poles of a Voltaic

cell are at different potentials, an electric current is established
when they are connected by a metallic wire just as when the
two coats of a charged Leyden jar are connected. This current,
however, flows steadily instead of lasting only for an instant.
The metallic wire together with the plates and liquid between
them form a conducting drcuit in which the positive direction
of the current or that in which positive electricity flows is from
copper to zinc through the outside wire and from zinc back to
·copper inside the liquid of the cell.

There are three principal evidences of the existence of the
current:

1. Heat is developed in all parts of the circuit.
2. Every part of the circuit affects a magnetic needle brought 

near it.
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3. Chemical action takes place at the surfaces of contact
between the metal electrodes and the liquid. If the copper
and zinc plates are in dilute sulphuric acid, bubbles of hydrogen
gas appear at the surface of the copper plate, while the zinc plate
is eaten away by the acid, and zinc sulphate is formed.

All these phenomena cease at once when 1M current is inter
rupted, either by breaking the metallic connection between the
plates or by separating the acid around one plate from that
around the other by a non-eonducting partition.

1595. Contact Potentials In a Voltaic Cell.-When zinc is
immersed in the acid there is what may be called a solution
pressure, or tendency for the zinc to be dissolved and form zinc
sulphate in solution, each atom of zinc carrying into the solution
a positive charge.

As the positively charged atoms of zinc pass into solution,
the plate, losing positive charge with each one, becomes negative,
while the solution becomes positive, in consequence of which
there is an electrostatic force tending to prevent the positively
charged zinc atoms from going into solution. Therefore when So

certain difference of potential between the zinc and acid solution
is reached there will be equilibrium between the electrostatic
force and the solution tendency, and the zinc will cease to be
dissolved.

There is thus definite difference of potential due to the
contact of zinc and acid when there is equilibrium between them,
and another due to the contact of copper and acid which is less
than the former since the solution pressure of copper in the acid
is less than that of zinc.

596. Electromotive Force.-The diagram, figure 335, reprc-
scnts the relative potentials of the elements in a Voltaic cell.
The acid has the highest potential and is {Xlsitive both to zinc
and copper. The difference between acid and copper is, however,
less than between it and zinc, and the copper is therefore at a
higher potential than the zinc as shown.

If the copper pole of the cell is connected to the earth, it
comes to the earth potential or zero, and the zinc pole as tested
by a quadrant electrometer is found to have a negative potential.
On the other hand if the zinc pole is connected to the earth it
will be at zero potential while the copper pole will be found to
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FIG. 335.

be positive; but the difference of potential between them.will be
the same in each case.

Every cell can produce a certain maximum difference in
potential between its two electrodes, and when this is reached
there is equilibrium and the chpmical action stops.

The maximum difference of potential which a cell can produce
is called its electromotive f(tree;. it is measured by the difference
of potential between the electrodes when there is no current and
the chemical action has ceased.

The electromotive force of a cell depends only on the chemical
relatilm8 of the constituents of the cell

__--,-!!:l.Jql<ld _.If<,}
---:- I --- and is therefore the same whether the

+-~_"_-__II1l., plates are large or small.

i A small cell formed by dipping
: II"" _nil.! the tips of a zinc and of a copper

wire into a single drop of acid will
cause as great a deflection of a quadrant electrometer as a cell
of the same kind with plates a foot square.

A convenient abbreviation for electromotive forc~ is E.M.F.,
or in equations the symbol E is commonly used.

697. Hydraulic Analogy to Voltaic Cell.-The following anal
ogy given by Lodge is instructive. Two tall open vessels con-

W

FIG. 336.

___ B

w

FIG. 337.

taining water are connected by a pipe in which is a pump P
driven by a weight W (Fig. 336). The water will flow from one
vessel to the other until the back pressure on the pump due to the
higher level of B just balances the force of the weight. The
difference in level will be the same whether the vessels are large
or small. The difference of level represents the difference of
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potential between the zinc and copper which is independent of
the size of the cell, the pump with its driving weight is the
eleetromotive force of the cell, which through ·chemical action can
produce & certain definite difference of potential and no more.

Figure 337 represents the state of things when the .zinc and
copper plates are connected by a wire, represented by the tube
shown. The difference of pressure causes a flow through the
tube from B to A, at the same time the level sinks in B aod rises
in A 80 that the difference in pressure on the two sides diminishes
and is no longer able to balance the pressure of the pump, which
therefore begins to act, forcing water from A to B; at the same
time the weight W descends, supplying energy for the circulation,
which will be maintained so long as the weight can move down
ward.

Here it is seen that the electromotive force, represented by
the power of the pump to produce pressure, is the same as before,
but the difference of potential between the plates, shown by the
difference between the levels of A and B is less than before.
The work d~ne by the pump in circulating the water- is obtained
from the weight, whicb loses potential energy 88 it descends.
So in the Voltaic cell, the energy upended by the electric current
is supplied by the chemical changes which take place at the
electrodes.

698. MagneUc Effect of Current.-In 1819 Oersted discovered
that when a wire connecting the poles of a Voltaic ceIl W88 held
over a balanced magnetic needle and parallel to it, the needle
was de6ected, the north pole of the needle moving toward the
west when the eurrent was from south to north, as in the diagram,
while if the current was reversed the north pole of the needle
moved toward the east. The effect was reversed when the wire
was placed under the needle.

This discovery aroused the greatest interest, as it toa8 tM
first evidence of a cont~dion between magneUsm and electricity.

699. Electric Circuit.-It was also found that the action was
the same whatever part of the wire connecting the plates was
brought near the needle, the deflection produced by the current
in the middle of the wire being just as great ns that near its ends.

By this experiment also the direction of the current in the
electrolyte may be 8hown to be opposiU to that in the wire,' for if
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two vessels are used connected by a short tube containing the
acid, and if a zinc plate is placed in one vessel and copper in the
other, as shown in figure 339, a magnetic needle will be deflected
toward the west when placed under the wire connecting the
plates, but toward the east when under the tube. The experi
ment shows that the current in the electrolyte is just as strong
as that in the wire, but in the opposite direction.

From experiments such as the above it is inferred that steady
electric currents always flow in closed circuits and are equally
strong at every point, and if the circuit is interrupted at any
point, whether in the electrolyte or the wire, the magnetic action
and all other current effects cease everywhere at almost the same
instant. It is very much as when an incompressible liquid cir
culates in a closed tube, just as much liquid must pass anyone
section of the tube as any other during the same time.

•

,.,
FIG. 338.-Currentnnd mae;lletic noodle. FiG. 339.-Currelltin electrolyte.

"""-....11••
'w .

600. Galvanometers.-When a wire is bent into a vertical
circle having its plane parallel to the direction of a magnetic
needle balanced at its center, if a current is established in the
wire all parts of it act together to deflect the needle, turning the
north pole to one side or the other, depending on the direc
tion of the current. An instrument which measures electric
currents by the deflection of a magnetic needle is known as a
galvanometer.

601. Galvanometers Measure Current.-Faraday showed that
a galvanometer measures the quantity of charge transmitted
per second, or what is called the 'current strength. For he found
that when a Leyden jar was discharged through a sensitive
galvanometer there was an instantaneous swing of the needle to
one side, the amount of which depended only on the quantity of
the charge; that is, the swing produced by forty turns of his



FIG. 340.-Galva
IlOmeter.
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electrical machine was the same whether the charge was held in
So small jar at high potential or in a large Leyden battery at low
potential, and whether the wet string through which the discharge
was sent was long or short.

It was also established by Faraday that when a constant
current flowed through So galvanometer producing a steady
defledion of the needle, the magnetic force on the needle due to
the current was proportional to the quantity
of charge transmitted per second.

602. UnJl Current.-Instead of measuring
electric currents by the quantity of charge
in electrostatic units transmitted per second,
it is found better to adopt a new system of
units based on the magnetic effect of a cur
rent and using magnetic units' as already
defined. This system is known as the C. G. S.
or absolute electromagnetic aystem, since it
also is based on the centimeter. gram and second.

In this system a unit current is one which, jtuwifU) in a circular
coil of one centimeter radiw, wiU ad on a unit magnetic pole at its
center with afaru of one dynefar every cenJ.imder of wire in th.e cqil.

The Ampere or Practical Unit of Current.-The unit of current
in the practical system is ealled the Ampere in honor of the
French physicist who first investigated the laws of the magnetic
effects of currents. It is defined as one-tenth of the absolute
or C. G. S. unit current, "being chosen smaller than the absolute
unit for reasons of convenience.

The quantity of charge transmitted by one am~re in ODe
second is called a coulomb. One coulomb is equal to 3,000,000,000
electrostatic unit charges as defined in '525. .

603. Unit of ElectromoUve Force.-In our studies of electro
statics it was shown (iSM) that the difference between the p0

tentials of two conductors might be measured by the work re
quired to transfer unit charge from one 'conductor to the other.
Just so in the aWolme electromagnetic system of 'Unils two points
in a conductor are said to have unit difference of potential when
one erg of work is required to transfer the C. G. S. unit quantity
of electricity from one point to the other.

Unit quantity of electricity in the C. G. S. system is of course
the charge transmitted per second by unit current in that system.
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The unit of potential in the absolute system is found to be so
small compared with the electromotive forces of ordinary battery
cells, that it was decided to adopt for ordinary use a unit one·
hundred million times as great, called the volt in honor of Volta.

The Volt is the unit of electromotive force in the practical
system and is 108 times as great as the C. G. S. electromagnetic
unit of potential. It is much smaller that the electrostatic unit
of potential defined in §554, the latter being almost exactly
equal to 300 volts.

The electromotive force of the Voltaic cell is nearly 1 volt.
604. Reslstance.-Let a circuit be made up of two battery cells

A and B joined in series with some other conductors and a.
galvanometer, the two cells being so connected that their electro
motive forces act in the same direction. After observing the
current strength as shown by the galvanometer, let the circuit
be rearranged, taking the same components in any other order
whatever. If the two electromotive forces still act together the

current will be found the same as before,
showing that the current strength is not
affected by the particular order of the parts
in an electric circuit. But if one cell is
turned around so that its electromotive
force opposes that of the other cell, then
the effective electromotive force in the
circuit will be the difference between the

FIG. 341. electromotive forces of the two cells in-
stead of their sum as in the former case,

and the current in this case will be smaller than before, just
in proportion as the electromotive force is smaller.

That is, the current strength is proportional to the effective
electromotive force; or, in other words, the ratio of the electro
motive force to the current strength in a given circuit is a con
stant, which depends only on the make-up and physical condition
(temperature, stress, etc.) of the circuit. This CQ'TUItant is called
the resistance of the circuit and is 1Wt affected by the order in which
the various conductors, cells, etc., are oonMcted, nor by the direction
in which the current jWws thrQU{Jh them.

This relation, established by the German physicist G. S. Ohm,
is known by his name and may be stated as follows:
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Ohm's Law: The ratio of electromotive force to current in a
given circuit is a constant which may be called the resistance of
the circuit.

Or, in symbols,
EI = R = aeons/ant

where E represents the electromotive force, I the current, and II
the resistance of the circuit.

It is also established by experiment that each battery cell and
piece of wire or other conductor has a definite resistanw which
belongs to it individually and depends only on its temperature alJd
state of stress (provided that the same two points on the conductor\
are always used in making connection with the rest of the circuit);
and when the several parts of a circuit are joined together ODC

after another, in series as it is called, the resistance of the whole is
the sum of the resistances of the several parts.

605. Unit of Reslstance.-In honor of the discoverer of this
law the unit of resistance in the practical system is called the ohm;
it is the resistance oj a circuit in which an electromotive force of
one volt will produce a current of om ampere.

Ohm's law may then be expressed in units of the practical
system, thus:

C nt' '_ Electromotive force in volts.
urre m amperes - Resistance in ohm8

The electrical resistance of a conductor is analogoue to the frictionalrceiet
ance which a pipe offers to the flow of liquid through it. In both cases
work done against the resistance appeaI'8 8.B heat, and in neither case doee
the resistance have any tendency to produce a back current.

606. Exception to Ohm's Law.-In gaseous conductors the
ratio of the electromotive force to the current is not constant as
in other conductors, but depends on the strength of the current.

CHEMICAL EFFECTS OF CURRENT

607. Decomposition or Water.-When a current of electricity
is passed through dilute sulphuric acid (1 part acid to 10 of water),
using platinum electrodes immersed in the ,acid, gas is given off at
each electrode. The gases may be separately collected in tubes
filled with the dilute acid and inverted over the electrodes as shown
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Ho

Fla;. 342.-Eleetrolysis
or water.

608. Discovery of Potassium and
Sodlum.-8ir Humphrey Davy, ill 1807 by
the U80 of a powerful battery of 250 ceJls,
decompo&ed caustic potash, obtaining metallio
pot8.ll8LUm at the negative electrode. A frag
ment of caustic pota8h slightly moist,cned W8ll

laid on a platinum plate which was connected to tlle pcNlitive pole of
the battery; on touching the pota8h with a platinum wire connected with
the negative pole, minute globules appeared at the negative electrode which
rapidly oxidised in air or took fire; these he recogniaed lUI a new metal
which he named potassium. In a similar mjUlDer metallic aodium was ob
tained from caustic soda.

in figure 342. The gas liberated at the positive electrode is
found to be oxygen while that at the negative electrode is hyd~
gen, and the volume of hydrogen is just twice the volume of the
oxygen. These volumes are exactly in the ratio in which the

gases combine to form water, and on
this account it was at first supposed
that the current directly decomposed
water.

The decomposition of water in this
way by the electric current was first
accomplished in 1800 by Carlisle and
Nicholson.•

609. Faraday's Researcbes.-About the year 1833 Faraday
began the systematic investigation of the chemical effects of the
electric current.

Substances which are decomposed by the passage of the electric
current he calJed eledrolyle8; the electrode connected with the
positive pole of the battery or that through which (according to
ordinary convention) current enters the electrolyte was named the
anode (Greek, inward path), while the electrode through which the
current leaves the electrolyte was named the katho<U (Greek, 0ut
ward paJ.h). The two constituents into which a molecule of the
electrolyte is broken up were called ions (Greek, wanderers),
that which is set free at the kathode being the kation, while that
which appears at the anode was named the anion.

610. Faraday's Laws.-The following are some of the most
important results of Faraday's investigations:

L By introducing a number of electrolytic cella in different
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parts of a circuit it was shown that the amount of substance
decomposed is the same in each cen' through which the whole
current passes, and in case of a divided circuit the sum of the
amounts decomposed in the branches is equal to the amount in the
undivided parts of the circuit.

2. The quantity of a given substance electrolyzed in a cell is
proportional to the amount of charge or quantity of electricity
which passes.

3. If several electrolytic cells containing different substances
are connected in series in the same circuit, the quantities of the
ions set free at the electrodes are proportional to their chemical
combining equivalents.

611. ElectrochemlcalEqulva1e~ts.-Theelectrochemicl!l1equiv
alent of a substance is the qUfltity that is set free per second
by a current of one ampere ali by the passage of one coulomb
of electricity. The following table gives the electrochemical
equivalents of some well-known substances. It will be noticed
that they are proportional to the combining equivalents.

Eledrochemical Equioolent3
•

Atomic Combining Eleetrochemic..1
Suboot ..nce Vllience eQuivr.l~nt.weight equivalent Om•. per cuulumb

Katwna
Hydrogen.......... 1 1 1 OO10357סס.0

Copper ............ 63.18 2 31.59 0.00032840
Silver.............. 107.7 1 107.7 0.00111800

Anwna
Oxygen............ 16 2 8 OO8283סס.0

Chlorine........... 35.37 1 35.37 0.0003671

96,550 coulombs are transmitted when the number of gra.ms liberated
equals the combining equivalent of the substance.

612. Primary and Secondary Actions.-It is important to
distinguish between the direct or'primary effect of the current in
electrolysis and the secondary chemical reactions that take place
,when the ions are set free. In illustration of this difference take
the electrolytic apparatus containing dilute sulphuric acid, as
described in paragraph 607, and connect it in series with a pre
nisely similar apparatus containing a solution of sodium sulphate
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o•o•

H.SO, /(Qo$O.
Flo. 343.-E1ectn>lytie eell. in IM!ri"",.

in water, colored by an infusion of purple cabbage. On sending
a. current through, both hydrogen and oxygen gases are set free in
one cell exactly as in the other, and at the same time the coloring
matter in the sodium sulphate solution turns red around the
positive electrode, or anode, and green around the negative
electrode, or katho<k, showing that the originally neutral salt has
become acid at the anode and alkaline at the kathode. Analysis

shows that sodium hydroxide
(NaOH) has appeared at the
onc electrode and sulphuric
acid (H!SO~) at the other.

It might seem at first that
more decomposition w a 8

effected by the current in one
• cell than in the other, in

violation of Faraday's Jaw,
for equal amounta of gas are

set free in both cells, and in addition the sodium sulphate in
the second cell is decomposed, while the sulphuric acid in the
first cell remains unchanged.

But it is believed that the primary effect of the current is to
separate precisely equivalent quantities of H~S04 and N,S04 in
accordance with Faraday's law, the other changes being secondary
chemical actions.

Thus in the sulphuric acid cell the primary action of the current
is to separate the H, and S04 ions; oxygen (0) is set free at the
anode as the result of a secondary reaction in which the S04 ion
displaces the oxygen from fL water molecule (H20) ana forms
sulphuric acid (H,sOt), which remains in solution.

In sodium sulphate the primary action of the current is to
separate the Na, and SOt ions. Then secondary reactions take
place at both electrodes, the SOt ions effect the liberation of
oxygen at the anode exactly as in the other cell, while the posi
tively charged sodium (Na,) ions pass to the kathode, where each
combines with two molecules of water 2(H,O), forming sodium
hydroxide 2(NaOH), which remains in solution, and setting free
hydrogen (H,), which gives up its positive charge and escapes at
the kathode.
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69. X 10-1 em./ace.
64. " "

182. " "

These secondary reactions may be expressed symbolically thus:

804 + H~O = HsS04 +0
Na, +2(H,0) ~ 2 (NaOH) + H,

613. Theory of Electrolysls.-Tbe earlier explanations of
electrolysis supposed the decomposition of the electrolyte to be
effected by the electric current, but it is now believed that a
large per cent. of the electrolyte is ionized, or broken into positively
and negatively charged ions, as a result of going into solution, and
that the electric force in the electrolyte is simply directive, causing
the positively charged ions to move with the current and the
negatively charged ions to move in the opposite direction through
the solution until thcyreach the electrodes where their chargesare
given up and the molecules are set free in the neutral state. The
eurrent is supposed to be made up or the charges which are thus
carried convectively by the moving ions.

Bittorf showed that different kinds of ions moved through
the electrolyte with widely different velocities, and measured the
relative velocities of anions and kations in aqueous solutions of
many different salts and acids. While Kohlrausch, by measure
ment of the electric charges transmitted per second through these
solutions, and assuming that the electric current is transmitted
through the electrolyte wholly by the charges carried by the
moving ions, has determined the actual velocities with which
different kinds of ions move in aqueous solutions, and finds them
proportional to the electric force, that is, to the fall of potential
per centimeter in the solution.

Some values found by Kohlrausch are given in the following
table.

Ionic Yd«,"tit'f fur a pomuial gradUnl 0/ Dnll roll per centtllWU:r"
KaliOrt3 AniOIll

Na 45. X 10-1 em./ltOO. Cl
H 320. ,... NOI
Ag 57. "" OH

614. Ionie Cbarges.-Faraday's laws show that every unival
ent ion carries a. certain charge ±e which is either positive o.
negative, depending on whether the ion is an anion or a kation;
while bivalent and trivalent ions carry charges +2e and ±3e,
respectively.
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It was suggested by Helmholtz that the charge e may be the
awm of electricity from which all other charges are made up and
of which they are therefore multiples. This is borne out by the
experiments of Millikan as we have already seen (§543).

In the electrolysis of 1 gram of hydrogen 96550 coulombs of
electricity are. transmitted; and assuming that each atom of
hydrogen carries the charge eas found by Millikan, we find that in
1 gram of hydrogen there are 5.91 X 1023 atoms.

615. Polarlzatlon.-At the electrodes where the ions are set
free or enter into new combinations there are generally electro
motive forces, because at those points electric energy has to be
spent to effect chemical changes. The resultant of these electro
motive forces is called the polarization of the cell.

In case of the electrolysis of copper sulphate between copper
electrodes the chemical change which takes place at the kathode
is opposite to that at the'anode: Cu and 804, are separated at the
one and united at the other. Therefore, in such a cell there is on
the whole no electromotive force of polarization.
But if dilute sulphuric acid is electrolyzed between platinum
electrodes there is an electromotive force developed against
the current, or a back electromotive force of about 1.7 volts, and
unless the battery employed has an electromotive force greater
than this the current cannot be maintained.

While the electrodes are thus polarized the cell is in reality
a battery cell, and if it is disconnected from the main circuit and
its electrodes joined by a conducting wire, a current is obtained
opposite to that which caused the polarization. This current
flows until the gaseous layers on the electrodes disappear. The
cell is thus really a storage battery cell of very small capacity.

All storage battery cells or accumulators depend on the elec
tromotive force of polarization.

When dilute sulphuric acid is electrolyzed with a zinc anode
and copper kathode, as in the simple Voltaic cell, more chemical
energy is given out at the anode where zinc sulphate is formed
than is absorbed at the kathode where hydrogen is liberated from
the solution, and consequently, on the whole, energy is given out
by the chemical changes instead of being required to bring them
about, hence the electromotive force of polarization is with the
current instead of against it, and the combination is called a
battery cell.
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Flo. 344.-Volt.
ameter or Cou
lomb-meter.

616. :l\feasurement of Current.-eum:mts of electricity are COD

venienUy ffie8llUrOO by their electrolytic eff~ In the instrument lIh01VD in
figure 344, known as a voltamda, dilute lulphuric acid is
eleetrolysed between plaLinum electrodes, and the es
caping gases arecaught.mingled together in the graduated
tube above the electrodell. From the temperature,
volume, and pressure of the collected gAS its weight
can be detennined, and if the time during which the
current wo.s flowing is known the current can be calcu
lated, sinee 1 ampere will lIet free in 1 minute 0.00559
gms. or about 12.2 C.c. of the mixed gases.

617. Copper Voltameter.-A more accurate in
Itrument for the mea.surement of current is the copper
voltameter, in which copper sulphate is electrolysed
between copper electrodes. From the pill in weight.
of the kathode while the curren\. is flowing the amount
of copper deposited per second is determined, and 110

the current is found from the electrochemical equivalent
of copper. The form shown in figure 34S is con
venient.. The alternate plates ale connected into one
set and form the anode, while the intermediate plates
fonn the kathode, so that each kathode plate is between
two anode plates. The number of plates used depends
on the strength of the eurrent to be meMUred. To
secure the best result.s something like 40 sq. ems. surface
per am~re is required in the kathode.

618. Silver Voltameter.-For standard determinations it is found
that the most reliable reeult.s are obtained from a form of Billla" voUamelm"

in which the liquid is a standard 1lOlution
of nitmte of silver contained in a platinum
cup which also serves as tbe katbode. while
the anode is a rod of pure silver whicb dips
into the liquid. The anode mUllt be sur
rounded by a covering of lilter paper to
prevent any p&rticles of silver that. may
become lOOfJened from the anode from falling
into tbe platinum cup.

610. Ele<:troplat1ng.-By means of
t.he electric current metallic objects may
be plated with gold or silver or other

_ 3" C II" metaJs. Figure 346 sbows a form of elee-
",.0. ...- opper vo arno r.

troplating bath. The objects to be plated
are hung on metal rods which are all connected with the negative pole of
the battery or dynamo which lJUpplies the current. If silver is to be de
poaited, plates of silver connected with the positive pole are hung in the
bat.h between the objects which are heing plated, 80 that while silver is
being depollited the anode plates 1060 an equal amount and the strength of
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the IlOlulion is ma.int&ined constant.. The thickness of the deJ)Ollit will
generally be greater 00 projecting partll of the object. plated and on part.a
that. are nearer to tbe anode plate.

620. Capillary Electrometer.-Let. a drop of mercury lUlt in a level
tube turned up at the ende and full of dilute sulphuric acid (Fig. 347). If
flo current of electricity ie pll8llcd through the acid the mercury will move

Flo. 346.-Electropll!ltllli bath.

along in the direction of the current; i.e., from .the positive toward the
negat.ive terminal. The surface teWlion where the current. patII!IeS from aeid
to mercury is incfe ..ed and that where it passes from mercury to acid is
deem 'Jed, hence the motion t.ak~ place (259).

Flo. 347.-Drop or mereulY in acid.

Lippmann hall devised an electrometer based on this principle, known as
the co.pilU:vr elutro-'·'''T. which is WJdul in ffie&!lUring electromotive foreeJ
of leslI than a volt.

Problems

1. 1£ in a copper voltameter the ksthode plates gain 1.50 grm. of copper in
ten minutes, find the average current strength in amp~ree.

It How many grams of hydrogen and of oxygen are sct free when 1 grm.
of water is decomposed by electrolysis; and how many cubic centimeterll
of each of these ga.ses will there be at O°C. and 76 cm. pressure?

3. How many coulombe of electricity wilt be required to effect the deeom·
poeition in the previous problem, and how long a time muat a current of
0.5 ampUes ftow to accomplish it?
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BA1"I'ERY CELLS

621. Battery Cells.-A battery cell is a combination in which
electromotive force is produced by chemical action. The simple
cell of Volta is the earliest type, but it baa important practical
defects. .

An ideal cell will have:
1. Small re::;istance.
2. Large electromotive force.
3. A constant electromotive force whatever the current.
4. No local action or wasteful chemical action.

622. Resistance or Battery Gells.-When the elcctrode plates
are large and close together the resistance of the cell is small.
While if the plates are very small the resistance of the cell may
be 80 great that even when the poles are 8hort-rircuiled or con
nected by a short copper wire offering very little resistance, the
current will be extremely small.

Cells from which large currents are to be obtained must,
therefore, have large plates separated by a comparatively thin
layer of electrolyte.

623. wcal AcUon.-If commercial zinc is \lsed in a Voltaic cell
hydrogen gas will be given off at the surface of the plate as soon &.II it is
placod in the acid and before it is connected with the copper
plate. '.l'hll! is accompanied by a corrosponding wearing away
of the zinc and formation of zinc SIllpbate, which goes into
eolution. This wasting of the zinc is called local adion and is
due to impurities. Suppoee that a particle of iron or carbon
imbedded in the surface of the sine is in contact both with the
sine and acid; it forma a minute Voltaic cell, in which the cur
rent 80WlJ from the iron or carbon to the zinc and through the
acid from sine to iron again, as indicated in the figure, and
zinc is eaten away near the impurity and hydrogen set free at .. !t~. 34~.
. ~ .......... aeuou.
ttl! 8Unaoo.

To prevent local action the lIinC 8Urfaee is fresbly amalgamated with mer~

cury, which diMolves the zinc, oovers up the impurities, and presentll a
homogenoous surface to the acid.

624. Polarlzatlon.-When the poles of a simple Voltaic cell
are connected by a wire, the current does not remain constant
but rapidly decreases in strength.

This weakening of the current is due to polarization. The
hydrogen set free at the copper electrode forms a sort of gaseous
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layer over the plate which interferes with the action of the cell
in two ways. In the first pl&CC, the resistance of the cell is
increased, for the 80w of electricity is interfered with by the
bubbles of gas. In the second place, the electromotive force of
the cell is diminished, for the hydrogen 1aycr is much more like
zinc in its relation to the acid than is the COpper which it covers.

This difficulty is most effectively met by the use of two
electrolytes.

625. PrImary and Secondary Battery CeUs.-eells such as
the Voltaic cell in which the current is obtained from the chem
icals of which the cell was originally constructed are known
as primary celh, while cells in which the chemical state neces
sary for the production of a current is produced by sending
through the cell a current from some outside source for a cer
tain length of time, are known as secondary balleries, storage
cella, or accumulator8.

A few of the cells most commonly used in practice will now be
considered.

Primary Balkry Cdls

626. The Daniell Cell.-One of the first and most useful two
6uid cells was devised by Daniell in 1836. It consists of a copper

electrode immersed in a. solution of copper
sulphate and an electrode of amalgamated
zinc immersed in dilute sulphuric acid, the
two being separated by a partition of porous
earthenware. In figure 349 the copper elec
trode with its solution is represented as con~

tained in a cup of porous earthenware sur
rounded by the zinc and dilute acid.

When the circuit is closed, the positively
charged zinc atoms pass into solution form
;ng zinc sulphate wit.h the negative SOt ions,FIG. 3(1l.-Daniell's

cell. while the positively charged hydrogen ions
(H~) in the acid move toward the copper

plate, passing through the porous cup hy diffusion and forming
sulphuric acid (HtSO.) with the negative SO. ions from the
copper sulphate, and displacing the positive copper ions (Cu)
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which give up their charges and are deposited on the copper
plate.

In the dilute acid
In the copper sulphate

Zn + H2S04 = ZnSO. + H2•

H2 + CuSOt = H2SO. +Cu.

Thus zinc is dissolved and zinc sulphate formed, copper sul
phate is used up and copper deposited on the copper electrode,
There is no hydrogen layer formed on the copper and conse
quently no polarization. The electromotive force of this cell is
about 1.08 volts.

621. Gravity Cell.-A form of Daniell cell which has been extensively
used in telegra.phy and is still much used where a f11UlU con81ant currlmlof
electricity is required is the gravity cell, 50

called because the liquids arc kept separate
by gravity alone, the denser copper sul
phate solution resting at the bottom of the
cell, while the lighter acid or ~inc !SUlphate
Dution floats above it.

H the gravity cell !ta.nds without being
used tbe copper BUlphat.e ditruaee gradually
up into the acid above and copper .is de
posited on the line; causing extensive local
action. A 6ID.a11 current, lIufficient to bal
ance the diffusion, should always be kept
flowing while the cell .is set up.

628. The Bichromate Cello-In this FlO. 360.-Gravity or crow-
coli the positive pole is a plate of gas car- foot cell.
bon in a solution of bichromate of potas-
sium. The negative pole is of line in dilute sulphuric acid and the two
solutions are separated by a. cup of porous earthenware which holds one
of them. The electromotive force of the cell is about 2.0 volta.

In the ordinary plunge battery the carbon and line platea both dip into
the 88.IIle bichromate solution to which a liUle sulphuric acid has been
added. The line plate is lifted out of the solution when not in U8e.

629. Leclanebe Cell.-This v.ery W1eful form of cell has a line and a
carbon electrode. The carbon is packed in a paroW! cup with a mixture of
fragments of carbon and black oxide of manganese; the zinc electrode is in a
strong solution of ammonium chloride (sal ammoniac) which surrounds,the
porous cup.

The hydrogen which would polarize the carbon electrode combines with
oxygen from the manganC6C dioxide a.nd forms water. But as the depolariz
ing agent is in the aolid form iu action is slow, and the cell polarilell tempo
rarily. It is extenllively used, however, for o~ircuit work, such as for
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bells, annunciators, and docb, where a steady current. is not required. It is
entirely free from injurioUl!l or disagreeable fumes, there is but. little local
action, and no trouble from diffUllion, 80 that the cells may stand IIet. up for a

year or two without attention, and ready for use
at any instant. 11.8 electromotive foroe is about
lAO volta.

The chemical cbangetl in thi.! cell are:

2NH.+MnOt-2NHa+H,o+MnO
2C\+ Zn - ZnOJ,

630. Dry Cells.-Tho so-called dry cella
are ordinarily a form of Leclanch~ cell. The
outer cylindrical cup fol'Ql.8 the line electrode
which is lined with thick ab60rbent paper and
packed with the pulverized manganese dioxide and
carbon mixture surrounding the central carbon rod.
The whole is saturated with ammonium chloride
1I01ution and eealed with pit.eb. to keep it from
drying out.

631. EdLson-LaJande Cell.-In this form of ccll, devised by Lalande
and improved by Ediaon, the po6itive plate is a tablet of oompresnJ black
oxide of copper, while the negative plate is of zinc. These an) immersed in a
strong llOlution of caustic potash, which is covered with a thick layer of heavy
oil to prevent evapomtion and the creeping up of the llOlutioD on the sides
and pla.tes. The plato of copper oxide acts both ll.ll electrode and depolar
iz.er, the hydrogen which is set free at that pole reducing the copper oxide to
metallic copper.

When the cell is exhausted both plates 88 well 88 the liquid must he
renewed.

This cell does not polarize and may be used where a steady current is
required and where a Daniell or gravity cell would have too much resistance.
It hM the further advantage that it is quite froo from local action and may be
left standing without deterioration when no current flows. Its electromotive
force is low, being about 0.75 volt.

ttl chemical changes may "be expre:lli8ed aa followu:

2K +CUO + Ht<> _ Cu +2KOH
20H + Zn + 2KOH _ KtZnO, + 2H,Q.

Secondary Cells

632. Grove's Gas BaUery.-The English physicist Grove
showed that when in the decomposition of water long electrodes
were used, extending to the tops of the tubes in which the gases
were collected, as in figure 352, on changing the switches 88' to
the dotted positions, thus disconnecting the battery B and simply
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joining the two electrodes together through 8. galvanometer G,
a current was obtained which was in the opposite directioD to the
decomposing current. At the same time a gradual recombina
tion of the hydrogen and o~ygen took p.lace until these gases
bad entirely disappeared.

FIG. 352.

Long electrodes were necessary since each electrode must pass
through the surface where the gas and electrolyte meet.

633. Plantfi CeU.-If a. current of electricity is sent through
a. cell consisting of two plates of sheet lead in dilute sulphuric
acid it becomes polarized, one plate becoming oxidized while
hydrogen is set free at the surface of the other, reducing any
oxide that may be there.

In the year 1860 FlauM, a. French physicist, round that sooondary cells of
large capacity could be made in this wlIoy. Hill method Wl\.8 to send a current
through the cell in one direction until one plate Wl\.8 well oxidited, after
which the cell was discharged and then charged by a current in the oppoeite
direction, thus oxidil.ing the other plate and reducing the oxide on the first
to metallic lead in a spongy form. The cell was then again diJlcharged and
charged with a current in the lJ&me direction u at tim, and so hy alternately
charging and di&eharging, timt making one plate poeitive and then the other,
a deep layer of active material was formed on each plate. The piat.es were
then llllid to be lormt:d.

634. Storage Cells-Accumulators or Secondary Batterles.
Secondary battery eells, or storage cells as they are frequently called, have
become extensively u.sed in electric motor vehicles, in electric power plants,
and in telegraphy. The plates are usually heavy lead grids full of holes or
grooves containing the active material, which is either packed in them me
chanically or fonned in them hy some such pr0ceB8 as that used by PlantA
The positive plates contain a high oxide of lead, PbOl, while the active parts
of the negative plate &Ie of spongy lead. A cell is fonned of a Dumber of such

•
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Fl(]. 3a3.-Storage cella.

platoes, al~rnately negative and posit.ive, as MOwn in the figure, set in a
suitable vessel containing dilute sulphuric acid. The negat.ive plates are
oonnect.ed toget.her and form one eet and the positive plates form Mother,
there being one more negative than positive plate, 80 that each positive plate
is between two negative OD~ This is to prevent buckling or bending of the

positive plate, for the formation
of oxide in charging ia accom
panied by an increaae in volume
or swelling of the plate, which
would warp it badly if it took
place only on onc side.

The nearness of the plates to
each other and the large surface
obtained by u8ing a number of
plates cause the resistance of the

. cell to be very small. The greater
the number and size of the plates
in a cell the larger the turrent that
can be sent through it without in
jury to the celL About 1 am~Nl

per 12 sq. in. of opposed surface Is usually III safe rate of diseharge.
The oommereial importance of such 8torage cells is due in part to their

utlcmdy~~""and to the fact that they are renewed not by means
of 008t1y chemicals. but by a current obtained from a dynamo machine
driven by an engine or by water power. Thcy can be used, therefore, to
IItore the superfluous energy of a power plant at times when but little power ia
used and live it back again in times of need.

The electromotive foree of thia type of storage cell is about 2.10 volta.
The chemical changes in such a cell lore &II folloW'll:

I>i«:A4Tgi"9

Positive plAte PbO, + 8 , + U,BO. - PbSO. +28,0
Negative plate Pb + SO. - PbSO.
Lead sulphate ia thus formed at each plate.

C1a4rgt.nll
Positive plate
Negative plate

Pboo. + SO. + 2H I 0 - PbO. + 2H.so.
Pboo. + HI - Pb + HI80.

636. Edison Storage Cell.-A new form of storage cell has been
devifled by Edison in which the active materials of the electrodes are the
oxides of nickel and iron, respectively, the electrolyte being a solution of
caustic potash in water. A battery of these cells is said w weigh one-h&.l.f
as much as the equivalent lead celie. The cclls are very durable and are not.
eo eaaily injured as lead celie by overcharging or leaving uncharged.
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Fro. 354.

036. Battery Cells In Serles.-When bat.tery cells are con
nected as shown in the figure, the positive pole of one being
joined to the negative pole of the next, they are said to be joined
in series, and the electromotive force of the combination is the
sum of the electromotive forces of the several cells. As the
whole current must pass through each
cell the resistance of cells joined in
series is the sum of the resistances
of the separate cells.

Suppose that three cells, each with
electromotive force e and resistance T, are connected in this way
with an external resistance R. The total electromotive force
is 3e and "the rer.istance is 3r + R so that by Ohm's Ia.w,

3<
1- 3r + H (for 3 cells in series)

FIG. 355.

where 1 is the current.
This arrangement is advantageous when the external resist

ance R is large and a large e1ectromotive force is required.
Battery cells in series may be likened to a series oC pumps,

the firs' of which lifts water to a certain level where the second
takes it and lifts it to the next higher level and then the third
raises it again to a still higher level, etc.

637. Battery Cells In Parallel.-lf cells are joined together
as shown in figure 355, all the copper poles being connected

together for the positive pole and all
the zincs for the negative, they are
said to be joined in parallel.

Such a combination has precisely
the advantage that a large cell has

over a small one. Hs electromotive force is the same as that
of one cell, while its resistance is less-a combination of four
similar cells joined in this way having only one-fourth the resist
ance of a single cell.

Only similar cells should be joined in parallel, otherwise a cell
of smaller electromotive" force may have a reverse current sent
through it by a stronger cell.

This mode of amw~eDt is useful when the external resist;.-
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anee in the circuit is much smaller than that of a single battery
cell or where the current to be obtained is more than can ad
vantageously be transmitted. through a single cell.

-Cells in parallel may be likened to 8. set of pumps which are
all lifting water from the same lower canal to another at a higher
lavel.

638. Combined Series and Parallel Arrangement of Cells.
Several similar series of cells may be combined in parallel as
shown in figure 356, where two series of three cells each are eoo

neored in parallel. It will be
observed that the resistance of
each of the rows is 3T and the
ele<:t.romotive force of each row
is~. The resistance of the two

rows in parallel is then ;r or

one-half that of the row, while
the electromotive force of the

combination is the same as that of a single row. The ex
pression for current is then, for this particular arrangement,

1= 3e
3T +R
2

A square arrangement, where the number of cells in each row
is the same &8 the number of rows, will have the same resistance
as a single cell.

If a given number of celh are to be combined 80 Q8 to give the
maximum current through a given outside resistance, use thal
arrangement which wiU make.the battery resistance most nearly
equal to the external resistance.

Commercial types of storage battery cells have such small
resistances that except where very large currents are required
they are connected in series. If large currents are to be obtained,
several series of cells are arranged in parallel so that the current
through each series will only be such .as the cells are adapted
to transmit without injury, fIond in each series &8 many cells are
used as are necessary to give the required electromotive Corce.
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1. If two gravity cells and onc Lec1anche cell are joined in series with a coil
of wire having a resistance of 5 ohms, what current is obtained, when the
gravity cells have a resistance of 2 ohms each, while the I.eclancMcell hlLS
resistance 0.4 ohms?

2. Find the current when the zinc pole or a gravity cell of 2 ohms resistance
is connected to the zinc pole of a LeclancM cell of 0.5 ohms resistance
while their other poles are connected by a wire of 1 ohm resista.nce.

S. Reverse the gravity cell in problem 2 so that its copper pole is connected
to the zinc pole of the Leclanehe cell, the other poles being connected
by the l-ohm wire, and find the current as before.

t. Make a diagram of two gravity cells of 2 ohms resistance each, con
nected in parallel to a coil of wire having 1 ohm resistance, and show
what is the current in the wire and what current through each cell.

6. What is the electromotive force and internal resistance of a combination
of 12 gravity cells, consisting of three series of four cells each, the three
being connected in parallel? Take resistance of each cell 2 ohms and its
E.M.F. 1 volt.

6. Whcn the terminals of the battery described in question 5 are connected
by a wire having a resistance of 3 ohms, find the current in the wire and
also in eaeh cell.

7. If a single swrage cell has an electromotive force of 2 volts and a maxi
mum permissible discharge rate of 10 amp~res, how many such cells
wilt be required and how arranged w give So current of 30 am~reB and
have an electromotive force of 50 volts?

8. If the cells in the last problem each have a resistance of 0.01 ohm,
find what is the smallest resistance that can be permitted in the outside
circuit.

9. How many gravity cells having a resistance of 2 ohms and E.M.F.
1 volt each, will be required wlight a50-voltincandescent 16-<:andle-power
lamp which has a resistance of 50 ohms and requires 1 am~re of current,
and what arrangement will require the sm&1lest number of cells?
NQte.-The smallest number will be required when the battery resistance
is equal w the C}[temal resistance.

FALL OF POTENTIAL AND RESISTANCE

639. Fall of Potential along a Clrcult.-In every elootric
circuit there is a gradual decrease of potential along the external
circuit from the positive to the negative pole of the battery.

Faraday showed that in all parts oj a simple undivided circuit
the current is of the same strength. Therefore, except at poin,ts
where electromotive forces are introduced, the potential must
everywhere gradually change from point to point, for there is
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no current between points at the same potential. In figure 357
is shown a circuit with So corresponding diagram of potentials,
the potential at each point of the circuit being represented on
the diagram by the vertical distance from the base line to
the upper curve. Starting at C, it will be observed that the
potentials steadily diminish till the zinc pole is reached at Z,
where the lowest value is found. But passing from the zinc
into the acid the potential is raised to its maximum at A by the
chemical action; here there is an electromotive force and con
sequently a sudden change in potential. In the acid the poten
tial again steadily falls as we pass from zinc to copper, until at

z c-
-v,

r, r,

<

Z D

'* v.-

FIo. 357.-Circuit and diagram of potentials.

the surface of the copper there is another electromotive force and
a consequent sudden drop in potential bringing us again to the
starting point at C.

If in the diagram AE is laid off equal to BC, then EZ is the
difference of potential which represents the total electromotive
force of the cell, for it is the difference between the two oppositely
directed electromotive forces AZ and BC, and the fall of potential
from A to B i'l equal to that from E to C. It is therefore ·clear
that the total fall of potential around the circuit, including that
which takes place within the acid as well as that in the outside
circuit, is equal to the btal electromotive force of the cell.

It will be noticed that CD, tlw difference oj potential between
the two poles, is equal to the Jall oj potential in tlw external circuit,
and is thereJore less than the total electromotive Jorce oj the cell when
ever there i8 any current flowing, for there is then a fall of potential
within the cell itself from A to B.
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640. Ohm's Law Applied to Part of a Clrcnit.-lt has been
seen (§604) that in any whole circuit

E
1- R (1)

where E is the electromotive force in the circuit and R IS a
constant known as the resistance of the circuit. Similarly in
any part of a circuit such as that between
A and B (Fig. 358) the current I is pro- E

portional to the difference of potential be
tween those points and may be written

p
1=- or Ir = P (2) B,

where P is the drop in potential between
A and Band T is the resistance of that FIG. 358.

part of the circuit.
When there is no source of electromotive force, such as a

battery cell, in a given portion of a circuit, the difference of
potential between its ends in volts is equal to the product of the
current in amperes by the resistance of that portion in ohms.

When an electromotive force E is included in any part of the
circuit considered, the difference of potential between the ends of
that part may be written

P = Ir - E (E.M.F. in sanw direction as current) (3)
0'

(5)
(6)
(7)

P = IT
PI = Irl
PI = Ir2 - E

P = Ir + E (E.M.F. acting against the current) (4)

For Ir measures the drop in potential in the direction of the
current, but when E is with the current it lifts the potential, as
seen in the preceding paragraph. The sign of E is therefore
opposite to that of Ir in that case.

M1. Resistances In Serles.-In a complete circuit made up
of several conductors, having resistances rTI Th and including
an electromotive force E,. as in figure 358, the successive steps
in potential may be written thus

from A to B resistance = T

from B to C resistance = TI

from C to A resistance = f 2
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B

The sum P + PI +PI is evidently the total change of potential
around the circuit (rom A around to A again, but this must be
zero for it ends at the same potential as it began. Therefore,
adding 5, 6, and 7 we have

]r+lrl+Irt-E=Q

but this may be written

1~ E
1'+71+1',

and by Ohm's Law
E

1~-. R
I

hence R. = T + 1'1 + 1'1; i.e., the resistance of several conductors
«:Oooected in series is the sum of their separate resistances.

64-2. Combining Resistances In
Parallel.-Let three conductors
having resistances 1'lJ 1'" 1', be
joined in parallel in a. battery
circuit as shown in figure 359. It
was shown by Faraday that the
8um of the currents in the branches

is equal to the total current I before it divides,

(1)

But the drop in potential from A to B must be the same along
either branch. Letting P represent this drop we have

p p p
1,=- 1, -- l.=~·

1'1 1'1 71

Therefore by (1)

l~P+p +p ~p(!.+!.+l\.
rl r1 r1 rl rz raJ

But if R is the effective resistance of the three branches combined

1- p.
R

Therefore
III 1
R -= TI + rz + rl'

The reciprocal of the resistance of a conductor is called ita
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})o. 360.

I

conductance, hence the sum of the conductances of several con·
dutton joined in parallel is the conductance of the combination.

If tbe three resistances a.bove considered are equal the com
bination will have one-third the resistance of one alone.

M3. Galvanometer Shunt.-It frequently happelUl that a
current is to be measured by a galvanometer adapted to smaller
currents. In such a case a wire S of euitable resistance, called
a shunt (Fig. 360), may be connected across from
ODC galvanometer terminBl to the other. The
current then divides between the shunt and
the galvanometer. If the resistance of the gal
vanC?meter is just 9 times that of the shunt
used, the current will divide in the ratio 1: 9, so
that one-tenth of it flows through tbe galvanometer and nine
tenths through the shunt.

644. Resistance or Wires and Speclfle Rcslstance.-The
resistance of a wire or of any conductor of uniform crosa-section
increases with ita length &Ild is inversely proportional to its cross
section. The results of the last two articles show that this is so.
For if the cross-section of a conductor is doubled it is equivalent
to two of the original conductors side by side in parallel, and

. hence by §642 the resistance is one-half as much as before.
The resistance of a cylindrical conductor of a given substance

ODe centimeter long and one square centimeter in cross section
is called the specific resistance of that substance, or its resistivity.

When & wire of length 1 and cross section .s is made of a sub
stance having rui.slivity p, its resistance R is given by the ~ormula

R = pl.
•

645. BeslstlvltlefJ.-The curves given in figure 361 show
,he specific resistances of certain pure metals and alloys and also
the variation of the resistances with temperature.

l.f the curves for the pure metals are produced it will be found
that they intersect the base line in the region of the absolute zero
(-273°). The experiments of Onnes on the resistance of gold,
ailv!:r, mercury, lead and tin at very low temperatures show that
&8 the temperature is lowered they approach zero resistance at
n point a Jew degrees above the absolute uro, the change being 8ud-
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den at the last. The resistance of mercury, for example, de
creases slowly from 4.41° to 4.21° above the absolute zero, it
then rapidly diminishes and practically disappears at 4.19°. The
following table shows some specific resistances at aoe. in mil-

•
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lionths of an ohm with the corresponding increase in resistance
per ohm when the temperature is raised from 0° to 100°C. (From
Dewar and Fleming.)

Sublltanoe Milliont.... of an ohm Ine""U<! per ohm from
O· to lOO"C.

Platinum .
Silver .
Copper .
Iron ,
Nickel. . . . . . . . .. . .
Lead .

10.917
1.468
1.561

9. "'"
_12.323
20.380

0.367 ohm
0.400
0.428
0.625
0.622
0.411
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The resistance of carbon decreases with rise of temperature
instead of increasing, so that the filament of an incandescent
lamp may have only one-third as much resistance when hot as
when cold.

The resistivities of alloys cannot in general be calculated from
those of their constituents, but are often much greater than
would be expecwd. The temperature coefficients of German
silver, platinoid, and manganin are much less than those of pure
metals; for this reason as well as for their large specific resistances
these substances have been used extensively in making resistance
coils.

AlloY8

German-silver (eu 50, Ni 26, Zn 24) .
Platinoid (eu 50, Ni 14, Zn 24, Tg 2) .
Manganin (eu 84, Ni 12, Mn 4) .

Temperature CoefficienllJ

0.00040
o. 00Q2'.!

oo1סס0.0

646. Standard Reslstance.-Standard' resistances are made
of wire having a small temperature coefficient and not otherwise
subject to change. The best coils are made of manganin. The

FlO. 362.-Standald of lel!istanoo.

coil is provided with heavy copper terminals of almost negligible
resistance, and is 80 mounted that it will quickly take the tem
perature of the oil bath in which it is immersed, and by which
its temperature is maintained constant.

647. Resistance BOIes.-Boxes of coils having different re-
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sistances are made 80 88 to be conveniently used in measure
ments, 88 shown in figure 363. On the ha.rd-rubber top' of the
box are mounted a. number of blocks of brass which can be con
nected by brass plugs fitting between them. Within the box
are the resistance coils wound on spools, one end of a coil being
soldered to onc block and the other end to the next onc so that

Flo. 363.-Rc~ietancebcu:.

one coil bridges each gap. The external circuit is connected
at the terminal binding screws, and when all the plugs are in,
the only resistance is that of the brass blocks and plugs them
selves. But if 8. plug is pulled out the current must then flow
through the coil joining the blocks, and accordingly that resist,
ance is introduced.

648. Rbeostats.-Coils of wire 80 mounted that they can en&ily be
thrown into or out of a circuit to regulate the strength of current without
particular reference to measurement are known as rheo.!lat8. A convenient
form is shown in figure ;164, where. &8 the radial arm is moved around the dial
from block to block, one coil after another ill added to the circuit until as
many as may be de:sin:d are thrown in.

64.9. Wheatstone's Brfdge.-If a current from ,a battery E
(Fig. 3&5) divides between the two oonductors ACB and ADB,
the resistances of these branches may be very different and con·
sequently the current in one may be much larger than in the
other, but as they both start at the aame point A and end to
gether at B, the faU in potential must be the same in each, and

, corresponding to any point, such as C in the one, there must be
a point D in the other where the potential is the same.

II p, q, r, 8 are the resistances of the four segments, AC, CB
AD, DB then it may be shown that p:q ::r :8.
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Let II be the current in the upper braD"h and II that in the
lower branch, then I tP is the drop in potential from A to 0 and
is equal to l2T the drop from A to D, thus

liP = [2T (1)
so also

(2)

FlO. 364. FIo. 3M.

,
D

c

,

E ~
FIG. 366.-8lide wire bridge.

,......,p

and dividing (1) by (2) we find

p r- =_.
q ,

660. Slide, Wire Brldge.-The relation just demonstrated is
made use of in the comparison of resistances, a convenient
device for the purpose being
the slide wire bridge shown
in figure 366.

Suppose p is some coil of
wire whose resistance is to be ,
measured by comparison with r
a standard resistance box q.
The current from the battery "--~H

E divides at A, part flowing
through the branch ACB
which consists of the two resistances to be compared, p and q,
connected by thick copper strips of extremely small resist
ance, while part flows through the branch ADB which is a uni
form wire stretched along a graduated scale.

A sensitive galvanometer has one terminal connected at (J

midway between p and q while the other is attached to a slider
which is moved along the stretched wire until the point D is
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found where there is no dejlection of the galvanometer, showing that
C and D are at the Bame potential. Then by the previous para
graph the resistance of p must be to that of q as the resistance
of T is to that of 8, where r and 8 are the segments of the bridge
wire on each side of D. But since the wire is uniform the re
mtances of rand 8 are in the Sllme ratio as their lengthB, so that
the resistance of p is to that of q as the length of T is to the length
of 8. and therefore p may be calculated by proportion when q is
known.

The resistances of the heavy copper connecting strips are 80

small compared with the resistances of p and q that they may
ordinarily be neglected.

651. PlatInum Resistance Tbermometer.-The increase in
resif.;tance in a coil of platinum wire when its temperature is
raised has been used by Callendar in the accurate measurement
of temperature.

Problems

1. An electric car line baa a resistAnce of 0.' ohm per mile. What is the
drop in potential in the line if a ear 3 miles from the atation is uainl
50 ampUes1

2. If one ear 1 mile from ltation and another 2 miles from the ltation are
each using 50 am~res, what is the drop in potential to the more distant
car, resistance being lUI in preceding problem?

S. What external resistance when joined to a gl'll.vity cell having a resistance
of 2 ohms will make the potential difference betwoon the terminals of the
cell 0.7 of its electromotive force?

4.. A gravity cell of E.M.F. 1 volt lllld resistance 2 ohml, is connected with
another battery by which a current of 1 &m~re is made to flow through
the cell rrom the copper to the s.inc pole inside the cell. Find the drop
in potential in the cell due to remtance, &Iso the difference in potential
between the two poles and which is at the higher potential.

5. When the conditions are as in problem 4. es:cept that the current flow.
through the cell in the opposite direction, find the potential difference
between the polea and which is at the higher potential.

&. When the current through the cell of problem " is U am~re, and
BoWl through the eel! (rom the zinc toward the copper pole, what is the
potential difference betwoon the two poles?

7. A gravity cell of resistance 2 ohms and E.M.F. 1 volt, a dry cell having a
resistance of 0.5 ohm and E. M.F. 1.4 volts and a wire of resistance 2.3
ohms are joined in aeries. Find the drop in potential due to resistance in
each part of the circuit, aI80 the potential difference between the termi
nalll of each cell
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8. H the ce1ls in the preceding problem are reversed lJO that one act.ll againIJt
tbe other, find the drop in potential in each eell and in the eJ:ternal resin
ance and the potential differences as before_

9. What. is the reeilJtanee of two conductors connected in parallel, one of 3
and the other of 10 ohms resistance?

10. When a current of 31 ampm-es divides between three parallel conduewl"lI
whORe resistances are 2, 3, and 5 ohms, I'Cl!peetively, find the current in
each branch, al!lO the drop in potential in the parallel combination.

11. What part of the whole current will flow through Ito galvanometer having
a ro&atance of 5 ohms if shunted by a wire of 0.1 ohm resistance?

ENERGY AND HEATING EFFECT OF CURRENT

MZ. Energy or a Currcnt.-When a current 80ws from a
point where the potential in V l to another point where it is Vs,
each unit charge that passes has less energy at the lower potential
than at the higher, and the difference between the two must be
the energy which in some form or other is spent between the
two points; it may be in heat in the conductor, or in chemical
action, or in doing mechanical work. When unit charge passes
from VI to V t (Fig. 367) the work expended is VI - Vt (§554).
If Q units pass in t seconds the work is

w = Q(V I - Vt)

and the energy spent per second is

lD Q
"'[= "'[(VI-Vt)

But ~ equals I, the current, and the potential differenoo V I - V1

is represented by P.
There£ote

Or, the energy spent per second in any part of a circuit is the
product of the current strength by the fall in potential in that part.

Ir the' current and potentials are mcasured in C. G. S. units
then the product will givc the energy spent in ergs per sccond.
When the current is in amperes and the potentials are in volts
the energy per second is given in units called watts.· Since the

"The _tt io ....med ill ,~IUo.. of the r_~h. of Ja"'eI Watt Oil th. power of

-~
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volt. is 10' times the C. G. S. unit oC potential, while the am~re
is one-tenth the C. G. S. unit of current, it follows that 0fU! watt
= 107 ergs per second.

Thus a watt represents a certain rate of spending energy per
second, it is therefore a unit of power, and bears a definite ratio
to other units of power.

1 Horse-power"'" 746 watts = 55OJooWbs. per seamd.

663. Wbere Enef'&7 is Absorbed and Where Given Out.
From the diagram (Fig. 367) it is seen that everywhere in the
external circuit from C to Z the current flows from points of

z c-
-v,

r. r,

Z D

FIG. 367.

higher to lower potential, and is therefore spending energy.
But there is a great rise in potential from the zinc to the acid at
A; at this point the current must therefore receive energy from
the chemical action which effects the transfer in the face of the
opposing difference of potential. From A to B there is again a
fall in potential and spending of energy within the hattery cell,
then at B there is a sudden drop of potential which shows that
at that point also energy must be spent, hut in this ca.se against
the chemical forces which at this point exert an electromotive
force against the current.

The only place where energy is absorbed by the current is at
the surface of the zinc plate, and therefore the energy of the
chemical action at the zinc plate supplies that which is spent in
all other parts of the circuit. This conclusion is baaed on the
law of the conservation of energy.

At any point in the circuit where there is an electromotive
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FIG. 368.-Composite circuit
includingresU!tanoo, motor, IIlId
electrolytic call.

p

•
M

force E, the energy taken in or given out per second, is IE, where
I is the current strength. The energy is absorbed if the cur
rent is with the electromotive force, and given out if the current
is against it.

664. Heating Effect or Current.-Suppose a circuit, such as
shown in figure 368, contains a battery B, a coil of wire of re
sistance r, a motor M, and a cell N
contmning some electrolyte. Let P,
PI, and P2 be the potential differences
between the terminals of the coil, the
motor and the cell, respectively, when
there is a current of I amperes.

Then IP, IP" and IP2 are the watts
spent in the corresponding parts of
the circuit.

In the coil there is no electromotive
force and therefore

P=Ir and

In this case there is no mechanical or chemical work done and
all the energy is spent in heat.

In the motor there is an electromotive force against the
'\lU'rent as will be shown later (§742) and therefore

PI = Irl +E1 and WI = l'1.rI + lEI.

The term 12r1 represents the power spent in heat while lEI
is the power spent in driving the motor.

In the third case, where there are chemical changes, there is
usually also an electromotive force which may be either with the
current, as in case of a battery cell, or against it, as in charging a
storage cell; therefore, P2= Ir2 ± E2

and W2 = 172 ± IE2•

Here, again, 172 is the watts spent in heat, while IE2 is the
watts spent in chemical work or received from chemical work
as the case may be. (In which case is the sign to be taken
pltJ,81)

The heating effect of a current of I amperes in a resistance of
r ohms may always be expressed in watts by the formula

W - I'r.
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But 1 watt = 107 ergs per second, and 1 gram-calorie of heat is
equivalent to 4.187 X 101 ergs, therefore, 4.187 watts = 1 gram
calorie of heat per second, and we have,

he
. ,_ . watts

at tn gram-cawnes per scc. = 4.187"

Summary

The total watts spent in any portion of a circuit in which P is
the fall in potent,ial in volts and I is the current in amperes, is
given by the formula

W~IP

the watts spent in heat, by
W = J2r

while the heat in gram-calories per second is expressed by

I"
H = 4.187"

655. Electrical Calorlmeter.-The heat
developed in a conducwr may be readily
measured by a calorimeter such 88 shown
in the figure. A coil of wire is immersed
in a non-conducting liquid (distilled water
may be used) contained in a calorimeter
which is screened from outside radiation.
The current passing through the coil is
measured, and also the difference in po
tentinl of the two terminals, and so the
electrical work can be calculated and com
pared with the heat developed, which is
determined by the rise in temperature of
the liquid in the calorimeter when its mass
and specific heat are known.

FlO. 369.-Elootrical ) 656. IncaDde8cen~ Electric Lamps.-In
calorimeter. the ordinary incandescent lamp used in electric

lighting the current passes through a fine filament of
carbon or tungsten enclosed. in a glass bulb from which the air is thoroughly
exhailllted. The ends of the filament are joined to wires which must be of
platinum where they are sealed into the glasa, belJause that metal has very
nearly the Mme eoeflkient of expansion as glass fl.Ild therefore the joint does
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not crack with changes in temperature. The carbon filament possesses the
advantage of being extremely infusible and an excellent radiator besides
being cheap. Ordinary carbon lamps have an efficiency of about 3 watts per
candle-power, and though by raising the temperature of the filament the
candle-power per watt is greatly increased, the filament rapidly volatilizes,
blackening the bulb, and finally breaks. The tungsten filament in vacuum
is ordinarily operated at a temperature of 2400°C. and gives about 1 candle
power per watt, but if its temperature is raised to 28OO°C. it gives more than
2 candle-power per watt in vacuum, though it volatilizes so rapidly that the
life of the lamp is very short. Where the bulb is filled with nitrogen, how
ever, the eva.poration of the fila.ment is only about 0.01 of what it is in vac
uum, and so the lamp may be run profitably at the higher temperature.
Such a nitrogen filled lamp may have a temperature of 2800°C. and an
efficiency of 1.5 candle-power per watt. It will be observed that filling with
nitrogen causes some loss of luminous efficiency due to the conduction of heat
away from the filament. The filament is therefore made in the form of a
rather closely wound helix, for the cooling effect of the gall is then much less
than when the tUTIl$ of the filament are widely separated.

Incandescent lamps are usually oonnected in parallel between two conduct
OI'!J as A and B (Fig. 370) which are maintained at a oonstant difference of
potential by a dynamo or ba.ttery of low resistance. They.are called 5O-volt
lamps when they are brought to their proper lumino8ity by a difference of
potential of 50 volts between their terminals.

The ca.ndle-power depends on the power sl~pplied to the lamp and there
fore both on the current and voltage. Good carbon lamps asordinarily used
hav(l an efficiency of about 3 watts per candle-power, so that a 1fi..candle
power lamp will oonsume 48 watts.

Comparison of a 5O-volt and tOO-volt lamp of 16 candle-power, and equal
efficiencics.

v_,
.50 volts

100 volts

Cummt
t amp~re

7!l amp~re

Rellistance
.50 ohms

200 ohms

Power
50 watts
.50 watts

As the current in the tOO-volt lamp is only one-half as great as in the 50
volt lamp, there is only one-fourth as much loss in heat in wires of a given
TCllistance leading to the lamps.

FIG. 370.-Lamps in parallel.
~----=-<jjl-<jjl-

FIG. 371. Lamps in series.

667. Incandescent Lamps in Serles.-The mode of connecting
imjandescent lamps in parallel shown in figure 370 has the advantage that
anyone lamp can be turned on or off without particularly disturbing the
others. But the current in the main wires is the sum of the currents in the
lamps and, as the energy spent in the circuit is proportional to the Bqu«re of
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the current, the losa of energy in the main wires will be serious unless they
are large and of low resistance. For street lighting, lamps are commonly
eonnel;ted in series so that however many lightll there may be, the eurrent in
the conducting wires is no greater than for one llilllp. There are two eon~

siderations which prevent this system from being used in house lighting.
First, the potentials required are dangerous. If 30 lamps are connected in
series and each requires 20 volta, the dynamo must have an electromotive
force of 600 volts, and if a break or interruption of the circuit occurs at any
point., the full difference of 600 volts will be experienced there. Second, if
the filament of one lamp breaks it stops the current and all the lamps go out.
This latter difficulty is overcome moat ingeniously in street lighting by ar
ranging a little side circuit or by pass in each lamp which is complete except
at one point where a slip of paper is interposed. When the lamp is acting
the current passes wholly through the filament; but if this breaks, the current
is interrupted and immediately the whole electromotive force of the dynamo
is brought to bear on the paper which is thereby punctured, permitting the
current to pass through the side circuit.

658. Nernst Lamp.-Another form of incandescent lamp, devised
by the German chemist Nernst, is also in use, in which the glower is a little
rod made of II. mixture of infusible earths, whieh though IL1m08t II. Ilon-con~

duetor when cold becomes a suitable conductor when hot. A heating coil of
platinum which is automatically cut out when the current begins to pass
through the glower, is therefore used to start the lamp.

659. Electric Arc.-In the year 1801, Sir Humphrey Davy,
who had constructed an immense battery of 1000 cells, observed
that when the terminal wires were touched together for an
instant and then drawn apart the discharge took place through
the air like a stream of fire from one pole to the other, and at
the same time the tips of the wires were intensely heated. The
effect was most marked when carbon rods were used for the
terminals. When the discharge took place horizontally it was
bent upward like a bow (on account of the heated air rising) and
so Davy called it the arc discharge. This tendency to curve
out to one side is noticed in every long arc whatever its position.
In arc lamps the carbons are only slightly separated, both tips
arc intensely heated, particles of carbon are carried across from
the positive to the negative carbon causing a crater-like cup on
the end of the positive carbon while the negative carbon is
pointed; the positive carbon also is used up about twice as fast
as the negative. The point of most intense luminosity is in the
crater of the positive carbon where the temperature is found
to be about 3500°C. The difference 'in luminous power of
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large and small carbon arC! seems to be due to the greater extent
of luminous surface in one than in the other, the actual brightness
of the glowing surface being the same in aU.

An electromotive force of 40 volts is required to maintain an
arc between carbons. The temperature of the arc is the highest
that h8.ll been produced by artificial means. Copper, iron, gold,
silver, and platinum, if placed in it, are melted and volatilized.

600. Street arc lamps have two regula.ting coils. The whole current
Bows through one, which by its magnetic action tends to draw the carbons
apart if the current i.e too strong. A sceond coil is arranged through which Ito

branch or shunt current flows, which acts to pU8h the carbona together, and
the further apart the carbons are the stronger tbis current will be. A eoTt of
balance is thus maintained which keeps the lamp in adjustment. There is
abo for lIeries lamps a device by which if tbe carbona become caugh~ and do
not make the are a~ all the current can still Bow through the lamp.

Are lampe are usually connected. in aeries for street lighting beeaU!e a cur
rent or only about 7 a.m~rell is then needed; but a8 50 volts must be allowed
for each lamp, to operate 50 lamp6 on the one circuit an eledromotive force
of 2500 volta is required; hence are light cireuits are dangerous.

What are known as tneww arcs, have surrounding the are a 8ftJali closely
fitted gl.aal globe, which lOOn becomes filled with carbon dioxide g88 80 tbat
there is no ordinary combustion of the carbons. The carbons l88t much
longer in these lampa, tbey require a higher ele<ltromotive force, about 70
volts, and give a IIOfter light.

861. Electric Furnace.-In the production of aluminum and carborun·
dum electric furnaces are employed. In these fumaOOll great carbon. 2
in. in diameter are mounted horizontally and embedded in the materials
that are to be heated,·the wbole is surrounded by walls of brick or fire clay,
and the electric arc is established between the carbona. Under the com
bined inBuence of the enormous heat and the ele<ltrolytic lU':tion of the cur·
ren~ tbe desired transformatioJllll are wrought.

Problems

1. A current of 14 a~ree: divides between two branches, one of 2 ohms
and one of 5 ohm, resiBtanee. Find the current in each branch, and the
watta spent in each. In which resistance ill the greater amount of heat
developed per second?

Sl. The terminalB of a gravity cell of 2 ohms resistance and 1 volt E.M.F.
are connected with a coil of resistance 3 ohms. Find the watts spent in
heat in the coil and also in the cell, a1Bo the total watts supplied by the
cell.

3. What must be the resistance of a coil of wire in order that a current of 2
am~res Bowing through the coil may give out 1200 gram-ealories of bea~
per minute?
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~ If t.he difference in potential of the enda of r. coil is 50 volts, what must
be its resistAnce that 500 gram-eal.ories of heat may be developed in it
per eeoondT

6. Find the gram-ealories per &eOOnd developed in each of two coils; one
having resistance 3 ohms and current 6 amperes, the other a resistance of
4 ohms and a differenc:e of potential of 20 volta betwccn ita ends.

6. How many horse-power mUJJt be expended to maintain 200 lOO-volt
lampe in operation, each lamp taking ~ ampere of current and having a
potential difference of 100 volts between its terminals?

1. How many bOl'lle-pOwer are required to open.te a ~ries of 60 ineandee
cent street IampIJ in eeries, the eurrent in each lamp being 3 ampere!! and
the resist.a.nee per lamp being 7 ohms?

8. In an electric nillw.y having a total line resilltance or 0.4 ohm per mile,
what .i.B the 1088 in ho..-power in hvc miles of line when a current of
50 amperes is being supplied to a distant carT

9. At 10 cents a kilowlltt·hour what is the OO6t of heating 1000 liters or a.
cubic meter of wa-tcr from 20°C. up to OO°C. by electricity?

THERMOELECTRICITY

662. Seebeck's DI8oovery.-In 1821, Seebeck, of Berlin, dis
covered that in Il circuit made of two different metals if one
junction is hotter than the other
there is an electromotive force
which causes an electric· current.
This electromotive force is gen-
erally ,very small compared with coppe,.

ordinary battery cells, aDd conse-

/ro ll

FIG. 372.

~.

) 100·
~~

Flo. 373.

quently to obtain much current the circuit must have very
low resistance. For example, in the copper·iron circuit shown
in figure 372 when one junction is at 100° and the other at
0°, the electromotive force is about 0.001 of a volt and causes
an electric current from copper to iron at the hot junction and
from iron to copper at the cold one. The introdudion of another
metal does not make any difference provided the two jundi0n8 of the
new metal aTe at the 8ame temperature.
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For exa.m.ple, the electromotive force is the same in the three
circuits shown in figures 372 and 373.

663. Thermoplle.-ln order to obtain larger electromotive
forces pairs of metals are combined in series to fonn thermopiles.
The form devi$ed by Nobili and used by McUoni in his researches
on heat. radiation consists of alternate strips of antimony and
bismuth connected as shown in the figure, and carefully insulated
from each other except at the junc
tions, where they are soldered "to
gether. These metals were chosen
because they give a large electro
motive force which acts from bis-
muth to antimony at the hotjunc
tions and from antimony to bis
muth at the cold.

Rubens has improved the ther
mopile by using fine wires of iron FlO. 374.-Thermopile di_pam.
and constantan (n nickel alloy) in ~

place of antimony and bismuth. The mass to be heated in
this case is very small 80 that it warms quickly when exposed
to radiation.

The thermopile is usually mounted in a metal case so tbat
only one set of cnds is exposed w the source of beat to be in-

__ vestigated. If ita terminals are
connected to flo sensitive galva,..
nometer o( low resistance, it be
comes an exceedingly delicate
means of measuring heat radiation.

664. Change of Thermoelectric
-Force with Temperature.-Il one

o~·',~oo;r·~--'26D;k·~---~ junction o( a copper-iron circuit
Tlm~f'Qtur,. is kept at oOC. while the other

FlO 376.-Thermoelectric curve of
e. m. f. or copper and iron. is steadily raised in temperature,

the electromotive (orce is found
to increase rapidly at first, then more gradually, reaching
a. maximum when the hot junction is at 260°C., after
which the electromotive force falls off, becoming zero at 520°C.
If the junction is heated still hotter the electromotive force
reverses and the current flows from iron to copper at the hot
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jUllction. If the observations are plotted with the temperatures
of the hot junction as abscissas and electromotive forces as ordi
nates a curve sucb as shown in figure 375 is obtained. It. is a
parabola and is perfectly symmetrical about the venical line
through its vertex, which corresponds to the temperature of
maximum electromotive force.

This reversal of the thermoelectric current was discovered
by Cumming in 1823.

If the cold junction is kept at 1000 instead of zero the CUrve

will be exactly the same except that the origin of coordinates
will be moved from 0 to A,and electromotive forces will now be
measured from the base line AB.

665. Thermoelectric Powers.-lt is clear from the foregoing
that the inclination of the curve at any point, Or the tate of

change of electromotive force per
degree change in temperature, de
pends only on the temperature of

i"'''''=~;;;-~;;- the junction which is being warmed
o 100 200 ~400 500 or cooled and not at all on the.

"-... temperature of the other junction,
1"10. 376.-Thllrmoeloctric powc... 'd d I .of iron and cOPI).Cr. prOVl e t IS constant.

This change of electromotive force
per degree change of temperature of a junction is known as the
rewtiue lhermoeledric power of the 8'Ub&ances inoolved.

H the thermoeleetric powers of iron and copper are plotted
88 ordinates along a scale of temperatures we sha.ll obtain the
diagram shown in figure 376. The curve is a straight line inter
secting the axes at 260°C.; for at tha.t temperature the relative
thermoelectric power is zero, as is seen also from the curve in
figure 375, where the maximum point is at 260°, showing that a
small change in temperature produces no change in electromotive
force. This is called the neutral temperature for these two
metals.

666. Tbermoeleetrlc Dlagram.-In the tbermoelectric dia
gram devised by Tait, the thermoelectric powers of the metals
referred to lead are plotted as ordinates along a. scale of tempera
tures; lead being taken as standard because in it the Thomson
effeet (§669) is zero. Such a diagram is shown in figure 377.
It will be observed that within the limits of the diagram the
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variations wit.h temperature of the thermoelectric pow~rs of the
metals are represented by straight lines.

The electromotive force of a couple made of any two metals
is expressed by the area included between the lines of the two
metals and the ordinates of the temperatures of th~ junctions.

The diagram is so constructed that the diredion of the resul
tant electromotive force is clockwise; that is, in case of iron and
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FlO. 377.-Tbennocledrie diagram.
Thermoelectric powen are live.. ill micro-~ol'" per dearee.

copper between 0" and 100", the current will be from copper to
iron at the hot junction.

661. Peltier Etfect.-It was discovered; by Peltier in 1834,
that if a current of electricity Rows around a circuit made up of
two metals heat will be given out at one junction and absorbed
at the other.

A beautiful demonstration of the Peltier effect was given by
Tyndall by means of an ordinary thermopile. A thermopile is
taken in which all parts are at the same temperature, SO that it
gives no current. On connecting it for a few seconds to a battery
and then disconnecting it and joining it to a galvanometer a
decided current is observed, showing that one set of junctions
must have been more heated by the current than the other set.
The current obtained is opposite to the first and tends to restore
the equality of temperature disturbed by tbe first, for one stored



ELECTRODYNAMICS

up heat energy in the thermopile and the other transforms that
energy back again into energy of current.

By a thermopile there is a direct transformation of heat
energy into electrical energy, butitisnotefficient bccausethere is n.
serious lossorheat byconduction from the hot junctions to the cold.

668. The Conservation of Energy In Thermoelectrlclty.
The Peltier effect affords a beautiful illustration of the principle
that energy is absorbed at those points in a circuit where there
is an electromotive force acting with the current and is given
out at those points where there is an electromotive force acting
against the curren,t (§653).

In a circuit of two metals all at one temperature there may
be electromotive forces at the two junctions, hut since the
temperature is the same at both, these electromotive forces arc
equal and opposite and consequently there is no current. If a.
current is now caused to flow by means of a battery, energy is
given out at the junction where the electromotive force is Against
the current and that junction is heated, while the other is cooled.
The two junctions no longer balance each other, and it is clear
that tM relullant electromotive force which arises from the change
in temperature must be against tM CUtTenl which brought it abold.
Otherwise in a simple elosed circuit of two metals if one junction
were heated 8. little to begin with, a current would be set up
which would still further increase the difference in temperature
of the junctions and would so become continually stronger and
might be used to run a motor and do mechanical work until all

the heat energy in the thermopile
was used up and it was reduced
to the absolute zero of tempera
ture.

669. Thomson Effect.-In
1854, Lord Kelvin (Sir William Thomson) showed that in a
thermoelectric circuit there must in general be electromotive
forces not only at the junctions, but also in the homogenous
conductors between the junctions, as they are not at the same
temperature throughout.

This effect was predicted by Lord Kelvin ll.S a consequenCe
of the law of energy and was then verified by the following
experiment.
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A bar of iron was set up as shown in figure 378 80 that the
center W&8 heated by boiling water while the enda were cooled
with ice. When a. current was established all parts of the bar
were warmed, but a thermometer at A was observed to stand
higher when the current was from left to right than when it was
reversed, while the opposite was true at B.

6'10. AppUcatloD1J.-Tlul thermopile as a delicate means of obeerviog
the intensity of heat radiation hAIl already been dCfleribed (1663).

A particularly IM!nsitive instrument for the ll&IIle purpoBe was deviaed by
Boya and is known u the radio-m~. In this instrument a simple
circuit of bismuth and antimony iSlJUspended between the polee of a powerful
magnet by a "fine quartz fiber. One of the two junctions is protected from
outsine radiation by the surrounding instrument, while the other hangl in an
opening so th.' radiation may he directed upon it. The slightest difference
of temperature cau.se8 an electromotive force and &inee the resistanee of 80

short. a circuit is very .amall a comparatively large current is produced, which,
reacting on the magnetic field, cauaes the 8Uspended circuit to turn. A light
mirror mounted on the !uspended system turns with it 80 that the angular
deflection may be read by a telescope and scale.

For the meallurement of high temperaturu a thermal couple consisting of a
wire of pure platinum joined to another of an alloy of platinum and rhodium
may be used. In the I.e Chatelier pyrometer such a couple, mounted in a
prot.eeting .sheath of poreelain, is thrust into the furnace or oven of which the
temperature is to be determined; wireR from the couple lead to a suitable
galvanometer graduated to read temperaturee directly up to 1500°C.

For the meallurement of ordinary temperatures a thermal couple of iron
and German silver is often convenient.

Prohlems

1. Find the thenna! electromotive force of an iron-oopper circuit in which
one junction is at 0° and the other at 2000c.

II:. Find the increase in electromotive force in a lead-iron circuit when the
temperature of the hot junction is changed from 150" to 161°.

3. What relation mUllt the linea of two metala on the thermo-eledric dia
gram bear to each other in order that the increase in electromotive force
per degree ri&e in temperature of the hot junction may be a constantf

.. When one junction of sine-iron circuit is at 500C., .t wh.t different tem·
perature may the oUIer junction be without C8U3iog any current in the
circuitf

MAGNETIC EFFECTS OF CURRENTS

611. Ocrsted's E:a:perlmcnt.-The first evidence of the mag
netic action of an electric current was obtained in 1819 by the
Danish physicist Oersted, who discovered that when a wire
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Wire aboYB Win und".
needle needle

FIG. 379.-0el'llted'e experi
ment.

1

1
1

N

carrying a- current is held in a north and south direction over or
under a balanced magnetic needle the needle is deflected as
shown in figure 379; and if the directive force of the earth's mag-

netism is neutralized by means of a
magnet, the needle sets itself at right

N angles to the current.
672. Magnetic Field Around a Straight

Conductor.-'l'hc experiment of Oersted
indicates that the magnetic force due to
a current is in a plane at right angles to
the current. To investigate. its direetion
more fully cause a strong current to
flow in a wire which passes vertically
through So card on which some fine iron
filings are scattered; on tapping the card

the filings arrange themselves in circles about the wire as shown
in figure 380. If the current is down as shown by the arrows,
a small compass needle near the wire, at any point such as P,
will point with its north pole in the direction of the arrow at

FlO. 380.-Field around current. Fla. 381.-Right-handed IICrew.

that point, tangent to the circle. If the current is reversed the
compass needle will point in the opposite direction.

The lines of magnetic force about a straight conductor carrying
a current are circles of which the conductor is the axis.

By a comparison of figures 380 and 381 it will be seen that
the positive direction of the lines of force bears the same relation to
the direction of the current as the direction of rotation of a right
handed cork.screw bears UJ the direction in which it advances.

Another rule that may be given·is that if an observer Zooka
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along a condudof' in tM positive direaion of the current, the po&ilit~

direction of the !ina 0/ farce a3 he uu tJt8m ia clocktoi&e.
673. Strength of the Fleld.-The strength of the magnetic

field near a straight conductor is greatest next to the conductor
and diminishes as the distance increases.

The strength of field H, at 110 distance r from the axis of a long straight wire
carrying a current of strength 1, is given by the expression

H _ ~I (all quantities in C. G. S. units).,
21

H - lOr (I in amperes, II in C. G. S. unita)

eince the am~ is ooe-tenth the C. G. S. unit of current (1602). ThiJI for
mula &S!JUmell that the return circuit is 80 far off that itll magnetic effect at the
point ooIl5idered may be neglected.

AB the card is tapped on which the iron filings rest, in the
experiment described in the last article, the filings work towlU'd
the center, the circles gradu
ally getting smaller, for the
filings are drawn toward the
stronger part of the field.

]f a fine copper wire carry
ing ll. rather strong current is
dipped into some fine iron
filings they will cling together
in little circular filaments,
forming a mass around the
wIre.

674. Field or a Circular
Curreot.-When 8. conductor

carrying a current is bent - FlO. 382.-Field or cireular current.
into a circle the lines of force
are crowded together within the circle and spread out outside.
In this case, shown in figure 382, all parts of the circuit con
spire to cause magnetic lines of force of which the direction is
through the circuit perpendicular to its plane on the inside, and
back again on the outside, as shown in the diagram. The lines
of force very near the wire are nearly circles about the wire.
while at the center they are nearly straight and perpendicular
to the plane of the coil.
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If the wire carrying the current makes two turns around
t.he circle instead of one, the magnetic force will everywhere be
doubled, and so on for any number of turns.

The strength of the macoetic field at the center of a circular
current is proportional to the toW length of the conductor wound
in the circle and to the atren(th of the current and inversely
proportional to the square of the distance of the conductor from
the center.

Thus if T is the ra.dius of the coil and if n is tbe total number
of turns, the length of the wire in the coil is 2 'lITn, and when the
current I is measured in C. G. S. units as defined in §602, the
strength of the magnetic field H at the center in C. G. S. units

•is given by the formula:

H _ ZTrnl = 2rnl (I in C. U. S. units)
r' r

or, since the ampere is ooe--tenth the C. G. S. unit current,

H... z;;;,I (l measured in amperes).

The formula assumes that the cross section of the coil is negli
gibly small compared with r.

By measuring the magnetic force at the center of a coil of
known dimensions, the number of amperes of current may be
determined.

676. Rowland's Diseovery.-Rowland disoovered that a disc
of ebonite, charged with electricity and rotating at high speed,
acted upon a. magnetic needle placed near it, just as a circular
current would. The magnetic effect was found to be proportional
to the speed of the disc. This remarkable experiment was car
ried out by him in 1875.

676. Solenold.-A long helix, such as shown in figure 383,
is known as a solenoid, and may be wound with one or several
layers. When a current passes through such a coil all the turns
act together to cause a. field of magnetic force in which linea of
force paBS lengthwise through the interior looping back around
the out6ide. Looking through the aolenoid in the poaitive direction
of the linea of force, the direction of the current is clockwise. Inside
the solenoid a strong magnetic field of great uniformity is
produced.
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The system of lines of force of a solenoid is thus like that of
a bar magnet, the south pole corresponding to that end of the
solenoid about which the current flows clockwise, as seen by an
observer facing that end.

If such a solenoid is mounted so that it can turn, it behaves
like a suspended bar magnet when another solenoid or a bar
magnet is presented to it.

FIG. 383.---So1enoid. Fro. 384.-Ring ~ol"'noid.

617. [ron In a Solenoid.-If a soft-iron core is introduced
into a solenoid the Dumber of lines of force is greatly increased.
it may be several hundred times, so that it acts as a strong mag
net. A hard-steel C'Jl'e does not have so great an effect in increas
ing the number 01' lines of force, though it largely retains its
magnetism after the current stops.

The precise effect in such a case depends on the relative pro
portions of the solenoid and its core. In a short broad solenoid
an iron core which fills it will not increase the number of lines of
force so much as if the core and solenoid were longer in propor
tion, for the strong poles exert a magnetic force which in the
interior of the solenoid is opposite to that of the coil, as explained
in §501.

678. Ring Solenold.-If a long solenoid is bent into a ring so
that its two ends come together as shown in figure 384, a ring
solenoid is obtained, and when a current flows in such a solenoid
it produces a very nearly uniform field in the interior, though
since the lines of force are not straight but circles, the force must
really be slightly stronger toward the inside where the lines of
force are smaller circles. There is no magnetic force outside of
such a solenoid.
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If the interior of the solenoid is filled with a ring of iron, all
parts of the iron experience the same magnetizing force and there
are no poles to complicate matters, 80 that the pe1TMGbility (§504)
of the iron can be immediately determined from the increase in
the number of lines of force due to its presence. If,for example,
the total number of lines of force in the iron is 1000 times what
it would have been in the same space if the iron had not been
there, the permeability of the iron is said to be 1000.

It is easy to meaaure by electromagnetic induction (§7l0) tbe
changes that take place in the number of lines of force through
the ring and in this way the permeability of iron was studied by
Rowland.

679. Magnetic Induction, PermeabUlty and Magnetizing
Foree.-The strength of the field inside a ring solenoid when no
iron is present may be called the magnetizing force. Let it be
represented by H which will thus express the number of lines
of force per square centimeter of cross section be£or.e the iron is
introduced.

The number of lines of force in the iron core per square centi
meter of section is called its magnetic induction or flux density
and may be represented by B (see §500).

We then have

0' B = p.B

where IJ. represents the permeability of the iron.
The relation between the induction B in iron and the magnet

izing force H as the latter i.s increased, starting at zero, is shown
in the curve ab of figure 385, in which abscissas represent values
of H and ordinates the corresponding values of B. From this
curve it appears that at first B increases slowly, then rapidly, and
finally at b as the iron approaches what is called saluralion 8.

considerable increase in H causes only a small increase in B.
The curve shows that the permeability of iron is not a constant

but increases with increase in magnetizing force up to a maxi·
mum, after which it rapidly diminisheB. Some values are given
below.
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Permeability oJ a Sample of Soft ITOO
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H B • H I B 1 •
1 1,000 1,000 • 9,700 2,425
2 6,000 3,000 5 11,800 1,966
3 8,200 2,733 17 13,000 765

-
680. Hysteresls.--The changes which take place in iron when

its magnetism is reversed were first thoroughly studied by Pro
fessor Ewing of Cambridge University. The curve of figure.385
shows the changes in induction in soft iron when the magnetizing

B
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•
,
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Magnetizing Force

-~ o.

13000.

FIG, 385.-HY6tere.sie curve.

force is changed from +13 to -13 and back again. The rise
of induction when the iron is first magnetized is shown by the
curve from a to b. The induction is here 13,000 while H is 13.
On reducing the magnetizing force to zero the induction only
falls to 10,800 following the curve be. By means of a gradually
increasing reversed current the magnetizing force is made nega
tive until when H = -2.0 the induction is zero and there are
no lines of force in the iron. As the force is made still more
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negative the iron becomes oppositely magnetized, reaching the
value B = -13,000 when H = -13. Then as the force is
again 'reduced to zero the induction drops to -10,800 following
the lower curve, and does not become zero till H is +2.0. If
the magnetizing force is carried up to the former maximum and
then again diminished the curve rises to b and then falls back
to c exactly as before.

This lag of the induction in iron and steel behind the mag·
netizing force was named by Ewing hysteresis. In consequence
of it, when a mass of iron is put through such a complete cycle
of changes, more energy is spent in magnetizing than is given
back when it is demagnetized, the difference being a certain
amount lost in heat. The amount lost in this way per cubic
centimeter of iron is proportional to the area of the loop of the
hysteresis curve, and with a maximum induction of 5000 it may
amount to as much as 2500 ergs per cubic centimeter in each
cycle of magnetic change.

Every time the magnetism in a masa of iron is reversed it is
put through such changes and since in the iron cores of trans
formers and dynamo armatures the reversals take place many
times in a second it is important in such cases that soft iron
should be used in which the hysteresis loss is small. The loss
of energy due to this cause may amount to 2 per cent. in a trans
former made of fairly good iron.

681. Electl'omagnets.-Powerful magnets are made by sur
rounding soft iron oores with magnetizing ooils, as was first shown
by the French physicist Arago in 1820. A typical form of elec
tromagnet is shown in figure 386.

On each of the two arms of a U-,shaped piece of iron is fitted
a cylindrical coil made of wire wound with silk or cotton insula
tion to separate one turn from another. The ooils are so con
nected that the current flows in opposite directions around the
two legs of the magnet, making one end a north pole and the
other a BOuth pole. When the soft-iron armature is placed
across the two poles a closed circuit of iron is formed 80 that the
magnet with its armature resembles somewhat the ring solenoid
with iron core described in §678. If the armature is sufficiently
large most of the magnetic induction will be in the iron, the lines
of force being closed curves. The whole number of lines of force
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established in the core of an electromagnet may be considered
as due to the relation of two factors, the magnetizing power of the
current in the mf,l{Jnet coils, called the magnetomotive force, and
the resista1We to magnetization offered by the iron core, called its
reluctance.

Number of lines of force established

In case of a uniformly wound
ring solenoid the magnetomo
tive force may be shown to be
-h-nI where n is the number of
turns of wire around the core
and I is the magnetizing cur
rent, and we have

N _ 47rnl
- R

where N is the number of lines
of force through the core and R
is its reluctance, all the quanti
ties being in C. G. S. units.

The above formula. applies
also approximately to ordinary
electromagnets having nearly
continuous iron cores.

If the current [' is given in
amperes while Rand N are in C.
G. S. units the formula becomes

N = 4l1'111'
lOR

M agnetomotive fora! ,
~

Reluctance of core

FIG. 1:I86.-E1ectroma,gnet.

since the C. G. S. unit of current is equal to 10 amperes.
The product nI' is called the ampere-turns and the strength

of a magnet excited by a small current making many turns is the
same as with a large current making few turns, provided the
ampere-turns are the same in both cases.

The shorter the iron circuit and the greater its CToss-section the
less will be the reluctance and the more line.s oj Jorce will be estab
lished by a given number of ampere turns.
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The reluctance of an iron ring may be calculated from the
formula.

I
R---.A

where l is the mean length of the ring,"A is ita cross section, and
JJ is the permeability of the iron. If a. circuit is made up of parts
that have different permeabilities their reluctances must be cal
culated separately and added together when the parts are in series.

When the armature is not across the poles the reluctance is
greatly increased because of the small permeability of the air
through which the lines of force must pass. Therefore the num·
ber of lines of force established in that case is very much less tban
with the armature across the poles.

The force with which such a magnet holds ita armature is
proportional to the area of its poles, and is expressed by the ap
proximate formula

. B'A
IR dynes -= &-

where B represents the induction or number of lines of force per
square centimeter of the surface between pole and armature,
and A is the combined areas of the two poles.

Problems

1. What is the strength' of the magnetic field 15 em. from a straight wire
carrying a current of 6 a.mp~rell1

2. A wire 3 meters long is made into a circular coil with a mean nt.diU3 of
6 em. Find the strength nf field produced at the center of the coil by a
eurrent of 0.1 ampb-e in the wire.

S. How much current .ia flowing in one rail of an electric railway which
ruM in a north and lIOuth direction and UU8elI a deflection of 45· in a
compass needle held 30 em. above the center of the rail; taking the
strength of the horirontal component of the earth's magnetic field as
0.207

t. Find the strength of the magnetic field at the center of a circular coil of 7
turDll of wire 18 em. in diameter when carrying a current of 3 amp~res.

6. What will be the deflection of a magnetic needle at the center of the coil
in the last problem if the coil is placed with ita plane vertical and in the
magnetic meridian at a. point where the earth's horizontal force is 0.167

S. A ring solenoid has a Cl'Oll8 section of 9 sq. em. There are 8 turns of wire
per em. of length of the solenoid and its whole length is 30 em.
meMUred aloDg ita axis. What magnetomotive force is produced by a
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eurrent of 1 am~re in the eoil? How many fiDel! of force will there be
in the solenoid if it does not eonw.n iron? ADd how many if filled with
an iron core of permeability 1007

7. How many lines of force will be set up in a boraeshoe magnet with iron
armature, the iron cireuit. having an average CfOll8 IlllCtion of 36 sq. em.,
each leg being 15 em. long and the two legs J2 em. apart between centel1l?
On each leg is a coil of 400 turns of wire carrying a current of 5 ampAree.
The permeability of the iron may be taken as 100.

8. Find the force in kilograms which an el~tromagnetcan sustain when it
is magneth:oo so that there are 600 lines of force per sq. em. in the core,
each pole piece having an area of 36 sq. em.

INTERaCl'ION OF CURRENTS AND MAGNETS

682. Mutual Action or Parallel Currents.-Two parallel con~

ductora carrying currents in tM same direction aJ.lrad roih
otherj while if the current.! are in opposite directions they repel.
This may be shown by means of Ampere's frame, alight rectangu
lar frame of wire connected to a battery through two mercury
cups so that it can freely revolve, as shown in figure 387. If a

,

FlO. 387. .

second frame having a number of turns of wire through which a
current passes is brought up so that one of its edges is parallel and
near to one of the vertical wires of the pivoted frame, the attrac
tion or npulsion of parallel currents is easily demonstrated.

Also if the frame B is held under the pivoted frame 80 that its
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upper edge is at right angles to the lower wire of the movable
frame the latter will then turn until the two are parallel and with
the adjacent currents in the same direction.

683. Magnetic Field Around Parallel Currents.-lf the lines
of force of two parallel currents are studied by means of iron
filings or a compass needle, they will be found as in figure 388
when the currents are Ixttb in the same direction. While if tiie
currents are in opposite directions the resultant lines of magnetic
force are as shown in figure 389.

According to Faraday's conception, the attraction in the first
case may be explained by a tension in the magnetized medium or
8. tendency for it to shorten up in the direction of lines of force;
on the other hand, the repulsion in the second case is also in

Fill. 388-
Linee of maanetic fon:e. c:urreDte pM'pell

dieulu to pa~rlind both down

accordance with Faraday's idea that there is a pressure or tend
ency for a. magnetized medium to expand at right angles to the
lines of force.

It is also to be noticed that in the fir8/. ca&e the jieW. of force i8
$lrOTllJtT just outside of tM conductor" than it i8 between them, for be
tween the two the magnetic effect of the one is opposed by the
other; while in the 3eCOnd ca&e tk ttoo ad together to produce a
3lrong magnetic field between tlwm and a weaker field oul8ide.

684. Action Between Current and Magnetic Fleld.-In the
case just considered each conductor may be thought of as acted on
by the magnetic field due to the other. That ther~ is 8uch a.
reaction between a magnetic field and a conductor carrying a.
current may be demonstrated by presenting one pole of a bar mag
net to one of the vertical branches of Ampere's frame (§682) when
the wire will move across the lines of force of the magnet.

Or if a current of electricity is established in a light flexible con
ductor of tinsel cord hanging between the poles of a. horseshoe
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magnet the cord is repelled outward from between the poles when
the current is downward and the poles are situated as shown in
figure 390. If the current is reversed or if the magnet is turned
over so that the poles are interchanged the cord is drawn inward.
The field of force due to a current flowing across a uniform mag
netic field is shown in figure 391, where the current is supposed to
flow downward in a wire which intersects the paper perpendicu
larly at O. The broken lines are the lines of force of the uniform
field, the circles are those of the current, and the ruUtines are the
resultant lines of magnetic force. Clearly a tension in the
medium along lines of force and pressure at right angles will urge

FIG. 390.~Current in magnetic field. Flo. 391.

the conductor in the direction shown by the arrow. At points
nearer the top of the diagram than 0, the force due to the currents
acts with the original field, while below.O, the two are in oppo
sition, hence the field above°is strengthened by the current while
it is weakened below the conductor, there being a neutral point P
where there is no magnetic force at all.

These experiments lead to the following general rule:
When the magnetic field immediately adjoining a conductor

carrying a current is strengthened on one side and weakened
on the other by the effect of the current, the conductor is urged
toward that side where the field is weakened.

If the current is not at right angles to the lines of force of the
field, only that component of the magnetic force which is perpen
dicular to the oonductor is effective, so that the effective magnetic
force, the current, and the force acting on the conductor to move
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it are in three directions mutually at right angles to each other,
and their relation can always be determined by the rule just
given.

The amount of the force F experienced by the conductor is

F - lHI

where l is the length of the conductor in the field, H is the strength
of the component of the magnetic field at right angles to the con
ductor, and I is the current strength, all being measured in
C. G. S. units.

6&5. Magnet and Current In a Cott.-The mutual action of
a magnet and a current in a coil may be studied by a little light
circular coil of wire connected to zinc and copper terminals which

dip into a test-tube containing dilute
sulphuric acid, the whole system be
ing floated in a tank by means of a
cork. ... On presenting the pole of a
bar magnet the coil will set itself so
that the lines of force of the magnet
are in the same direction through the
coil as the liues of force of the coil
itself, thus strengthening the field
within the coil. It will then approach
the pole and slip over it to the middle
of the magnet.

FlO. 392.-Mllgnet and floating . ull d
cummt. If the magnet IS now p e out and

quickly thrust through the coil in the
opposite direction, the coil will slip off from the magnet, revolveso
as to present the opposite face, and then again approach it.

It may be seen that these actions result from the general rule
of §684. For in each portion of the circular circuit the magnetic
field is strengthened on one side of the conductor and weakened
on the other and each part strives to move from the stronger
toward the weaker field. On the whole, therefore, the coil always
turns and moves so as to increase the resultant number of lines
of force through it. It slips to the middle of the magnet and then
sets itself obliquely as shown in figure 393, for in that position it

• In thil ezperiment the te.t-tube .hould be we~hted wi~h Ihot until the cork i. t1Ili,~

"""....·0•.1. only the upper part of the teot.-tube prtIjecting .bove the .ud.ce. otherwiH
the motion. will be llreatly IIIlpeded by the .url""e viaeOlity of the ...ter.
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embraces the whole number of lines of force through the magnet
and avoids also including those that turn back at the sides, which
are in the opposite direction.

686. Barlow's Wbeel.-In the apparatus shown in figure
394- a copper disc is balanced on an axle so that it can turn
freely between the poles of a horseshoe magnet which produces
a strong field perpendicular to the disc. The lower edge of the
disc dips in a trough of mercury. If one pole of a battery is
connected to the axle of the disc and one to the mercury trough,
a current will flow through the disc between its center and the
trough. This current, being perpendicular to the lines of force

FIG. 393. FIo. 394.-Barlow'1I wheel.

of the magnet, is urged to the right or left, depending on its
direction, and accordingly the disc itself is set in continuous

•
rotation.

This experiment appears w show that the displacing force acts
on the oondudor which transmits the current and not simply on
the current itulf.

687. Rotation of a Magnet.-The following interesting experi
ment.is due to Faraday. A strong straight steel magnet is
mounted vertically between pivots. To one side of it is attached
a short arm of copper which reaches out and dips into a circular
trough of mercury surrounding the magnet, as shown in figure
395. If one pole of a battery is connected to the magnet and
the other pole to the mercury trough, the magnet will rotate
about its axis in a direction whic<h depends on the direction of
the current and on whether the north or south pole of the magnet
is uppermost.
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In this case the current in the projecting arm crosses the lines
of force of the magnet at right angles and therefore tends to
move across them, thus causing the rotation.

The experiment is remarkable because the motion i8 caused
by a reaction between the cross arm attached t<J lJw magnet and the
magnetic field of the moving magnet itself. It shows that in a
certain sense the magnetic field of the magnet does not rotate
with it when it turns.

FIG. 395. FlO. 396.-Tangent galvanometer.
•

INSTRUMENTS FOR MEASURING CURRENT AND POTENTIAL

688. Measurement of Current.-The strength of an electric
current may be measured by its magnetic effect or by its heating
or chemical action. Instruments which measure a current by its
action on a magnetic needle are known as galvanometers.

689. Taugent Galvanometer.-In the tangent galvanometer
there is a circular coil having one or more turns of wire, at the
center of which a magnetic needle is either balanced on a point
or suspended by a fine fiber of silk or quartz. The instrument
is placed so that the plane of the coil is vertical and in the
magnetic north and south plane. When a current is sent through
the coil the needle turns to one side or the other, and the strength
of the current is proportional to the tangent of the angle of
deflection, as may be shown as follows:



GALVANOMETERS 463

(§674)

--------------~

FIG. 397.

_---'F~.~/~G_~,8 e 0,,,,,,,,,,,,,,

The force due to the current in the coil is at right angles to
the plane of the coil at its center (§674) and the strength of the
field at that point in a given coil is proportional to the strength
of the current. Let G represent the strength of jkld at the center
due to the coil when unit current is flowing,
then fG will be the strength of field when
the current strength is f. Let OA in
figure 397 represent the plane of the coil
and 0 the point where the needle is placed,
then when no current is flowing the needle
points in the direction OA, being acted on
only by the horizontal component H of the
earth's magnetic force. The magnetic force
F due to the current in the coil is fG and at
right angles to H, therefore, the resultant force R is the diagonal
of the rectangle whose sides are fG and H, and

IG
tan x = H

where x is the angle which the resultant force makes with H.
But the needle must point in the direction of the resultant force,
and so x is the angle through which the needle turns. Therefore

H
I=a lanx

and if Hand G are known the current may be determined by
measuring the angle x.

600. Coli Constant of a Tangent Galvanometer.-In case of a
tangent galvanometer the magnetic force F due to the coil is expreesed
by lG.

But if the current is measured in electromagnetic units,

l<,_ll . G_l
r' .. r'

And since the length of n turns of wire of radius r is 2..rn,
G _ 2..nr _ 2..n,. ,

The galvanometer coil rona/ant G can be calculated from this formula when
the coil of the galvanometer has so large a radius compared with the length of
the needle that the poles of the needle may be regarded as at the center, and
when the CI'Oll8 section of the coil is so small that all the turns bear nearly the
same relation to the needle.
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If G is determined in this way, T being measured in centimetefll, and if H
is found by the method described in §498, the current will be" found in

H
C. G. S. e/.eclTonwgnelic unil.!J by the usc of the formula I - G tan x.

To obtain the current strength in am~Te8,we must take as the value of the
coil constant

G _ 2rn.
10. r

By this method the strength of a current is determined in amperes directly
from the fundamental units of length, mass, and time, for we have already
seen how the measurement of H is based on theso units. A tangent galva.
Dometer in which the constant is determined in this way directly from meas-
urements of the coil is known as a 8tandard galvancmeter.

691. Sensitive Astatic GalvaDometer.-For the measurement
or detection of extremely small currents of electricity the coil
of wire must contain a great number of turns as close as possible

to the needle, and because the turns nearest

Jl to the needle are most effective it is cus
tomary to use finer wire for these turns so
that a greater number can be placed in a given
space.

The sensitiveness of the instrument is fur
ther increased by using an astatic needle.
This is a system of two magnetic needles, as
nearly as possible of the same strength, con
nected together by a light aluminum wire so
that the poles of the two needles areoppositely
directed, as shown in the figure.

The combination is then suspended by a
fine silk or quarb fiber so that the galvanom
eter coil surrounds only one needle, or the

FlO. 39S.-Asta.tic gal- second needle may be surrounded by another
vanometerdiagram. coil around which the current flows in the

opposite direction to the first so that any 'current in the coils
will tend to turn both needles in the same direction.

If the two needles have equal magnetic moments the earth
will have no directive action on the combination. But as no
system of needles will remain perfectly astatic, a directive magnet
above or below the instrument serves to balance the effect of the
earth on the combined system. The influence of this magnet
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+

399.-D'Arsonval gal
vanometer.

and the. torsion of the suspension fiber serves to give the needle
a definite position of rest.

A small mirror attached to the needle enables its angular
deflection to be measured by the usual telescope and scale method
or by the reflection of light upon a scale.

692. Movlng-eoll Galvanometer.-In this type of instrument,
known also as the D'Arsonval form of galvanometer, the sus
pended system is a coil of fine wire
which hangs in a strong magnetic
field due to a permanent steel horse-
shoe magnet. In figure 399 is shown
a vertically placed horseshoe magnet,
between the poles of which is hUllg
a light rectangular coil of many turns
of fine wiro, the plane of the coil be-
ing parallel to the direction of the
lines of force. The coil is suspended
by a fine ribbon of phosphor-bronze
which also serves to connect one end
of the suspended coil to the outer
circuit while the other connection is
made through a spiral wound strip of
the phosphor-bronze ribbon attached
to the lower end of the coil.

A cylindrical mass of soft iron is
fixed midway between the poles of FIG.

the magnet so that as the suspended
coil turns its vertical branches move in the gaps between the
core and pole pieces. This arrangement secures a strong uni
form field across which the wires of the coil pass, and when
a current is sent through it, it is deflected.

A small mirror mounted just above the coil and moving with it,
enables the deflection to be determined by the telescope and scale_
or reflected spot of light method.

TM 1I1OtIing-coil galvarwmeter has the advanUlfJe that it is not
affected by clwnges in the earth's magnetic field, and can be used
near dynamo machines and where there is considerable magnetic
disturbance. Also the coil damps strongly or comes almost
immediately to rest when the wires leading to it are touched
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together, fonning a short circuit, as it is called. This damping is
due to electromagnetic induction (§720).

693. ElectrodyoaDlometers.-Instruments in which no iron or
magnetic substance is used, but where the measurement depends
on the mutual action of two coils carrying currents, are known as
ekclrodynamomder8.

The Siemens electrodynamometer, shown in figure 400, is a

V

Flo. oI00.-Siemena e1.llCtrodynamomeur.

good example. An oblong coil is fixed in a vertical position and
surrounding it closely at right angles, but not touching it, is a
rectangular suspended coil. The current passes through the
fixed coil and is led into the suspended coil through two mercury
cups into which its ends dip. The magnetic action of the coils
upon each other causes the suspended coil to turn, but its top is
attached to a helical spring the upper end of which is fastened
to a knob which is turned till the torsion ·of the spring forces
the suspended coil back again into its zero position. The
strength of the current is determined from the amount of
torsion required, as shown by a circular scale.
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In such an instrument the force of torsion T depends on the
current strength in each coil or T is proportional to II'. but when
the current is the same in each coil T is proportional to 11, whence

I-ky"t

where k is a. constant for the instrument which depends on the
size, shape, and number of turns in the coils and the scale by
which the torsion is measured. It is determined by experiment,
by measuring the torsion produced by a known current.

When the current is reversed in both coils the deflection is in
the same direction as before; (or this reason an electrodynamome
tec can be used to measure a rapidly alternating current which
would give no deflection in a galvanometer.

FIG. 401.-AmID8tel'.

694. Ammeters.-An ammeter is some form of gaJ.vanometer
or electrodynamomet.er graduated so that the current strength
in am~res may be directly read from the scale. A form of
ammeter much used for direct currents is shown in figure 401
It consists of a sensitive moving-ooil galvanometer in which the
coil instead of being suspended is mounted in jeweled bearings
and is held in equilibrium by two non-magnetic spiral springs
which also serve as conductors for the current. The main
current passes through a strip of metal (called a shunt) having
very small resistance, only a minute portion of the current passing
through the delicate movable coil. But the current in the mov
able coil is always the same proportional part of the whole
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current, Bnd therefore the scale over which the pointer movefil
may be so graduated as to show directly the number of amperes
in the total current.

Flo. 402.-E1ectrQetatio voltmeter.

An instrument of this type has the advantage of having a
very small resistance.

FrG. 403.-Voltmeter.

695. Voltmetera.-A lJoUmeter is an instrument designed to
l.lIeasure differences in potential. Bnd gives the readings directly
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in volts. There are two principal types, electrOl~tatic voltmeters
and those that depend on the flaw oj current.

696. Electrostatic Voltmeters.-These instruments are elec
trometers adapted to meet the requirements of ordinary engineer
ing practice. Of this type is the instrument shown in figure
402.

691. Current Voltmeters.-A voltmeter using current is a
high-resistance galvanometer with a scale graduated to give
directly the number of volts difference in potential between its
terminals.

The voltmeter shown in figure 403 is a moving-coil galva
Rometer such as is used in the ammeter shown in figure 401, but
there is no shunt across between the terminals as in the ammeter,
and a considerable resistance is inserted in the circuit so that
only a small current passes through the instrument.

Voltmeters using current give correct values only in circum
stances where the current through the instrument is so small
that it does not appreciably change the potentials to be measured.

For instance, the difference of potential of two statically'
charged bodies could not be determined by such an instrument,
for they would be instantly discharged
through it. And if we attempt to measure
the difference of potential of the terminals
of a battery cell whose internal resistance
is as great as that of the voltmeter itself,
the deflection will indicate only one-half
the total electromotive force of the cell,
for the current is such that half the fall f
in potential takes place in the cell itself
(§639).

In ordinary commercial work the other FIo. 404.-Ammeter with
resistances in the circuit are so small iron core.

compared with that of a well-constructed voltmeter that there
is no difficulty on this score.

Such a voltmeter cannot be used for alternating currents.
698. Ammeter with, Iron Core.-A simple form of ammeter

is that shown in figure 404 in which a soft-iron core is drawn into
a helical coil through which the current 8ows. Both ammeters
and voltmeters I:l.re constructed on this principle, and as the soft-
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iron core is drawn inward when the current is in either direction
they may be used either for direct or alternating currente, though
the graduation must be different in the two cases.

699. Hot-wire Instl'uments.-In some instruments the cur
rent passes through a fine wire and the elongation resulting {rom
its beating causes a pointer to move over a scale. The scale
may be graduated to show either the current in am~res or the
difference in potential between the terminals in volts. The wire
is mounted in a metal case to screen it from air currents and
keep it under as uniform conditions as possible.

The heating effect of a current is irrespective of its direction,
and therefore such an instrument may be used either for direct
or alternating currents.

700. Wattmeter.-If it is desired to know the eM'I'(JY per
Becond or watts spent in any part of a circuit, as in the lamps
between A and B in the left diagram of figure 405, the current

-8'"
E

Flo. 40li.

8 - -

•
•

may be measured by the ammeter and the difference of potential
•between A and B by· the voltmeter. The watts expended are

given by the product of the current in amperes by the volts.
The result may, however, be obtained directly by using a

wattmeter. This m~y be an instrument like the Siemens electro
dynamometer connected so that the main current flows through
the fixed coil E (right diagram figure 405) while the suspended

. coil has a great many turns of fine wire and is connected at A I

and B' to the main circuit, 80 that the current in the suspended
coil will be proportional to the difference of potential in volts
between A' and B'. The torsion produced by the mutual action
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of the two coils is proportional to the product of the currents in
each, and is, therefore, proportional to IP where I is the main
current and P is the potential difference between A' and B',
The instrument may therefore be graduated to give directly
the watts expended between A' and B'. The suspended coil in
this case is known as the potential or pressure coil, while the
fixed one is the current coil.

Problems

1. What is tho fOr<lo of attraction between two straight parallel wires 30
em. long and 1 em. apart each carrying 3 a.mp~rCll of current?

2. What must be the diameter of a coil of 3 turns of wire in order that !to

current of 5 amp~res may produce ~ strength of field at ita center of 0.20
dynes per unit poler

a. A senaiLive galvanometer having !to resistance of 25 ohms ia de8eded one
scale division by !to current of k' 600 of an am~re. What resist.a.nce ia
required and how connee~ to change it into a voltmeter reading 1
volt per scale division, and what resistance and how conneeted to
change it into an ammeter reading 1 ampl!re per scale division?

f. Given a voltmeter having a resistance of 800 ohms and reading 1 volt
per scale division. How can it be made,to read 10 volts per division 7

6. How can the voltmeter described in problem 4 be used to find tbe current
flowing through a conductor having a resistance 0.01 ohm per foot in
length?

BELLS AND TELEGRAPH

701. Electric BeUs.-Bells are rung
method shown in the figure. .When
the key at k is pressed, making a
connected circuit, the current flows
around the electro-magnet M, causing
it to attract the soft-iron armature a
to which is attached. the hammer
which strikes the bell. But as the
armature a is drawn toward the
magnet a. metallic contact at b is
Beparated, thus interrupting the cir
cuit and causing the mag,net to lose
its magnetism. The armature being
mounted on a. spring flies back,
makes contact again at b, and is then
magnet as at first.

by electricity by the

•

FlO. 406.-E1ectric bell.

again attracted by the
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702. EleC!trle Telecrapb.-In the Morse telegraph, as orIgI

nally used, 8. recording instrument made a. dot or dash when the
key was pressed in the distant station. In this instrument a
strip of paper was drawn steadily over a roller by clock work,
and when the key was pressed an electromagnet drew up a lever
provided with a sharp steel point which pressed against the paper
making a dot or dash, depending on whether the key made an
instantaneous or more prolonged contact.

It was soon discovered that operators read the messages by
sound, and therefore the elaborate recording instrument was
replaced for the most part by the sounder, a simple electro
magnet and armature arranged so that 8. vigorous click is heard
when the circuit is closed or broken. In consequence of the
resistance of long lines the current is very small and is therefore
used to operate a relay, which merely closes the connection in a
local battery circuit in which the sounder is included. The

relay has a. magnet wound with a.
great many turns of wire and in front
of its poles is a nicely balanced arms.

~~~-!-_, ture controlled by a. delics.te spring
~ so that a very small force will at

tract it. The armature is connected
to the binding post a and the stop
against which it is drawn is connected

Fla. 40T.-Relay and Mlundcr.
to b, so that when it is attracted by

the influence of the main-line current, connection is made
between a and b, thus closing the local circuit which includes
the battery B and sounder S. The feeble motions of the relay
armature are thus reproduced by the vigorous clieks of the
sounder.

Since the magnet of the relay must have a great many turns of
wire, it must be wound with fine wire and will therefore have a.
large resistance; but since the resistance in the main line is al
ready large, the additional resistance of the relay will have a
comparatively slight effect on the current.

In the local circuit, the sounder and battery are all included
in the same station and the resistance of the circuit may therefore
be very small, hence the resistance of the sounder should be
small, and accordingly it is wound with fewer turns of coarser wire.
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In the main-line circuit II single wire of ga.lvanised iron or hard drawn cop
per is used, the return circuit being through the earth. The following dia
gnun shows the arrangement of a main line including three stations.

•

t

ma;nlin,
H, , , ,

" l: H'

r SI r SI r S -:-gp.-
L , L

f

.1
P,

If
Fl:o. 408.-Diagn,m or t.elCl1'&ph line.

Each station baa a key, relAy, sounder, and local battery indicated .""pet>
uve1y, by 1, R, S, L.

The main-line battery PI operates all the relaya lor a certain length of the
line. At the last station shown in the diagram there is a relay R' which
transmits the signals to a second section of the main line which is operated by
the battery P,.

The keys are all provided with switches by which the circuit is kept closed
everywhere except in the station where the operator is sending a message.

703. Duplex Tclegrapby.-By the duplex system of te"legrapby the
efficiency of a telegraph line is doubled as it enables messa.ges to be trans
mitted simultaneously in both directions One Ilmlngement ilIlhown in the
diq:ram, figure 409. When the operator at II presses the key, contact ill

I

A 8

.c 1
=-

~
s' if£

Fill. 409.

made with the battery and the current BOWl, but it divides between p and q
in such a way that there is no 60w acr068 through R. This ill accomplished,
as in Wheatstone'll bridge, by a lIuitable adju.slment of the reaiatanoes p, q,
and.. At the aecond station, however, part. of the current will Bow through
the relay R', causing it to give the aigll.lll.

The relay R aets only in response to the key B, just as that at R' is affected
only when A ill pressed, and the two may therclore be operated quite inde
pendently of each other.

704. Quadruplex Telegraphy.-By the use of polarized relays or
relays which aet only when the current is in one direction, Edi90n was able to
modify the old duplCll: method 80 that two meBSages could be aimultaDoously
tranamiu.ed in each direction, or four altogether.
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705. Cable Telegraphy.---oecBn telegraphy present.s somc serIOUs
difficulties from which land linea are comparatively free. The cable aeta
like an enormous Leyden jar, for it-consists of a central conducting core made
of a bundle of oopper wires twillted together lJUtTOunded by &. thick coating of
rubber insulating material, ouwde of which is a protecting sheath of hemp
and steel wires.

The copper core ill the inner coating of the jar and the steel sheathing is the
outer coating. The capacity of an Atlantic cable is about equal to 600,000
gallon Leyden jars. When one eod of the cable is connected to the battery
the current. at the other end fUtes to ilB fullatrengtb only very slowly, as tho
e&ble is being charged attheaame time. And when t.beeurrent is broken the
whole charge baa to escape before the current dies out. In a typical Atlantic
cable tbe current. rises t.o M0 of its maximum value in 0.2 8eCOnd, and would
require 2 8econdil to come to U 0 of il.8 maximum; therefore, in order to 8lLve
time, exceedingly sensitive instrumenl.8 must be used which will give an indi
cation &8 8000 a8 th.e current begill.!l to rise at the farther end. In giving a
signal, connection is made to the battery for an insta.nt and then the end is
grounded, thus sending a lIOn of wave into the cable which is sufficient to
affect the instrument at the other end without fully charging the cable.

A double tmnsmitting key is used by which the cable may be connected
either to the positive or negative pole of a battelj', and thus a series of waves
may be transmitted, positive corresponding to dots, and negative to dashes of
tbe telegraphic code.

The receiving instrument is a sensitive galvanometer which swings to the
right. or left 8.3 the wavell of current pass through it.

On a line connecting pointe 1IO far apart on the earth there is a tendeney for
earth currents to flow which would powerfully affect the delicate galva
nometel'll used and completely overpower the desired signals. To obviato
this difficulty Varley devised the plan of connecting the cable at each end

FIG. oftO.-Diagram of cable eonllo<:UOn5.

to a condeMer of large capacity which entirely prevente any steady fiow
through it due to earth potentials, but does not interfere with sending the
signal ~avcs.

A simple arrangement of a cable is shown in the above diagram.
The switohes SS' are shown in position for aending by the key K and re

ceiving by the galvanometer G'. . Pressing the upper key at K gives a positive
charge to the condenser C, while the other key gives it a negative charge.
One terminal of the ga.!vanometer G' is connected to the condeneer 0' while
the other terminal is connected to earth.
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706. Siphon Recorder.-Tbe instrument. now commonly used for
receiving cable mes&agelJ is \-he riplwm ruorder devised for the purpoee by
Lord Kelvin. n is a galvanometer of the type which later bec&llle known
as the D'Araonval form. A coil of wire banp between the poles of a power·
lui magnet, and through this coil the cable currenllJ pn.55, causing it to turn.
Att&Ched to the suspended collis a fine capillary tube of gl.lui8 l!haped like a
siphon, one end of which dips into a little cup of ink. The other end of the
aiphon tube just touehes a atrip of paper which is carried along by elookwork.
All the coil tUrtlB the siphon moves to and fro acl'Q8I3 the paper, tracing a
wavy line as the paper moves along. An automatic jarring apparatus pre
vents the friction between the paper and point of the siphon from interfering
with the free motion of the coil.

ELECTROMAGNETIC INDUCTION

707. Faraday's Dlscovery.-The year 1831 was made mem
orable by the discovery of electromagnetic induction by Michael
Faraday, then professor in the Royal Institution in London.
In seeking to find some action of an electric current on a neighbor
ing conductor Faraday, having placed a coil of wire carrying an
electric current upon another coil which was connected to a gal.
vanometer, found that if the electric current was interrupted
or broken there was a sudden deflection of the galvanometer
lasting only for an instant, and when the battery connection
was made again there was an equal deflection hut in the opposite
direction. But the steady Bow of current in one coil had DO

effect whatever upon the other.
These momentary currents are called induced or secondary

currents, while the battery current by which they are produced
is called the primary current. The corresponding coils of wire
are known 88 the primary and secondary coils.

708. InductJon by a Moving or Varying Cturent.-Faraday
also showed that when & coil carrying a current is moved either
toward or away from another coil connected to a galvanometer,
an induced current is set up.

Such an arrangement as shown in figure 411 may be used,
where the primary coil A has a current Bowing through it from
the battery and the secondary coil B is joined to the galvan
ometer. If the coil A is either pushed down inside of the coil B
or withdrawn from it, an induced current is obtained which
flows around B in the opposite direction to the current in A
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when the two are pushed together, but in the same direction
as in A when tbe coils are drawn apart.

If while the coil A is inside coil B the current in A is made
weaker, an induced current is set up the same as though A were

•

FlO. <t!l.-Induction by • moviDI" en~nt.

being withdrawn. But when the current in A is strengthened
the effect is as though the coils were moved closer together.

709. Induction by Magnds.-Since a coil of wire carrying a
current is surrounded by a magnetic field, it may be supposed
that a magnet will produce a similar effect, and experiment
shows this to be the case. When a bar magnet is thrust into a
coil of wire connected in circuit with a galvanometer there is
an instantaneous swing of the needle of the galvanometer, but tk
needle at once returns to its zero po8itWn and remaim there 80 Wng
as the magnet i8 held at rest; when it is withdrawn from the coil
there is another instantaneous deflection opposite to the first.,
If the experiment is repeated with the magnet reversed, the
deflections are opposite to those previously obtained.

710. General Condition or Inductlon.-In general an induced
current is set up in a coil whenever there is a change in the
Dumber of lines of magnetic force passing throueh the ~iL
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This condition is illustrated in each of the three modes of pro
ducing induced currents just described. When the two coils
of Faraday's first experiment are placed in the relation shown in
figure 412 so that the lines of force due to the primary coil P
instead of passing through the secondary coil pass on each side
of it, there is no induced current in the secondary coil. So also
there is no induction when a magnet is brought up to the coil in

FIG. 412.
CQils with no mutual induction.

FIG. 413.

the position shown in the upper diagram of figure 413 or when
the plane of the coil is parallel to the magnet as shown in the coil
C on the right of the magnet in the lower diagram, but when the
coil is at right angles to the magnet as in the left-hand coil D
there will be an induced current when the magnet is brought up
or taken away, because more lines of force of the magnet pass
downward through the coil when it is near the magnet than
when it is at a distance. (See §499 on number of lines of force.)

711. Induction by Earth's Fteld.-The inductive effect of the
earth's magnetism may be easily observed by means of So coil
of large area and many turns of wire connected with a suitable
galvanometer.

If such So coil is held with its plane perpendicular to the lines
of the earth's magnetic force as at A, figure 414, the maximum
number of lines of force will pass through it. If it is now turned
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FIG. 4IS.-Fan.day·. diM:.

Fro. 414.-Coil in earth field.

quickly into the position B parallel to the lines of force, where
none pass through it, there is an induced current because of the
change in the number of lines of force through the coil. If the
coil, instead of being turned half-way. is turned completely over,
its position relative to the lines of force is exactly reversed and

the inductive effect is twice as
great as when it was turned half
wayover.

When the coil in any position
is rotated about an axis OX
parallel to the lines of force of
the field, there is no induction
since no change takes place in the
number of lines of force passing
through it.

When the coil is laid flat on a
table and slipped about from onc

place to another there is no induction, even if the table is
tipped 80 that its top is at right angles to tbe lines of force.
because the same number of lines of force pass through the coil
wherever it is, since the field is uniform.

'112. Farada:r's Dlsc.-The fonowing experiment due to Fara
day shows that when a conductor moves across the lines of
force of a magnetic field an induced
electromotive force is developed.

A copper disc is mounted on an
axiR so that it can rotate between
the poles of a horseshoe magnet,
the axis of the disc being parallel to
the lines of force. The edge of the
disc dipe into a mercury trough con
nected to one end of a low-resistance
galvanometer circuit, the other end
of which is put in contact with the
axle of the disc.

On rotating the disc in the direction of the arrow a current
is set up in the direction shown in the figure, the strength of
which is proportional to the speed of revolution of the disc.
If the disc is rotated in the opposite direetion the current is
~versed.
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This experiment shows that each radial strip of the disc, ..
it cuts across the lines of force of the magnetic fil;ld, is the seat
of an electromotive force which is found to be proportional to
the number of lines of force cut across per second, for it is pr~
portions! both to the speed of rotation of the disc and to the
strength of the magnetic field.

'713. Electromotive Force or Inductlon.-When the C. G. S.
electromagl!etic system of units is used (§602-603) the electro
motive force of induction is numerically equal to the number of
lines of force, Or unit tubes, cut across per second by the con
ductoq that is,

(E in C. G. S. units)

where E is the electromotive force induced in a conductor which
is cutting across lines of force at tlw TaU of N lines in t seconds.

Or, since ODe volt (§603) is equal to 10' C. G. S. units of poten
tial,

(E in volts)

To prove this relation suppose a. circuit, such ILIl is shown in figure 416,
consi8ting of two Btraight parallel con~ A
ducting rails connected together at one
end a.nd II.lso connected by a cross con- / Magnetic Fi.,d f,ductor AB which can Blide in the di- --- •
rection of the ILI'row; and let this circuit, of StrMgth H !
be in It. magnetic field of 8trength H in .....----!!------'-
whieh the lines of foree are perpendicular 8
to the plane of the circuit. Then if AB FIG. 416.

u. &lid along by hand at the rate of : em. per eeoond, an induced electro
mouve force will be produced which will cause a current I in the circuit.

The energy expended per second by this current will be IE (1652), but this
energy is 8upplied by the work expended in moving the oonduetoor along and
mUlt be equal too it. But a oonductoor of length I which carriee a current I
8Cr0B8 a magnetic field of 8treogth H, is acted on by a force F -HIl (1584)
and if in one second the conductor is moved agaiDllt that force through a diIl
tance: the work done in one second is F~ _ 11lb:. We have then,

IE-HIb: or, E_lllz

but lz is the area moved over by the conductor AB in one second, and 80 HI:
equal8 the number of HOell of force cut a(:r0B8 per second.

Tilla Lh.e elutromolWe foru of indudion in C. G. S. uniU if 'Mwn ro be
numericalll/ equal /0 tM number of lineIJ of foru cut acr033 per ucond bl/ the
-*119 wndudOT.
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which is the difference of potential between the end.
of the wire, since it is disconnected and no current
can flow.

~..::2:i~:,~:~i;
Flo. 417.-Wire

moving aeJ'OeI!I lines
of force.

714. lllu8tratlon.-For example, 8Uppoll8 8 8traight conductor AB, one
meter long (Fig. 417), is moved in the direction of the large arrow at the rate
of 3 meters per ~., and 811Ppotle it is in a magnetic field of st.rength 0.5
(about as (ltroDg as the earth's field) in which t.he lines of force are do1on
perpendicular kl the paper. Then t.he number of lines of force cut per
aecond will be the fLre8. in centimeters swept across per second by the con

ductor, multiplied by the number of lines of force per
square centimeter which in this CaBe is 0.5, or E _
100 X 300 X 0.5 - 15000, which is the electromotive
foroo in C. G. S. units; to change it to volta it must.
be divided by 100, hence

E _ 0.00015 volt

716. Why Induction Depends on Cbaqe
In Number of Lines of Force tbrough &

Clrcult.-We are now prepared to under
stand why it is that the resultant electro-

motive force induced in I.l. circuit depends on the change in
the number of magnetic lines of force passing through thecireuit.

It bas alrea9.y been seen that when 9. coil of wire lying on a
table is slid along, no induced current is produced although the
wires of the coil cut across the lines of force of the earth's mag
netic field(§71l). Theexplana
tion of this is that electromotive
forces ace induced, but in such
a way that they balance each
other. For suppose the coil is
moved from A to B as in figure
418 and that the lines of mag
netic forcearestraightdown per. FIG. 418.-Coil moved ,idewi"" in a

maa,netie field.
pendicular to the diagram, then
the sides of the coil cut across lines of force in such a way as
to cause electromotive forces in the direction of the arrows.
The electromotive forces induced in the two sides therefore act
against each other in the ring, but they are equal because each
side of the ring cuts across t.be same number of lines of force in
the same time, therefore the electromotive forces balance and
there is no current.
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If the field is not uniform 80 that more lines oj force pass throU{Jh
the coil in the second position B than in the first position, then
more lines of force must have cut into the coil across its left-hand
side than have cld out of it across its right-hand side. The electro
motive force developed in the left--hand side of the coil will then
be greater than the other and will cause a current to Bow around
the coil counter-clockwise. Therefore there must be a resultant
electromotive force whenever the number of lines of force through
a coil is increased or diminished.

716. Induced Electromotive Force.-8ince the electromotive
force developed in any part of a conductor by induction is equal
to the number of lines of force which cut across it per second
(§713) , it follows that in any circuit or coil the electromotive force
of induction is equal to the change per second in the number of
lines of force included by the circuit.

This is expressed by the formula

E=N1 -N 2

t

which gives the average el~ctromotive force during the time
interval t when N 1 is the number of lines of force through the
circuit at the beginning of the interval and N 2 the number at
the end.

By taking the time interval very short we approach the in
stantaneous value of the electromotive force as a limit.

If there are several turns of wire in the coil, to get the total
electromotive force the above expression must be multiplied by
the number of turns.

It is clear from the above that the more quickly the change
in the number of lines of force takes place the greater the electro
motive force.

717. Induced Current and Total Flow.-The induced cur
rent at any instant is by Ohm's Law

E . NI-N~
I=R andSlDce E= t

we have
I N I - N 2
~-R-t-

The instantaneous value of the induced current IS therefore
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greatest when the induced electromotive force is greatest; that
is, when the change in the number of lines of force through the
circuit is taking place most rapidly.

But It, the product of current by the time that it flows, is
the whole quantity of cbarge or electricity that passes in time ~;

tbus
ItorQ- NI-NI

- R

A simple integration shows that this expression holds true
in every case, at whatever rate the lines of force through the
circuit may be changing. The total quantity of electricity passing
a given point in the circuit in consequence of induction is equal
to the change in the number of lines of force through the circuit
divided by its resistance. IT C. G. S. units are u...o:ed for N and R
the quantityQ will also be in that system. To find it in coulombs
it must then be multiplied by 10.

It is to be remarked that the total quantity of the induced
flow is independent of the time during which the induction takes
place. It is the same when a magnet is put into a coil as when
it is pulled out and whether it is moved slowly or rapidly.

718. Energy In Inductlon.-Every current of electricity p0s

sesses energy, and therefore energy is required ta prGEluce in
duced currents. During the changes which produce an induced
current energy is supplied to it, and it dies out immediately
when the inductive action stops because its energy is expended
in heat in the conductor if in no other way. When induced
currents are set up by making or breaking t,he current in an
adjoining primary circuit the energy comes from the primary
battery. When the induced current is caused by the motion of
a conductor in a magnetie field tbe energy is supplied by the
ageney which causes the motion.

For instance, more energy must be expended when a magnet
is thrust into a coil in which the ends of the wire are conneeted
forming a closed circuit than if the ends had not been joined,
for there is an induced current in the first case and not in the
other. But in order to expend energy resistance must be over
come, and so the induced current must cause a force which
resists the magnet as it is pushed into the coil. For the same
reason the eurrent which is induced when the ma~et is with-
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drawn must exert a force to resist the withdrawal of the magnet
SO that more work is done than if the current could not flow.

719. Leu' Law.-Tbe general law suggested in the last para
graph was first stated by Lenz and is known by his name. It
may be stated thus: An induced current is always in sucb a
direction as to resist by its electromagnetic action the motion
by which it is produced. This law is a direct consequence of
the conservation of energy, as has been already indicated.

120. illustrations of Lenz' Law.-Thus in case of Faraday's
disc experiment (§712) the induced current tends to rota.te the
disc in the opposite direction (see Barlow's wheel, §686) 80 that
it is harder to turn the disc
while the induced current is
flowing than if the circuit were
disconnected.

If & thick strip of sheet copper
is hung like a pendulum 80 that
it can swing edgewise between
the poles of a powerful electro
magnet, it may swing down with
a rush, but is instantly checked
as it comes between the mag
net poles, since there are induced
in the copper currents of elec
tricity which resist the motion,
transforming tbe energy of mo
tion into current energy which
finally results in heat in the cop
per. In some forms of galva
nometer a bell magnet is em
ployed, so called be<:ause it is
shaped like a cylindrical bell of
steel slit part way up, the poles
being on the two sides. If such a magnet is suspended in a
slightly larger cylindrical cavity in a copper block, it generates
by its motion induced currents which quickly bring it to rest.
This mode of stopping the vibrations of a magnetio needle is
called electrical damping. The damping of the coil of a D'Ax
&ORval galvanometer (§692) is also explained in the same way.
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721. Arago's Dl.se.-A celebrated experiment of Arago's,
which was first explained by Faraday, is illustrated in figure 420.
A copper disc is rotated rapidly under a. magnetic needle from
which it is separated by a sheet of glass or parchment which
prevents air currents from having any inftuence on the needle,
and the needle is carried around with the disc. Induced currents

are set up in the disc which resist the
relative motion of the two, conse
quently the needle is dragged along
after the disc. The lines of force
due to the needle go down through
the disc under the north pole and the
induced currents are 88 indicated by
the dotted curves. It is easily seen
that the current 80wing under the
needle will tend to cause it to turn

FlO. 4.20.~n~ in Arqo'. in the direction of the disc. 88 in
Oersted's experiment (§671).

722. Rules for tbe DireeUoD of Induced E.M.F. and Current.
Lenz' Law leads to the following rules for the direction of the
induced electromotive force and resulting current:

Case of a Wire Moving Across Lines of Force

In this case the electromotive force induced in the wire is
in such a direction as to cause a current which will strengthen
the field immediately in front of the moving wire and weaken
the field immediately behind it.

For it ha.s been seen in i684 that 8uch a current would urge
the wire across the field in the opposite direction, thus resisting
the motion.

Case of a Closed Circuit

When the number of lines of force through a circuit i8 increasing,
the induced current i8 in such a direction as to set up lines of
force through the circuit opposite to those already there, thU8
opposing the increase.

If the number of lines of force is decreasing, the induced cUYTenl
is in such a direction as to set up lines of force inside the coil in
the same direction as those already there, lhU8 opposing the
decrease.
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723. Self-lndudlon.-When a. current of electricity is set
up in a coil of wire each tum in the coil experiences the inductive
effect of the current starting in aIL the other turns. All act to
gether to cause an induced current in tM roil oppogite to the cur
rent which i8 8larl.ing. The resultant current is therefore weaker
than the steady current which will flow when the inductive action
is over. When the circuit is broken tht; self-induced current is in
the same direction as the current which has been flowing; it acts
therefore with that current and prolongs its flow, causing a
bright spark across the gap
where the circuit is broken.
The current induced on break
ing connection is known as the
ulra current.

In this case, as in all other
cases of induction, the action is
due to that relative mo.tion of~<=~
conductors and magnetic field ~
expressed by the phrase" cutting ~
lines of force." The coil after
the current is established has a
magnetic field, and includes a
large number of lines of force. FlO. 421.

These lines of force form closed
curves surrounding the coil and may be considered &S starting
in the coil and spreading out in expanding curves as the current
becomes stronger. Each turn of wire in the coil is cut by all
the lines of force and hence the electromotive force of seU~

induction depends on the number of turns of wire in the coil and
the total number of lines of force that are set up by its current.
What is called the rotJficienl of self-induction of a coil is the prod
uct of the number of its turns of wire by the number of lines
of force through the coil when unit current is flowing in it. Thus
even I.L circuit consisting of a single turn of wire has some self
induction, but it is greatest in coils which have many turns of
wire and include a great number of lines of (orce, as in electro
magnets, where the iron core immensely inc~ the self
induction.

7:l4. Experimental lIIustratlon.-Take a large electromag-
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FIG. 422.-8olf_induetion.

.
net of low resistance having an armature acroes its poles and
connect a small incandescent lamp across its terminals, as shown
in figure 422. Then join the magnet to a storage'battery which
is strong enough to light up the lamp when connected to it alone,
interposing & contact key. On pressing the key the lamp lights
for an instant as the electromotive force of self-induction opposes

the flow of current through the
magnet and sends it through the
lamp instead. The lamp dies out,
however, as the current comes to its
steady state and divides between
lamp and magnet. On breaking the
circuit the lamp again glows as the
self-induced current rushes around
through the lamp instead of leaping
the gap at the key. Tk phenomena
of Bt1.f~nduction are observed only
while the current is changing, hence in
case of steady currents self-indudion
need Mt be CQ1U1idered, but in dynamo

machines and all alternating current apparatus it plays a most
important part.

In breaking connection in 11. circuit containing much Belf-induction, wch fill

one including electromagnets or a dynamo machine, great care mUI!~be taken
not to be touching the conductors on both aides of the gap when the contact
is broken; otherwiee a aevere ahock may be obtained from the e:rtT4 CInTlml

even when the ordinary voltage in the circuit is small.

725. Energy of 8. Magnet.-Every portion of the magnetic
field whether within the iron core of the magnet or outside of it
has a certain energy in consequence of its magnetization. It
was shown by Maxwell that the energy per cubic centimeter

in any part of a magnetic field is ~:' where B is the induction

at that point or number of lines of force per square centimeter.
Therefore, when a current is starting. in a coil or electro

magnet it has to supply the energy of the magnetic field besides
spending energy in heat owing to the resistance of the conductor.
After the magnetic field is fully established, which may take
several seconds in a large magnet, the current is steady and
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spends energy only in heat in the conductor. No energy is re
qoired to keep up a magnetic field when it is once established.

The spending of energy by a current in making a magnetic
field causes the current to delay in coming to its full strength
and is the cause of the self-induced current on making connection.

When the circuit is broken the field loses its magnetization
and therefore gives up its energy again to the current. This
causes the extra current or induced .current on breaking the con
nection, and the energy of this extra current is equal to the energy
that was stored up in the magnet and surrounding magnetic field.

726. Induction Coli. Ruhmkortr colI.-The induction coil is
~a device for obtaining induced currents of very great electro
; motive force from an ordinary
\ battery current. The construc- a b

tion is illustrated in figure 423.
The primary wil, of a few layers
of large copper wire so as to have
small resistance, is wound about
a central core which consists
of a bundle· of soft-iron wires.
Outside of the primary coil and ~-"-G-.-4-2-3.=Inductioncoil.
thoroughly insulated from it by
a thick tube of hardwrubber is the secondary cenl, made of an im
mense number of turns of fine wire the ends of which are brought
to two insulated posts supporting the discharging rods a b.
The diagram, for distinctness, shows only a few turns of wire in
the secondary; but in the actual instrument there are thou
sands of turns, a coil to give a one inch spark must have some
thing like a mile of wire in its secondary coil. The primary
must be thoroughly insulated from the secondary by a thick
tube of hard-rubber with hard-rubber flanges at the ends. The
primary coil is connected to a battery of a few storage cells and
when the current is interrupted the induced electromotive
force in the secondary coil may be great enough to cause So dis
charge across between the discharging rods. The primary
current is automaticaUy connected and broken. A device com
monly used is shown at d. A little block of iron on the end of a
spring is mounted opposite the end of the iron core of the appa
ratus. The spring rests against the end of an adjusting screw,
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•

the points of contact onea.ch of them being made of platinum.
The connections are made 80 that the primary current Bows
acrOSB the contact between spring and screw, and consequently
as the core becomes magnetized and attracts the block of iron
mounted on the spring, the connection is broken. But as the
core then loses its magnetism the spring comes hack and again
makes the connection; and SO the action is repeated, automatic
ally making and breaking t);le current many times in a second.

The self-induction of the primary coil causes both the starting
and stopping of the current to be prolonged, and consequently
the E.M.F. of induction, would be comparatively small if this
were not obviated. It is found that if a condenser of suitable
capacity is connccted to the primary circuit, its two surfaces
being COl).Dected one on each side of the point where the current
is broken, tbe electromotive force produced on breaking is greatly
increased. Such a condenser is represented at C; it is usually
made of alternate sbeets of tinfoil and paraffined paper, tbe odd
shoots or-tinfoil being connected together for one coating and the
even sheeta forming the other. By this construction a large
capacity is obtained in very compact form. The condenser is
often contained in the base of the instrument.

When the current is broken at d the extra. current of self
induction rushes into the condenser and charges it instead of
discharging in a spark &Cross the gap at d. The Bow of the
extra current is thus very quickly stopped; but after the con
denser is charged it immediately discharges itself back through
the coil in a direction opposite to the original current, and 80
more perfectly demagnetizes the core or even magnetizes it
oppositely.

By the use of the condenser, then, there is a greater change in
the number of lines of force on breaking the current, and the
change is more instantaneous, both effects serving to increase
the electromotive force of induction; and at the same time the
sparking at the gap d, which is very destructive to the platinum
contacts, is greatly reduced.

72'7. Wehnelt Interrupter.-Instead of a mechanical inter
rupter for the circuit an electrolytic cell may be used, known as
the Wehnelt interrupter from its discoverer. This cell consists
of a vessel containing dilute sulphuric acid, having for the nega-
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tive electrode a plate of sheet lead and for the positive electrode
a platinum wire or rod covered with a glass or porcelain sheathing
so that only the tip end projects into the aeid. An adjusting
screw is provided by which the amount projecting may be
regulated. If the voltage in the circuit is
sufficient and the exposed tip of platinum
wire is properly proportioned to the cur
rent, the circuit will be rapidly interrupted,
bubbles of gas being given off at the plati
num wire accompanied by flashes of light.
The frequency of interruption depends on
the self-induction of the circuit and the
electromotive force of the battery as well
as upon the adjustment of the platinum
point, and may be varied through wide
limits. With this form of interrupter a ~:

condenser is of no advantage.
728. Telephone.-!n the early telephone

as devised by Bell the receiver and trans- FlO. 424.-Ele<;trolytic
interrupter.

mitter were alike, the construction being
shown in figure 425. A hard-rubber handle contains a hard
steel cylindrical magnet, around one end of which is fixed a
coil of many turns of fine wire the ends of which are brought to
binding screws on the handle. A disc of thin sheet iron, sup

ported at the edges so
that it is free to vibrate
in the middle, is
mounted so that its
center comes close to
the end of the magnet
and surrounding coil
but does not touch

FlO. 425.-Telephono reoeiver. them. A hard-rubber
cap or ear-piece having

a hole in the center fits over the disc and serves to clamp it
firmly at the edges as well ~ to improve the quality of the
tone by favoring the sound waves from the center of the disc.

Suppose two such instruments with the coil in one connected
in closed circuit with the coil in the other. If a person speaks
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into one the sound waves impinging on the center of the disc
cause it to vibrate; but 88 it vibrates induced currents are set
up, for when the disc approaches the magnet more lines of force
pass through the coil into the disc, and as it springs away the
lines of force spread out again cutting across the coil. These
induced currents flow through the coil around the magnet of the
receiving telephone and by alternately opposing and strength
ening its magnetism cause the iron diaphragm of the receiver
to vibrate in exact correspondence with that of the transmitter,
80 that the same motion is given to the air at one end as that
which caused the disc to vibrate at the other, thus reproducing
the sound.

FIG. 426.-Thlll!lmiUer.

There is a serious defect in this mode of transmission. All
the energy of the induced currents must come from the sound
waves which cause the disc of the transmitt-er to vibrate. and as
a part of this energy' is spent in heat in consequence of the re
sistance of the circuit, the sound heard at the receiver must be
faint. To meet this difficulty another form of transmitter
shown in figure 426 is ordinarily used. The cell C containing
carbon granules between two plates of polished carbon is mounted
between the thin metal diaphragm and the solid back of the
instrument, and on each side of the cell is a metal plate con
nected in circuit with a battery B and the primary winding P
of a small induction coil, of which the secondary S is connected
to the line leading to the receiving station.

When sound waves fall upon the diaphragm of the trans
mitter the vibrations cause a variation in its pressure on the
carbon cell and a consequent change in its resistance. The
other resistances in th.e battery circuit are small compared with
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that of the granular carbon, hence variations in its resistance
cause decided changes in the strength of the current. These set
up induced currents in the secondary and produce corresponding
vibrations in the diaphragm of the receiver, thus reproducing
the sound.

By this arrangement the energy for transmission is suyplied by
the battery, and by taking
a proper number of turns
in the secondary coil the
induced current can be
adapted to the resistance of B--==-

the line. ,-L-L--

A telephone line is usually II.

completo circuit of two wires in
stead of using the earth, all in
telegl1lphy, and the two wires are
earried near together 80 that the FIG. 427.
inductive action of neighboring
telegraph lines and lighting wires on one wire may he neutralized by their
action on the other.

The arrangement adopted in the local battery system jg shown in figure
427. When the felJeiver R is hung 011 the hook H the battery circuit is
brokon at D and also the seeondary circuit 80 that no current flows from the

I

=---'-------
•

~...........

Flo. 428.-Telepbone ""ith centnJ battery.

battery except when the line is in use. The call hell is of very high reeistance
80 that only a very small part of the eurrent is diverted through it, and the
msgneto M by which the bell is rung is 80 devised that. it is connected to the
line only while being mod.

The loe,,1 battery is often done away wit.h and the current. through the
subscriber's traru>mitter supplied by a single battery at the central station.
One method of connection jg shown in figure 428.

A battery B of about 24 volta is connected to the line at the central station;
but when· the receiver R hangs on the hook 11 there is no current in the line,
for the circuit is broken at q and no current can flow BCI'Oll8 through the call
hell M beeause the condel1ller, is interposed. The subscriber ma.y be called,
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however, by connecting to the terminals ab any source of allernaling cun-ent,
which caU8Cll a surging of current back and forth in the line to the condenser,
charging it 150 that first one of its coatings is positive and then the other, alter·
nately. This current &8 it Bows alternately into the condellller and out again
rings the call bell M. On the other hand, if the IUbecribel' wishes to call
"centraJ." he hu only to lift his receiver from the book.. The current is then
eekblished through the contact points at q and flowing around the relay I
e108elS at V the circuit through the aignallamp I which ll.&8hee out and shows
that a connection is desired. The correspondent'eline i8 then connected by
moans of a flexible cord having two conductors and terminating in a double
contact plug wi).ich connects ODC conductor to a and the other to b.

The receiver R ia 80 connected that only an extremely minute diTed
current from the battery can fl.ow through it on aecount of the large resist.
ance of the bell M (1000 ohms), but the alIernaling "talking" current indueed
in the secondary. is readily established through theoondenser e. The "talk·
iog" current and the direet current from the battery through the transmitter
are thus both transmitted over the same line without interfering with each
other.

ELECTROMAGNETIC UNITS

729. C. G. S. Eleetromagnetlc Unlts.-The C. G. S. electro
magnetic system is based on the unit magnet pole as defined in
1485, unit current as in §602, and unit electromotive force as in
§603. The,Be units are determined from the above definitions
by certain measurements of length in centimeters, of mfl8S in
grams, and of time in seconds. They have the advantage of
being directly connected with the fundamental mechanical units
of the C. G. S. system. Thus the product of current by elect~

motive force measured in these units gives thc rate of spending
energy in ergs per second.

The C. G. S. unit of resistance is the resistance of a circuit
in which the above unit electromotive force will produce unit
current of the same system.

'730. Practical System of Unlt8.-The C. G. S. units are not of
a convenient size for use in commercial measurements, hut it is
desirable that the practical units should be related to the C. G. S.
units by ratios which can be expressed by simple powers of 10.

Thus the volt, the practical unit of ekctromotive force, is c1ws€n
equal ro 108 ,..:. G. S. unita of electromotive force, because that
particular power of 10 gives a value nearer to the electromotive
foroes of ordinary battery cells than any other would have done.

The ohm u defined as 10' timu the C. G. S. unit of rW/anct.
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This power of 10 was adopted because it corresponds very nearly
to the Siemens unit· of resistance which was already in use and
had been found con venient.

The ampere is 10-1 times the C. G. 8. unit of current. It is
determined by Ohm's law as the current which results from an
electromotive force of 1 volt in a. circuit baving a resistance of 1
ohm.

The ooulomb is the unit oj charge. It is the charge transmitted
in 1 second by a current of 1 ampere. It is almost exactly
equal to three thousand million electrostatic units of charge as
defined in §525.

The farad is the unit 0/ capacity. It is the capacity of a con
denser which will hold 8. charge of one coulomb when the differ-'
enee of potential between its coatings is 1 volt. This unit is 80

large that ordinary condensers are rated in microfarads, or
millionths of a farad.

The henry is the unit of inductance. t It is the inductance of a
circuit in which an increase in current strength at the rate of 1
ampere per second produces a back electromotive force of
1 volt.

Elaborate experiments have been made to determine how the
units as above defined may be realized in practice, and the fol
lowing experimental values have been obtained:

The ohm is the resistance of a column of pure mercury 106.3
em. tong and 1 sq. rom. in eross section at the temperature of
melting ice.
T~ ampere is a eurrent which will deposit O.(XH liS grm. of

silver per ~nd in a silver voltameter.
Tk ooU may be determined from a standard Clark cell, the

electromotive force of which at 15°C. is found to be 1.4322 volta.
731. To Change from the Electrostatic to the ElectromacnetJe

SY8tem.-The ratio of any electrostatic unit to the oorresponding
electromagnetic unit is in every case some power of the velocity
of light (3 X 1010) em. per second.

Electrostatic quantity of charge + (3 X 1010) = charge in
C. G. S. electromagnetic units.

• The ~lne'" UDii do the reelll\.o.Dtle of • <lOl.nm" of pu.... tnere\UY 1 me~r 10"••"d
1 1Iq. min. ill ."..,. .... ti.......t the ~",pe..tu.... of melt,,,. ice. Named from Sir Willia",
8iemella. the dioti"lluillbed Germaa pb)'l.ici&t ."d~_ who advocated it.

t N..med ill bOOM 01 J'*l:tlb HelU'J'•• diltio....bed ArnerieaD pbpieiat.Dd 6..t See...
taty til thIO B.ilb_i_o I..titutioo, wbo diMo>"ereo:I Mll-indUCllOd c:uneo~
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Electrost.atic quantity of charge + (3 X 109) = coulombs.
Electrostatic potential X (3 X 1010) = potential in C. G. S.

electromagnetic units.
Electrostatic potential X 300 = volts.
Electrostatic capacity + (3 X 1010)2 = capacity In C. G. S.

electromagnetic units.
Electrostatic capacity -+- (9 X lOll) = farads.
Electrostatic capacity + (9 X 106) = microfarads.

Problems

1. A coil of wire of 10 turna, each tum enclosing an area of 900 sq. em., is
turned from position A to B (see Fig. 414) in H second. Find the
induced E.M.F. in volts when the strength of the magnetic field is 0.5.

lit. A metal spoke in a wheel is 80 em. long. If the wheel makes 300 revolu~

tions per minute in fI. plane perpendicular to the lines of force of the
earth where the field strength is 0.5, find the difference of potential be
tween the center and rim of the wheel. Which part is at the higher
potential when the wheel rotates clockwise as seen by one looking in
the positive direction of the lines of force?

3. Show that the work expended in producing an induced current by turn
a coil over in a magnetic field becomes 4 times as great when the time of
the operation is reduced .J,1.

4.. A railway train runs south on a straight track with a velocity of 25
meters per sec. H the vertical component of the carth's magnetic
force is 0.50, find the electromotive force induced in a car axle 120 em.
long; also which end, east or west, is at the higher potential.

Ii. When the vertical component of the earth's magnetic force is 0.50, find
the electromotive force induced in 8. coil of 10 turns of wire 3 meteTS in
diameter which while lying on the ground is in.J,1 sooond pulled out into a
loop so long that the sides touch.

6. When a circular coil 01100 turns of wire 1 meter in diameter lying on the
Boor is turned over in 0.3 seconds, find the average elootromotive force,
earth field being as above.

7. If the resistance of the coil in the last problem is 2 ohms, find the total
flow of electricity in coulombs, also the average current in amperes, also
the energy spent in producing the current.

8. A magnet wnich includes 6000 lines of force is pulled out of a coil of
160 turns of wire whicb closely surrounds it, in ~ 0 second. Find the
induced electromotive force in volts.

9. A disc of iron 60 cm. in diameter mounted in a uniform magnetic field
so that 4()()() lines of force per sq. em. pass perpendicularly through it,
rotates like Faraday's disc (§712), making 30 revolutions per sec. Find
the difference in potential between the edge of the disc and its center.



DYNAMO MACHINES 495

10. A reetangular loop of wire 20 X 30 em. is rotated about aD axis parallel
w the long !id~ and half.way between them, in a magnetic field of
sLrength 2000. If the axis is perpendicular to the lines of force of the
field, what will be tho average eledromotiv6 force in a half rotation
between revel'll&I8 (1733) when the loop makes 20 revolutionJI per ace.?

11. What ia the maximum electromotive force in the CB3e speei6ed in tbe
preceding problem"

DYNAMO ELECTRIC MACHINES AND MOTORS

Part 1.-Direcl-current Dynamos

732. Introductory.-The first machine by which a continu
ous current of electricity was developed by electromagnetic
induction was Faraday's rotating copper disc (§712).

A machine developing current by electromagnetic induction
consists or a. strong magnet between
the poles or which an armature rotates
which contains the conductors in
which the currenb5 are induced.
Such generators, as they are called.
are known as magneto machines when
permanent steel magnets are used,
and dynanw machines when electro
magnets are employed.

133. Rectangular Armature.-Sup-
pose that a simple rectangular frame
of wire is rotated between the poles
of a powerful magnet 80S shown in
figure 429, and that its ends are con-
nected to two rings a and b which Flo. (29.-Induetion in .irople

are mounted on the axle, and against loop armature.

which press two springs connected to the ends of the outer cir
cuit. In the position shown the upper bar C is rapidly cutting
across lines of force. By the rule of induction (§722) the induced
electromotive force is in the direction of the arrow. So also
electromotive force is developed in D. These two electro
motive forces act together to cause a current in the outside
circuit from B to A. This will be the direction of the current
SO long as C is moving down across the field of force and D is
moving upward. When the coil is in the vertical position both C
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and D will be moving parallel to the lines of force 80 that there is
no electromotive force in the circuit at that instant. Then
as C comes up and D descends the electromotive force is reversed,
caUBing a current from A toward B in the outer circuit, which
reaches a maximum when the coil is horizontal, for then both
C and D are cutting perpendicularly across the lines of force.
The electromotive force again becomes zero when C reaches
the top and D is at the bottom and then reverses again into the
originaJ direction.

In the vertical position of the coil the electromotive force is
zero, although it includes the maximum number of lines of force,
because in that positwn a small motion of the coil does not appre
ciably change the number of lines of force which it embraces.
While in the horizontal position the electromotive force is a
maximum, although no lines of force pass through the coil,
because the change is most rapid in that position.

,.
'"

".
'"

FIo. 430.-Diagraffi of alternating electromotive foree.

The diagram (Fig. 430) exhibits what may be called the
curve of electromotive force in such a case. The curve starts
with C at the top, the abscissa at any point is the angle through
which C bas moved and the corresponding electromotive force
is the ordinate, drawn above the horizontal when it is direc~d

from B to A, and below when it is reversed.
The current produced is what is known as an alternating

current and goes through a complete cycle in the time of one
revolution of the armature. An alternating current may be
compared wthe surging back and fm of water in a pipe in which
a tightly fitting piston is moved wand fro.

734. Commutator.-The terminals of the coil just discussed,
instead of being joined to two rings, may be connected to the
two halves of a divided ring or commutator, as shown in figure
431, on which rest springs or brushes which connect to the ex
ternal circuit and are so placed that they slip from one segment
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FIG. 432.

to the other at the instant when the electromotive force in the
coil is reversing. In the above diagram, whichever side of the
coil is de8c~nding, is connected with A, while the ascending side
is connected with B, 80 that the current is always from B to
A in the external circuit. The current curve in the external
circuit will in such a case be as in
figure 432, where ordinates represent
the current and abscissas the cor
res{Xlnding instants of time. Each
section of the curve represents half
the period of a complete revolution
of the armature. Such a current,
though always in the same direction,
is fluctuating.

735. The Ring Armature.-A valu
able armature, devised by Pacinotti,
is known as the Gramme ring from the
French inventor who was the first to FlO. 431.-Loop armature with

. I h" commutator.construct commerCia mac mes usmg
that type of armature. It consist.s of a soft-iron ring made of a
coil of iron wire or a pile of ring-shaped plates of thin sheet iron,
wrapped around with a coil of insulated copper wire, the ends
of which are joined together forming an endless-ring solenoid
with an iron core. For distinctness in the diagram (Fig. 433), the
turns of copper wire are shown widely separated. Suppose the
ring to be mounted on an axle and rotated between the poles of a

powerful magnet as shown
in the figure. The lines of
force of the magnetic field
pass from one pole to the
other chiefly through the

iron ring as shown by the dotted lines. This, of course, is in
consequence of its great permeability. As the armature rotates,
those part.s of the copper winding which cross the outside of the
ring cut across lines of force in the space between poles and anna
ture. On the right-hand side the wires cut Mwn across the field,
and the electromotive forces in these turns will be from the front
toward the back of the armature. This tends to cause a current
in the windin~ in the direction shown by the small arrows. All
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of the turns on one side act together like so many little battery
cells in series, though those in the middle are most effective.
The outer sides of the turns on the left-hand side of the ring, next
the south pole of the field magnet, cut up across the field of force,
and hence the electromotive force in them is from the back toward
the front of the armature, and 80 they conspire to produce a
current on that side in the direction of the small arrows. But
it will be observed that in consequence or the winding of the wire,

FlO. 433.--(jrnmme rinll: ann_tun!.

the induced electromotive force on each side acts to cause a flow
around the coil working from the bottom toward the top of, the
ring, and hence the top of the coil will be a point of high potential
and the bottom a point of low potential, when the poles and
winding of the armature are as shown in the di&jn'am, but there
will be no jl()tIJ around the coil for the electromotive force on one
side balances that on the other.

To obtain a current, the lop and bottom of the roil mUBt be con
naUd with an cm/.Bitk circuu. This is accomplished by the com
mutator which consista of a number of segments of copper insu
lated from each other and mounted in cylindrical form around
the axis, each segment being conneeted with a corresponding
point in the copper coil.

The sections of the armature coil included between the pointa
where connection is made to the commutator, ,all have the same
number of turns. In the diagram only one turn is shown for
each section, but any number may be used.

If the ends of the external circuit are connected to the two
brushes A and B there will be a current from A to B as indicated.
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-A

B -
FlO; 434.-Two batt{'ri~

in parallel.

For the brush A rests upon the upper segment in the commutator
which is connected with the top of the wire coil, and is in this
case a point of high potential, while similarly the brush B is in
connection with the bottom of the coil where the potential is low.

The flow of current within the armature coil is around on
each side as shown by the arrows, the
two currents coming together at the top
and flowing out through the commutator
at A, around through the external circuit,
and in at the bottom of the armature coil
where the current divides, half flowing -,;;=
around on ODe side and half on the other.
The case resembles an external circuit
connected to two batteries joined in par
allel (Fig. 434), the electromotive force
of each battery corresponding to that of one side of the arma
ture.

736. Drum Armature.-Of every turn of wire on a ring arma
ture part lies on the inside of the ring, and this does not contrib
ute to the electromotive force. Whatever slight effect it may
have, due to the weak magnetic field inside of the ring, is in op
position to the outside part. It is desirable to have as little
inactive wire as possible in an annature since it adds to its
resistance.

The drum armature is like a ring armature where the opening
in the ring is filled up with iron and the turns of copper wire pass
clear across the ring from one side to the other, so that the only
inactive wire is that across the ends.

The core is a cylinder of iron made of a pile of thin sheet-iron
plates bolted together, around which the coils of wire pass longi
tudinally lying in grooves made for them. In winding, the wire
starts at one of the commutator segments, is passed around the
core lengthwise in one of the grooves the desired number of times,
suppose twice, and then is connected to the next commutator
segment. It is then carried right on around the core in the next
groove in the same direction as before, making two more turns,
and then connected to the third segment of the commutator.
This process is continued until the segment is reached where the
winding began and there the end is made fast. In this wayan

•
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endless coil is constructed just as in the Gramme ring, and be
tween each commutator segment and the one opposite there are
two paths by which the current may flow within the armature,
80 that the current divides in the armature just as in the ring
armature.

737. Foucault Currents.-In each of these armatures the in
ductive action which causes electromotive force in the copper
coils also causes a similar electromotive force in the iron core
tending to set up currents within the core itself. Such currents
would spend energy in heat, and the double disadvantage would
result that more work would have to be spent in turning the
armature, and this useless expenditure of energy would go to
unduly heat the machine.

In order to prevent these FoucauU currents, or eddy currents
as they are often called, the iron core is laminated or made up
of thin plates insulated from each other by varnish, or paper,
and lying across the direction in which the currents would flow.
The thinner the sheets of iron the more perfectly is this waste
of energy prevented.

738. Electromotive Force of Armature.-The electromotive
force of a ring armature is easily reckoned. The electromotive
jorce oj the ring is the same as that oj one side, since the two sides
of the ring act in parallel. Let N be the number of lines of force
passing through the armature, n the number of revolutions per
second, and C the number of turns of wire on the ring, then since
each turn cuts down on one side across all N lines of force once

in cvery half revolutio!J, that is in 2~ second, the average electro

motive force induced in each coil as it moves across the field must
be

I
N + 2n = 2Nn.

But all the coils on one side of the ring act together or in series,
hence if there are C coils of wire on the ring the total electro
motive force must be

e
2Nn· Z

thus

E=NnC in C. G. S. units, or

•

Nne
E = lOS volts.
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The electromotive force depends on three factors: the Dum
ber of lines of force through the armature, the number of revolu
tiODS which it makes per second, and the Dumber of coUs of wire
upon it.

The electromotive force of a. drum a.rmature is calculated from
the same formula, C representing the whole Dumber of wires on
the armature which cut across lines of force.
. 730. Field Magnets.-In most dynamo machines and motors
the armature rotates between the po!es of an electromagnet
which receives its exciting current from the armature. Three

FlO. 435.-Serle~ and lIhunt field magnetos.

modes of winding arc in use, series, shunt, and compound. In the
first diagram in the figure is shown a. serie8-wound dynamo.
The whole armature eurrent passes around the field magnets
and through the external circuit. Any resistance introduced into
the external circuit, causing the current to diminishl weakem
the magnetic field and therefore makes the electromotive foree
of the machine less. When there is no current flowing its elec
tromotive force is zero except for the residual magnetism.

In the shunt arrangement the current in the armature divides,
part flowing around the magnet and part to the external circuit.
In order that but a small current may be taken for the magnet,
it is wound with many turns of rather fine wire.

The current through the shunt coil depends only on its resist
ance and on the difference of potential of the brushes; hence it
is constant and the strength of the magnet is constant SO long as
the difference in potential of the 'brushes is unchanged. The
electromotive force of such a dynamo Is ....ry nearly cODltant,
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but is slightly greater when no external current is flowing, for
with increasing current in the external circuit there is more cur
rent and & greater faIL of potential in tM armature melf.

Compound winding is a combination of tbe shunt and series
arrangements, in which there is & shunt coil and also a few turns
carrying the whole current around the magnets. In this way a
dynamo may be ms.de to maintain a nearly constant potential
at the terminals, though the external current may vary greatly,
or it may be ooer-eompounded so that its terminal electromotive
force may be greater with large currents than with small.

Part II.-Direct-currenl Molor8

740. Motors.-An electric motor is an appliance in which an
electric current gives motion to an armature, thus producing

-

FIG. 436.-MotoT with riOIl: armatu~

mechanical work. Small direct-eurrent motors usually have ring
or drum armatures and are in most respects like dynamos.

The action of the ring armature in & motor may be under
stood from the diagram (Fig. 436). The current from a bat.tery
or other source is shown &8 flowing in at. the upper brush and out
at the lower one. Within the armature the current divides,
half flowing around and down through the coils on one side and
half through those on the other side as shown by the arrows, and
the effect of these currents in the armature is to make each half
of the ring a magnet with its north pole at the top and south
pole at the bottom. The attractions and repulsions between
these poles and those of the field magnet cause the arm.ll.ture to
rotate in the direction of the large arrows.
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Another aspect of the action is worth considering. The gaps
between the pole pieces and the armature are regions of intense
magnetic force, and the wires on the outside of the armature
carry currents directly across these lines of force, up (perpendicu
lar to the paper) on the left and down on the right; there is, there
fore, a force (§684) urging these wires to move across the lines
of force toward the top of the diagram on the left and toward
the bottom on the right.

741. Energy Spent In Motor.-While the motor is running mechan
ica.l work is being done in addition to the energy which is spent as heat in the
armature in cOIlllequence of its resistance. But the toW energy spent per
Bocond in the motor .is equal to the product of the current strength by the
difference of potential between the brushes. Therefore if the current is kept
constant the difference of potential between the brushes must be greater
when thc motor is running IlJlddoing work thllJl when the armature is at rest.

This increase in the difference of potential between the brushes due to the
motion of the armature is the back electromotive force of thc motor. There
must be such a back e1ectromotivo force in every kind of device in which
motion results from the ftow of an electric current.

Let VI - VI - difference of potential between brushes of mawr.
I R - drop in potential due to the resistance of the armature.

VI - V, - E + IR where E is the back electromotive force.

to {
. watts spent in turning armature +

Total watts spent m rno r - .watts spent III heat
or in symbols

I(V I - VI) -IE + PR.

742. Back Electromotive Force.-Connect an electric motor to
a battery by which it may be driven and introduce into the cir·

FlO. 437.

euit an incandescent lamp which will glow with full brilliancy
when the armature of the motor is held stationary. On leUing
the armature run the lamp grow8 dim, and an ammeter in circuit
shows that the current has diminished, but a tlQUmeter connected
to the brushes of the motor will show a much greater difference of
potential between them than when the armature wa3 at reat.
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Since the electromotive force of the battery and the resist
ance of the whole circuit is unchanged by the running of the
motor, it is clear that the current can have been diminished only
by the development of an electromotive force in the circuit back
against the driving current. The motor, in fact, while running
acts like a dynamo and develops an electromotive force, called its
back electromotive force, because it acts in opposition to the
electromotive force of the driving battery.

743. Starting a Mator.-In starting a motor there is at first
no back electromotive force to oppose the current, and in order
to prevent the current being excessive and "burning out" the
armature before the motor is well started some such device as
shown in figure 438 is commonly used.

The current is led to the motor through the wires AB, one
of which is connected directly to the motor while the other is

joined to the switch S. When the
switch is turned from 1 to 2 the cur
rent flows through coils of wire having
considerable resistance and starts the
armature. As the speed increases,
developing more back electromotive

FIG. 438.-Starting cOllllectiOIl!J force, the switch is moved on to 3 and
of motor.

4, reducing with each step the extra
resistance until, as the armature comes to full speed, the switch
on 5 makes direct connection, and the back electromotive force
kC<lps the current moderate even though the armature resist
ance may be extremely small.

744. Dynamo and Motor.-Suppose a transmission system
consisting of dynamo and motor and connecting circuit. Let the
electromotive force of the dynamo be 200 volts, and suppose
the resistance of the whole circuit including the armatures of
both dynamo and motor to be 1 ohm, and let the back ell~ctro

motive force of the motor be 180 volts at the working speed.
Then the resultant or effective electromotive force in the circuit
is 200 - 180 = 20 volts, and the current is 20 amperes.

Power spent in the dynamo 200 X 20 = 4000 watts.
Power used in motor 180 X 20 = 3600 watts.
Loss in heat (PR) is the difference 400 watts.
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If a motor is used which in running develops twice the back
electromotive force of that just discussed, then with a current of
10 am~es as much power will be obtained as with the 20
am~res in the former case.

In this case the electromotive force of the dynamo must be
370 volts, and that of the motor being 360 volts the effective

<§)o """0... M@
£;2«} 1= 20 A",-",C..! • ;180

@o R_'Oh", M(§)
E~370 /. If) A..".~ ,.",

FlO. "39.

electromotive force is 370 - 360 = 10 voltll. The current will
therefore be 10 am~res, and we have

Power spent by dynamo
Power used in motor
Power wasted in heat I~R

"" 370 X 10 "" 3700 watts.
- 360 X 10 = 3600 watt.'!.
- 100 Xl"" 100 watts.

This is evidently a. much more economical arrangement than
the first and illustrates the general principle that electrical
energy can be transmitted with least loss by means of small
currents at high voltage.

Part III.-Allernaling Currents

740. Alternating Currents.-Alt.ernating currents have come
extensively into use because of the ease with which a large
alternating current at a low voltage can be changed to a small one
at a high voltage. The small high-voltage current can be carried
by comparatively small conductors to a distant point and then be
transformed down again to a large current at a low enough
voltage to be safely used for light or power.
• 146. Alternating-current Dynamos.-Almost any direct-cur
rent dynamo will give lI.Iternating currents if it is provided with
two rings mounted on the axis and connected respectively
to two diametrically opposite segments of the commutator. A
circuit whose ends are connected to these rings by brushes will
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have an aJternating current. Such a case was illustrated in
§733. To secure good insulation, high electromotive forcc, !lnd
sufficient frequency' of alternation, alternating-current dynamos
are usually multiIXIlar, as illustrated in figure 440. In the type
shown the field magnet poles, alternately north and south, p~
ject outward (rom the rim of .IL rotating wheel and are magnetized
by the current supplied by a small separate direct-current dynamo
called an exciter. This rotary field, or rotor, rotates within the
fixed armature or stator, in which the poles project inward from
the outside circular frame. These poles are of the same number
as those on the rotor, and are laminated or built up of thin
plates of sheet iron to prevent eddy currents. Around the poles

FlO. 440.

of the stator the armature coils are fitted, passing through slots
between them and wound alternately clockwise and counter
clockwise around successive poles. As the rotor turns and a north
pole facing one pole of the armature moves over to the next, the
lines of force from the pole of the rotor cut across the conducting
wires lying between the poles of the stator and induce electro
motive force in them which reverses as the succeeding south
pole moves across, thus causing an alternation. But as the
wires in one slot return in the opposite direction through the
next slot, and as a north pole is moving across the one while a
south pole is moving across the other, the electromotive forces
induced in all act together at every instant, so that in the case
figured where tbe~ are 16 poles, an alternating electromotive
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force is produced 16 times 88 great 88 would be developed in 8.

single coil.
If a low electromotive force is desired the several coils of the

armature may be connected in parallel instead of in series &8

above described.
747. Virtual Amperes and VOlts.-'An alternating current is

constantly varying in strength, as illustrated in the curve of
figure 441, its average value is zero and it will not give a steady
deflection of the needle in an ordinary galvanometer. A defini
tion must therefore be given of what is meant by an alternating
current or one am~re. Since the energy relations of a current
are commercially the most important, an alternating current

-
1

••
j

FlO. "41.-Altern8tin&~urreDt curve. Cul'n!Dt _ 10 AmpeTft.

Is a'aid to have the strength of I ampere, when it will develop
the same amount of heat in a given resistance as would be pro
duced by a direct current of I ampere. The heating effect of
a. current at any instant is proportional to the square of its
strength at that instant, so also the deflection produced by a
current in an eJectrodynamometer is proportional to the square
of the current strength (§693); therefore an electrodynamometer
measures directly the virtual ampUes of an alternating current
just as it does a direct current.

i If the alternating-current curve is a sine curve. the virtual
strength as defined above is to its maximum value in the ratio
of 1 to 1.41; thus an alternating current of 10 amperes ranges
from + 14.1 to - 14.1 amperes in its instantaneous values.

So also the virtual value of an alternating electro~otive

force is said to be 1 volt when -it will cleYelop &II. alternatiD&
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current of 1 ampere in a resistance of 1 ohm having no
self-inductance.

748. Meet or Self-lnductlon.-It has already been shown
(§723) that the effect of self-induction in a. circuit is to cause
an electromotive force contrary to an increasing current and
with a. decreasing cnrrent. In case of alternating currents, the
effect is twofold. First, it causes an apparent increase in resist
ance. It may be proved that the current produced by an
alternating electromotive force E in a coil whose coefficient of
self-induction is L and whose resistance is R, is

E
I - V R' + (2rnL)'

where n is the number of oomplete cycles per seoond, the cur
rent and electromotive force being measured in virtual am
~res and volta, the resistance in ohms and the inductance in

. henrys. The denominator is known as
the impedance of the conductor.

If the self-induction of the coil is
large and if there are a. large number

Cl of alternations pel' second, the impe
J:. dance may be large although the resist

ance is small.
Second, self-induction causes the

phase of the current to lac behind that
R of the electromotive force, 80 that the

Flo. 442. current does not reach ita maximum
value at the same instant that the elec

tromotive force is a maximum, but a certain fractional part of a
period later, which is called the Jag.

The relations of these quantit.ies are shown by the triangle in
figure 442. Ir t.he base of the right-angled triangle represents
the resistance of a coil, and the altitude, the quantity 2rnL, then
the hypothenuse represents the impedance, and the angle a at
the base, the angle of lag. That is, the current maximum lags
behind the maximum of electromotive force the same fractional
pa~t of a complete period that a is of the \whole angle about tl.

pomt.
749. Theater Dlmmers.-lf an electric glow lamp, CQnnected
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in series with a coil of wire having very low resistance, is lighted
by means of an alternating current, the light may be dimmed
by inserting a laminated COfe of soft iron inside the coil. The
self-induction of the coil is greatly increased in this way and the
current is decreased, but there is no waste of energy as there
would have been if the current had been reduced by introducing
resistance. This method is used for dimming theater lights.

750. Transformers.-Alternating currents are easily changed
from low voltage to hig}l, or vice versa, by means of tranSformers•.

Flo. 443.-TraDSrormer and 8OOtion.

) 1000 Volts

FIG. 444.-Transformer eonnectiona.

A transformer consists of two coils side by side, having a common
core of soft iron. In the form shown in figure 443, the iron core is
made up of a pile of thin sheet-iron plates of the shape shown in
the section. The core thus formed is a block of soft iron having
two rectangular holes through it in which the two coils lie side
by side, one coil having many turns of fine wire and the other a
few turns of coarse wite as shown in the diagram. When an
alternating current is set up in one coil it magnetizes the iron
core, setting up lines of force which at one instant are in the
direction shown by the arrows in the diagram and a half period
later are exactly opposite. But the lines of force pass through the
second coil as well as the first and therefore an alternating in
duced current is set up in the secondary coil.

The same lines of force cut across one coil as the other and



510 ELECTRODYNAMICS

consequently the electromotive force induced in ODe coil is to
that in the other as the number of turns of wire in the coils.

Suppose it is required to transform from 1000 volts down to
50. The fine wire coil which is connected to the lOoo-volt circuit
must have 20 times as many turns of wire as the coarse wire coil
which is connected with the lamps. If no lamps are turned aD,
there is no current in the secondary coil and the magnetic field
through the primary coil causes such a strong back electromotive
force that only 8. very small current Bows through it and there
is but a small loss of energy.

When lamps are turned on in the secondary, a current Bows
which, by the laws of induction, opposes the changes in the
magnetic field by which it is produced, and therefore more current
must 80w in the primary coil to keep up the magnetism necessary
to produce the back electromotive force in the primary which
balances the electromotive force of the main line.

In this way the transformer is self-regulating, the primary
current being very nearly in the same ratio to the secondary &8 the
number of turns of wire in the secondary coil is to that in the pri·
mary. In the example considered, the current in the primary
would be one-twentieth that in the secondary

The energy spent in the secondary circuit is equal to that
which the transformer takes from the main line except for a
small amount, perhaps 5 per cent., which IS lost as heat in the
transformer.

7lH. Advantage of Transformers.-Large currents cannot bo
transmitted long distances without great loss in heat unless
large conductors of low resistance are used, in which case the
cost and interest charges are high. By means of a transformer
So large eleetrica1 power may be transmitted by a small current
at high voltage. Thus in district6 where scattered houses are
to be lighted So small current at high voltage is used on the
street line and transformed down, giving large currents at low
potentials at the points where lights are used.

In many lines where power is to be transmitted a long distance
transformers are used at both ends of the line. Thus at Niagara
dynamos develop currents at 2200 volts, which are then tranll-o
formed up to 22,000 volts, and so transmitted 20 miles to Buffalo,
where they are transformed down again for power snd lighting
purposes.
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'71:52. Elecuic Welding.-An important application of large
elootric currenta is in fusing bars of metal together. Two bars
of iron as large even 88 a man's wrist may be placed end to end
and fused together in a few seconds. For such a purpose & very
large current is required just at the spot to be heated. Accord
ingly a transformer is used in which the secondary may consist
of only a single turn or two built of heavy copper bars, the ter
minals of which are clamped to the bars to be welded, one on each
side of the junction. The primary coil is made of many turns of
wire and takes a comparatively small current at high voltage.

753. Alternatlng--currcnt Motor.-There are two principal
types of alternating-current motors, the aynchronom motor in
which the armature will not start of itself, but must be brought
by some accessory motor to sucb 8. speed that its armature coils
move from one field pole to the next in exact synchronism with
the alternations of the driving current. When brought to speed,
it will continue to work when driven by a single alternating
current.

A second type is the induction motor in which a rotary ma.gnetic
field is produced by polyphase currents.

7640. Rotary Magnetic Fleld.-Suppose that a laminated ring
of soft iron, having four poles projecting inward as shown in
figure 445, is wound with two
independent circuits, one of
which magnetizes the A and C
poles and the other the Band
D poles. And let an alternating
current be established in each
circuit, the phase of the current
in the E circuit being a quarter
of a period ahead of that in the
F circuit as shown in the curves Flo. "S.-Rotary 6dd maplet.,
E and F in figure 446, SO tha.t one reaches its maximum value,
either positive or nega.tive, at the instant that the other is
passing through its zero value.

The corresponding changes in the direction of the lines of
force in the field between the poles are shown in the lower dia
grams of figure 446. Thus in the first diagram the current E is a
maximum, and is supposed flowing from E to E' (Fig.44S) making
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A 8. north pole and C a. south pole, while at that instant the F
current is zero. But as the F current increases that in E dimin
ishe<J until F becomes a maximum and E zero. The north pole
has now passed to B, while A and C have lost their polarity
8.8 shown in diagram 3. The sign of the E current is now re
versed and it begins to Bow from E' toward E, making C a north

,
iF,
E,

E max E"o
F~o F meu

Flo. 446.-Dia(tl'am of two phue cum.nta alld rotary 6eld.

pole as shown in 4; at the same time the F current is decreasing
and become8 zero in 5, where E reaches its maximum negative
value. In this way what is known as a rotary magnetic field is
produced in which the north and south poles move around the
ring making one revolution for every complete period of the
current.

156. Induction Motors.-Between the poles of the rotary
field juSt described there is mounted a cylindrical-sbaped arma
ture having a set of parallel rods of copper at equal intervals
&round the circumference, like tbe bars in the wheel of a squirrel
cage. connected across the ends by copper plates. And to
strengthen the lines of force througb the armaturel it is filled
witb a. soft-iron core made of a. pileof circular plates or thin sheet
iron. As tbe lines of force of the field rotate they cut across the
bars of the armature, inducing currents which by Lenz' law are
in such a direction as to resist the relative motion of armature
and field, and the arma.ture is therefore carried around in the
direction in which the field rota.tes. But clearly in such an induc
tion motor, the armature cannol rotan as fast as the magnetic field,
because it is the difference between the motions of the two that
causes the induction on which the rotation of the armature
depends.
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766. How Currents In Different Phases are Obtained.
Imagine a Gramme ring armature as shown in figure 447.pro
vided with four insulated brass rings mounted on its axis, each
of which is connected permanently to ODe of the points EFE'F',
which are just one-quarter circumference apart on the ring. If
one circuit is now connected to the brushes e and e' and another

Fla. 447.-ConnectiODS for ourrent8 in quadrature.

to the brushes f and!, which rest on the rings, the currents in
the two circuits will be one-quarter period different in phase as
represented in figure 446.

757. Three-phase Motors.-The usual form of induction
motor uses three-phase currents, or three currents which differ in
phase by one-third of a period, and requires only three line wires
instead of four. The generator has three rings connected, re·

FIG. 448.-Three-phasc curromtl!.

spectively, to three equidistant points in the armature, so that
the currents developed in the three line wires are related as shown
in the curves of figure 448. It will be noted that the sum of the
ordinates of any two of the three curves taken at any point along
the base is equal and opposite to the ordinate of the third curve
at that point; that is the sum of the currents in any two of the
three line wires at any instant is equal and opposite to the cur
rent in the remaining line wire, the three are, therefore, connected
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together at the farther end and each serves as the return wire for
the other two, as shown in figure 449.

p

FlO. 449.-ConnectiollS or three-phase "Cllnator to tho polcs P of the field
magnet of the motor.

FlO. 450.

Three-phase motors are usually multipolar, each principal pole
being subdivided into three parts. The figure shows a field
having twelve small poles which are so wound as to form a rotary

,field with two north poles and two south
poles. How this is done may be under
stood from the diagram in which the
field ring is supposed to be cut at one
point and bent out flat so that we look di
rectly at the faces of the twelve poles.

For simplicity the wire is represented
as carried only once through each groove.
Itwill be seen that when' the current in 1 is

a maximum in the direction of the arrow the poles will be situ
ated as shown in the upper row of letters. A third of a period
later the current in 2 will be a maximum in the same direction,
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FlO. 451.-WindinjV of .. three-phll8e field magnet.

and the poles will then be as indicated in the second row. Then
after another one-third of a period current 3 will have reached
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its maximum and the poles will have shifted to the positions
indicated in the third row of letters. There is thus produced a
steady movement of the poles around the ring, moving over the
distance between two similar poles in the time of one complete
period of alternation of the current. In the above case, if the
current has a frequency of sixty periods per second, the field
will make thirty revolutions per second.

Problems

1. The core of a Gramme ring armature hlU'l a Cl'Q8fI section of 6 X 10
em. How many turns of wire must it have that it may give an electro
motive force of 20 volts when making 800 revolutions per minute in a
magnetic field so strong that where the lines of foroe in the ring are most
concentrated there arc 6Ol.X.l per.square centimeter?

2. A certain dynamo armature when mWdng 1000 revolutions per minute is
supplying a current of 50 amphes at 100 volts. Find the hOI'8e-power
required to drive it and thence the moment of foree or torque in pound
feet reql,lired to turn the armature at the given speed.

3. When the armature of a certain motor is held fixed a current of 10 am
phes through it causes a difference in potential between its brushes of 5
volts. When the armature is permitted to run at 600 revolutions per
minute the current is 4 II,mp~res Rnd difference of potentials at the
brushes is 30 volts. Determine the back electromotive force of the
motor.

4,. Tile core of a drum armature is a cylinder of iron 30 em. long and 15 cm.
in diameter, the induction through its middle longitudinal section is 6000
lines of force per square centimeter. If there are 50 complete turns of
wire on the armature, or 100 longitudinal wires in grooves on its surfaee,
what is its electromotive force when making 1200 revolutions per
minute?

15. A transformer has a coil of 250 turns; what must be the size of the hm
core in order that an average electromotive force of 100 volts may be
developed in this wil while the number of lines of force in the core
changes from + 6000 to - 6000 per sq. em., the current alternating at the
rate of 60 complete periods or cycles per second?

6. A certain transmission line has a resistance of 20 ohms. How much
power will be lost in the line when 100 kilowatts are tr8.HJmlitted at 2000
volts? How much when the same power is transmitted at 20,000 volts?

7. A multipolar generator having 16 poles (Fig. 440) makes an alternating
current of 60 cycles per 6W. How fast does it rotate? If there are
30 turns in each armature coil, what E.M.F. is developed when each
pole of the rotor gives rise to 100,000 lines of force?
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ELECTRIC OSCrLLATlONS AND WAVES

758. OseUlatory DLscharce of a Leyden Jar.-It has been
already stated (§585) that when the resistance of the discharge
circuit is sufficiently small the disch.aXge of a Leyden jar is
oscillatory. This was discovered by the American physicist
Joseph Henry, who, as early as 1842, found that when a Leyden
jar was discharged through a wire wound around a noodle the
latter was magnetized, but sometimes one end was made the
north pole and sometimes the other, although the jar was always
charged the same way. He believed that this was caused by the
oscillation of the discharge current which kept reversing the
magnetism of the noodle back and forth until the current became
too small to have a further effect. This opinion was confirmed
by eating oft' the surface layer of the needle with acid, when the
interior was found magnetized opposite to the outer layer.

Lord Kelvin, in 1855, quite unaware of Henry's discovery,
showed by the principle of energy that the discharge must
oscillate back and forth until aU the original energy of charge is
expended in sound, heat, light, and radiation, and that when the
resistance of the circuit is very small the period of oscillation is
given by the formula

P-2.y'Lc

where L is the coefficient of self-induction of the circuit and C jg

the capacity of the jar. In case of an ordinary gallon jar dis
charged by a short discharging rod, the period of oscillation may
be &8 small as two teo-millionths of a second, while Lodge, by
using a battery of large capacity and discharging it through &

very long circuit having large self-induction, was able to make
the alternations so slow as to give out a distinct musical note.
Feddersen, in 1859, first analyzed the spark by a rotating mirror,
&8 already related (§585).

769. Electric Resonance.-When a Leyden jar is discharged
not only may there be oscillations in the discharge circuit itself,
but in consequence of induction there are set up electric oscilla
tions or surgings in neighboring conductors. In general these are
but feeble, but if the free period of the surging happens to be the
same as that of the oscillations in the discharge circuit, quite
energetic surgings may result. just as a tuning-fork will excite
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FIG. 452.-Sir Oliver Lodge'3 rew
nlLnce experiment.

strong vibrations in a resonator which is in tune with it. The
circuits are then said to be in resonance.

760. A Case or Electrical Resonance.-The influence of elec
trical resonance is well shown in the following experiment due
to Lodge. Two Leyden jars of nearly equal capacities are chosen.
One which can be charged by an electrical machine or induc
tion coil is provided with So short circuit of thick wire which is
attached to the outer coating and terminates in a knob separated
by a short spark gap from the knob of the jar. The second jar
has a strip of tinfoil reaching from the inner coating over the
edge and terminating in So point at e near the upper edge of the
outer coating; its inner and outer coatings are 'connected by So

wire circuit, part of which,
marked AB in the figure, can be
slid along changing the length
of the path. When the two jars
are placed, say, a foot apart
with thc two circuits parallel, a
position for the slider AB may
be found by trial, such that
whenever the first jar discharges
across between the knobs, a
spark leaps the gap between the
tinfoil strip and the outer coat
ing of the second jar. If the
slider is moved a short distanoo away from this position in
either direction, the sparks at e cease. Lodge calls the sparks
at e the "slopping over" of the powerful surgings due to the two
circuits being in resonanoo.

761. Electric Waves tn Wlres.-When one end of alongstraight
wire is given a charge or touched to a battery pole, a wave of elec
tric pressure or potential runs along the wire with a velocity which
depends on the insulating medium immediately surrounding the
wire. In ~e oj a straight bare wire in air the wave has the velocity
oj light; but when the wire is coiled, forming a closely wound
helix, the wave travels much slower on account of the greater
self-induction of the coil.

On reaching the end of the wire the wave is reflected back, just
as a sound wave is reflected at the end of a stopped organ pipe.
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If. instead of a. single impulse, a series of alternate positive and
negative charges are given to the end of the wire in exactly the
right frequency, it may be set in strong electrical resonance
just as a stopped pipe vibrates powerfully when a tuning-fork of
the proper frequency is sounded at its mouth. Resonance will
Occur when the period of the electrical impulses is four times
as long as it takes a wave to run the length of the wire, exactly
as in case of a stopped organ pipe.

The resonance of waves in wires may be beautifully shown by
the following experiment due to the German electrician Seibt:

A large Leyden jar has its coatings connected by a circuit
baving a spark gap at B with zinc knobs. By moving the slider

})u. 4;J3.-Reeouanoe experiment.

L nearer to the jar or farther away. the length and self-induction
of the discharge circuit may be varied and consequently the
period of the oscillatory discharge can be adjusted.

Two long helical coils of wire A and B are mounted on in
sulating stands. They are both connected at the bottom to
one of the coatings of the Leyden jar while each terminates
above in a point. One helix is wound with a much greater length
of wire than the other.

If by meall8 of a powerful induction coil the Leyden jar is
caused to discharge across the gap 8, each discharge will be

•
oscillatory and consequently a series of impulses is communi-
cated to the lower ends of the helices A and B, and when the
slider is in such a position that the period of oscillation of the
discharge is the same as the period of oscillation in the wire on
A, a strong brush discharge will ·be observed from the upper
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point of that helix; while by moving the slider until the jar
circuit is in resonance with B, the discharge will take place
from the top of B instead of from A.

762. Electromqnetic Waves In Alr.-As early as 1862 Clerk
Maxwell, who followed Faraday in recognizing the important
function of the dielectric in all electric phenomena, showed that
it was probable that when a current is stopped or started in a
conductor, the inductive action on other conductors is not commu
nicated instantly, but is propagated through the intervening dielectric
with a velocity equal to

1
VK;;

where IJ is the magnetic permeability of the medium and K IS

its specific inductive capacity.
The quantity 1/~ can be determined by electrical experi

ments in a variety of ways and is found to have a value iJ;1 air of
very nearly 300,000,000 meters per second, which agrees with the
velocity of light.

Of course, if induction is propagated with a definite velocity,
an alternating current sending out first one kind of inductive
disturbance and then the reverse must produce a series of
electrical waves, just as a tuning-fork giving a series of impulses
which travel successively forward through the air produces a
train of sound waves.

763. Hertz' EIperiments.-Maxwell's conclusions as to elec·
tric waves were not directly demonstrated until 1884, when the
German physicist Hertz obtained such waves and measured
their velocity.

The difficulty was twofold: to set up waves short enough
to be studied-for if their velocity was 186,000 miles per second,
an alternating current with a frequency of even 186,000 per
second would produce waves a mile long~and, seoond, to devise
some method of detecting and measuring them.

Hertz succeeded in obtaining waves sufficiently short to
measure by using those sent out in the oscillatory discharge of
the apparatus shown in figure 454.

Two rectangular metal plates were mounted as shown, with
polished knobs close together. The plates were connected to the
secondary of a powerful induction coil so that when charged by
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the coil they discharged with oscillations acl"088 the spark gap
between the knobs. Thus a group of short waves was sent out
by the oscillatory discharge every time the induction coil acted,
and this may have been 200 times a second, but each group died
out absolutely before the next was formed.

To detect the waves, Hertz used an electrical resonator, a hoop

Fio. 454.-Herts Olleillator. FIo. 455.-Herts I'6IlOnator.

of metal having at onc point a minute spark gap between two
knobs.' The resonator was adjusted to be in resonance with the
vibrator 80 that in a darkened room a small spark could be
seen at the spark gap of the resonator at every discharge of the
vibrator, even when it was 10 or 12 meters distant.

In order to test whether the disturbance was propagated as

a wave motion, Hertz set up the vibrator in front of a great
reflector of sheet metal, as shown in figure 456, 80 that the re
flected waves meeting the advancing DOes might cause nodes and
loops just as in any other case or wave motion. He then found
by means of the resonator that there actually were points of maximum
disturbance and points half-way between lh3m where the effect was
a minimum. In this way the existence of electrical waves was
proved and the wave length measured.
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Flo. 457.-Righi oacillator.

From the wave length and period of oscillation the velocity
of the waves was calculated and found to be, as nearly as eQuld be
determined, the same as the velocity of light, thus confirming the
anticipations of Maxwell.

764. Other Experiments.-Later experimenters have devised
oscillators of other forms more suitable for obtaining short waves.
One of the best arrangements is that of Righi shown in figure
457. Two brass balls are
mounted near each other, the
space between being filled with
oil contained in a surrounding
glass cylinder. Just outside of
these are other balls connected
with the poles of the induction
coil. A large difference of potential between the two inner
balls is required before a spark can burst through the oil, and
consequently the vibrations are so much the more energetic.

Using oscillators of this form electric waves only a few milli
meters long have been obtained and measured, and have been
reflected, refracted, and polarized, like waves of light.

A

o

BattltJ/

FIG. 458a.-Bimple wirel_ sender."

1 '"

D

E
FIG. 45Sb.-Wirele!lll sending circuit.

765. Wireless Telegraphy.-An important application of
electromagnetic waves has been made by Marconi in wireless
telegraphy. The waves are sent out from a tall antenna or
vertical wire which is connected to one pole of an induction coil,
the other pole of which is connected to earth. Between the
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two there is a spark gap across which the oscillation takes place.
Such an arrangement sends out waves on all sides, the most
energetic waves going out at right angles to the wire. No energy
is sent directly upward.

The aerial wire or antenna is given a variety of forms; a common type con~

sists of several copper wires stretched at a height of from 50 to 100 ft. above
the ground and all connected to the earth through a single wire at one end.

In order to set up more powerful oscillations the arrangement shown in
figure 45& is commonly used. The antenna A is shown directly connected
to the ground E through a coil of perhaps a dozen turns of heavycopperwire.
The condenser C has its coatings connected by a circuit which takes a few
turns close around the coil B in the antenna circuit, and includes a spark gap
S. When the conden:rer is charged by an induction coil or high-tension
transformer, discharges take place across the spark gap, accompanied by

Fifty IIuch IlrQUpS may be in one '·dot."

-.....-. ..
'8 '2fj,OOO 60. 7fOO 86C.

459.-Curront in Antenna.
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oscillatioIlll or surgings in the condenser circuit, and these, by induction
between the coils of wire in B and D, set up corresponding oscillations in the
antenna circuit, and if one circuit is in resonance with the other the oscilla
tions will be strong. When the key K is pressed for a tenth of a second to
send a "dot" of the telegraphic code, perhaps 50 sparks will pass at S each
causing a group of surgings in the antenna which rapidly die out. It is
these oscillations that determine the length of the waves that are sent out.
If the wave length is 600 meters ell.(lh oscillation in the antenna will have a
period of one five-hundred-thousandth of a second, and each group will die
out after perhaps 20 such oscillations or in 4"5,000 second, so that the cur
rent in the antenna may be represented by the above diagram, the current
having ~ero value between the groups of 08cilJatiOIlll.

766. Receiving Apparatus.-An early form of receiving apparatus
using a coberer as a detector is indicated in figure 460a. .

The coherer consists of two small silver rods fitted closely into a short glass
tube and having a narrow gap between their ends partly filled with sharply
cut nickel and silver filings.

When electric waves meet the antenna of tbe receiving station, they excite
OIlciliations which surge alternately down through the wire to the ground and
bll.(lk again. These surginga pass through the filings in the coberer and have
the effect of causing the particles to cling together and so their electrical
resistance is greatly diminished permitting current from the battery C to
pass. This operates the relay and BOunder giving the signal. There is also
a tapper which slightly jars the coherer and reatores it to ita original high
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resistance, thus interrupting the current from C so that all is ready for the
next signal.

Electric waves may also be detected by a simple microphone consisting of
a needle laid across two sharp ~ges of carbon connected in series with a
telephone and battery cell.

C,;,P,lmo'IJ eon

Sounder

E Secondary C<>/1

D.tmlDt

FIo. 46Oa.-Wireless receiver. FIG. 46Ob.

A simple form of receiving circuit widely used in wireless telegraphy is
8hown in figure 46Gb. Tho antenllil. is connected directly to earth through a
cylindrical coil known as the primary coil. Another coil, the 8e(londary, of
smaller diameter, is mounted 60 that it can be slid inside of the primary coil
or moved away from it when it is desired to weaken the inductive action of
one coil upon the {other. The terminals of the secondary coil are joined to
the coatings of a variable condenser of small capacity.

When electric wave!> of a certain period fall on the antenna, oscillations
are set up which wiIl be strongest when the natural period of electrical surg
ings in the antenna. a.nd primary coif are the same as the period of the on
coming wave!>. This IIodju~tmentmlloY be effected by regulating the number
of tUrllsused of the primary coil by means of a sliding contact, or by connect
ing additional turns from a so-called "loading coil." The secondary also i8
brought into resonance with the primary, by the adjustment of the ve.ria.blo
condenser and distanee between the two coils.

767. Detectors.-The detector system is attached to the terminals of
thc variable condenser and may consist of a pair of receiving telephones in
series with a crystal detector. Tbe receiving telephones are specially wound
with 110 great number of turns of very fine wire 90 that they mlloY respond to the
slightest current. The crystal detector may consist of a crystal of galena
which is lightly touched by the sharp tip of a fine brasa or steel wire; or it
may be a fragment of silicon against which a point of steel piano-wire is
gently pressed; or an electrolytic detector may be used in which the tip of a.
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very fine Wollaston wire of platinum juet touches the surface of & little
dilute sulphuric acid, a battery cell being in aeries with the arrangement in
this case.

But Ute mOISt sensitive type of detector in UIle is Ute ao-called audiOD of
DeFores~ which makes use of the fad that a glowing inea.ndeseent fila-
ment in a vacuum gives 011 negative eleetricity more readily than po!litive.

These varioU8 detect.on act as valves or rectifiers which permit current to
flow easily in one direction but oppose it when it ill revel'8ed. The electrical
oscillations which are received are too rapid to alled the telephone diaphragm,
but the detector ruJ.ifi,e8 the oscillations in ctLch group (Fig. 459) 80 that for
e&(!h group of oscillations there is a little pulse of current in onc direction
through the telephone; and this being repeated with the frequency with
which the groups come along, causes a distinct tone to be heard.

768. Wireless Telephony.-For wireleBll telephony it is nete!lll&lY to
&end out a IN8tained series or oscillations which although too rapid to affect a
telephone directly 8l'e, by meanA or a suitable transmitter, made to fluctuate

< <
F'l:a. 461.-<Jurrent eurv~ in wirel_ telephony.

in intensity jU8t 811 an ordinary telephone current fluctuates in rCllponBe to the
voice, and it iB these fluetuations in intensity that act upon the receiving
telephone and reproduce the sounds to be transmitted. For instance, sup
pose the transmitting station senda out a continuous series or what are called
undomped WlJVU 10,000 meters long. These will come along at the rate of
30,000 to the second, and if the receiving atation is in Uf01I4l1U with thel:le
waves a strong electrical oacillation is set up represented by the upper curve
in figure 4&1, but these OflCillstions are rar too rapid to set. in vibration the
telephone diaphragm.

Now if lIOUDd wavee acting through the transmitter cause fluctuations or
variations in intensity in the original wt.ves the effed will be such 8fI ill indi
cated in tbe middle curve. Thia aIl50 would not directly affect t. telephone,
ror the positive and negative currents exadly balance each other. But if a
suitable rectifying device, such 1\.1 an audion, is used, which only permits
currents to flow in one direction in the detecting circuit, then the current in
the telephone though intermittent will on the whole vary in intensity 811 indi
cated in the lower curve and the diaphragm will vibrate in reaponee, thu8
reproducing the sound.

POINCAJU; AND VRI:El.ANO; M=weU', TMOflI and Wirelua Teltvraphy.
RUPERT &r.t,Nl!~r; Wirt/u, ftugraphV
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ELECTRIC DICHARGE THROUGH GASES

769. Discharge at Atmospheric Pressure.-The difference in
potential between two knobs required to cause a spark to pass
between them at atmospheric pressure appears to be nearly the
same whatever metal is used for the knobs, but it depends on
their curvature.

For knobs over 2 em. in diameter and more than 2 mm. apart,
the number of volts required for spark discharge is approxi·
mately given by the formula

V ~ 30,000d + 1500

where d is the distance between the knobs in centimeters.

Tabk 0/ Spark Poterniala between Slightly Cunred Surfl.lU$ in Air

Spark length VOlt"ll:e! Voltage per ""ntimeter

0.0015 em.
0.01
0.1
0",5
0.8
1.0

42'
948

4,419
16,326
25,458
31,650

284,000
94,800
44,190
32,652
31,822
31,650

Heydweiler

770. Effect of Diminished Pressure.-On diminishing the
pressure, the potential necessary for discharge is lowered until
a certain critical degree of exhaustion is reached. Beyond this
point the higher the exhaustion, the greater the potential dif
ference required to produce discharge, until at the highest ex
haustions a spark can hardly be made to pass, but discharge will
take place through several inches of air at atmospheric pressure,
in preference to 1 mm. in the vacuum. The critical pressure
is less than a millirooter of mercury when the electrodes are more
than a few millimeters apart, but if they are very close it is
somewhat greater.

The appearance of the discharge may be conveniently studied
in a wide glass tube 3 or 4 ft. in length, closed at the ends
with caps in which the electrodes are mounted, and connected
with an air-pump. If the electrodes are connected with an in-
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duction coil or electrical machine, the discharge will take place
through the tube after a few strokes of the air-pump. At first
there is a. crackling, flashing discharge along narrow flickering
lines, but as the exhaustion proceeds the lines of discharge widen
out and fill the whole tube, which glows with a steady light.

The discharge at first is between certain points on the elec
trQdes, but with higher exhaustion the luminous glow entirely
covers the surface of the negative electrode.

In this stage the characteristic features of the discharge arc as
follows: A faint velvety glow covers the surface of the negative
electrode or cathode; just outside of this is the Crookes dark

Flo. 462.-Di.sl:harl:ll ill p.a at low pressure.

space which surrounds the cathode and has nearly a constant
width everywhere. Then comes a luminous region, called the
negative glow, and then a dark space, the 5O-o<lalled Faraday
dark space, after which a luminous column, known as the posi
tive column, reaches all t.he way to the an,ode.

The positive column is commonly not continuous, but shows
alternate bright and dark layers across the path or discharge;
and these bright layers or strire become broader and farther
apart as the exhaustion is increaaed.

If tbe distance between electrodes is increased the appearance
at the negative electrode is not particularly changed, the posi
tive column, however, is increased in length and reaches as
before nearly to the negative glow. Professor J. J. Thomson
examined the discharge in an exhausted tube 50 ft. long, and
found that the positive column reached the entire length of the
tube to within a short distance or the negative electrode and
was stratified throughout.

771. Geissler Tubes.-Geissler tubes, so called from the name
or a well-known maker who showed great skill and ingenuity in
their construction, are tubes of glass especially designed for the
purpose· of exhibiting the phenomena or discharge. They are
exhausted to a pressure or about 1 mm. of mercury, and
are provided with aluminum electrodes attached to platinum
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wires sealed into the glass. They are usually wide near the
electrodes, but often a part of the tube is quite narrow, and here
the concentration of the discharge makes the illumination par
ticularly brilliant and the stratification very noticeable.

In these tubes a marked fluorescence of the glass is produced
by the discharge, some kinds of glass glowing with a yellowish
green light, while other kinds appear bluish. When such a tube
is surrounded by a solution of sulphate of quinia or fluorescein
or other fluorescent liquid, the characteristic fluorescence is
strikingly brought out.

The character of the light from such a tube depends on the
gas which it contains, a tube containing nitrogen or atmospheric
air appears of a reddish-violet color, a hydrogen tube is much
bluer, while carbon dioxide gas shows a pale whitish illumination.
The light of each when analyzed by a spectroscope is found to
be made up of certain particular wave lengths characteristic of
the gas.

712. Cathode Rays.-.The Crookes dark space closely sur
rounding the negative electrode or cathode is the seat of a re-

FIG. 463.-Crooke'lJ tube
with sereen intercepting
cathode rayIJ.

FIG. 464.-Whool driven by cathode
ray".

markable kind of discharge called the cathode rays, the properties
of which are best studied in tubes that are exhausted far higher
than ordinary Geissler tubes, or to a pressure of about one
thousandth of a millimeter of mercury. In such a tube the
positive column is faint and inconspicuous, while the dark space
around the cathode occupies a considerable space in the tube-and
is pervaded by a discharge which streams out nearly at right
angles to the surface of the cathode without reference to the
position of the positive electrode. In the tube shown in figure
463 a sharply defined shadow of the metal cross is cast on the
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end of the tube opposite the cathode, for the rays excite brilliant
yellowish fluorescence in the glass wherever they strike it directly.
The position of the positive electrode is immaterial.

A crystal of Iceland spar or calcite on which the cathode rays
fall glows with orange-red light which persists some seconds after
the discharge has ceased.

If the cathode is concave, the discharge may be concentrated
in a focus and produce intense heat.

That there is also a mechanical effect produced by the cathode
rays was shown by the English chemist Crookes by means of the
tube shown in figure 464, in which a carefully balanced little
wheel with light vanes of mica or aluminum rests with its axle
on horizontal rails of glass. The electrodes are mounted at
each end of the track facing the upper part of the wheel, and
when the discharge passes the wheel is driven away from the
cathode.

J. J. Thomson has shown that the rotation of the wheel in
this ease is probably caused by the unequal heating of the two
sides of the vanes as in the radiometer (§465) rather than by the
direct mechanical effect of the cathode rays.

173. Deflection of Cathode Rays.-In the tube shown in figure
465 the rays from the cathode after passing through a narrow

FIG. 46S.-Cathode rays deflected by magnet.

opening in the'screen S fall upon a sheet of mica running length
wise the tube and covered with fluorescent material so that the
path of the rays is distinctly seen. The boundaries of the lumi
nous path are seen to curve outward slightly as though the
discharge consisted of a stream of particles charged with elec
tricity whose mutual repulsion causes them to separate while
they are streaming forward.

If a horseshoe magnet is now held with its poles on opposite
sides of the tube so that its lines of force are at right angles to
the path of discharge, the rays are deflected to one side. If
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the lines of force are down, perpendicular to the paper, the
rays will be bent into the position shown by the shaded curve,
just 88 would be expected of particles of matter negatively
charged and projected forward.

It has also been shown by J. J. Thomson that the stream
of cathode rays is deflected when & positively or negatively
charged body is brought near it, being attracted by the former
and repelled by the latter.

774. Nature of Cathode RaYI.-The experiments described
in the last paragraph all point to the conclusion that the cathode
rays comist 0/ a stream of negatively charged particles projected
from the cathode. From the a.rn.ount of deflection of the rays
in a magnetic field of known strength, taken in connection with
the deflection caused by a known electrostatic field, the English
physicist J. J. Thomson has estimated that the particles forming
the cathode rays have each a mass about 71800 that of a hydrogen
atom and move with a velocity which depends on the fall of
potentia.l at the cathode, but may be about ],{o of the velocity
of light, or at the rate of about 18,000 miles per second, and each
carries a negative charge of electricity equal to one elementary
unit charge (4.77 Xl0- 10 electrostatic units) as found by MiUikan.

The mass and charge of the cathode-ray particles have since
been studied by other physicists and 'measured in different ways
and are Jound to be the same whaUvt:r may be the nature of the
metal eledrodu or oj the ruidual gat in the vacuum ~.

These particles have received the name electrom (a. contrac>
tion for eledrical ions), and are the smallest known particles of
matter.

775. Rontgen Rars.-An entirely new kind of radiation
emanating from those parts of a Crookes tube which are acted
on by the cathode rays was disCQvered in 1896 by the German
physicist Rontgen. This radiation, called Rontgen rays or X
rays, is strongly sent out from an oblique plate of platinum on
which the cathode rays are converged, as in the tube shown in
figure 466.

The Rontgen rays are detected by photography, as they act
powerfully on an ordinary dry plate, and also by their power to
excite fluorescence. They are not deflect,ed by a magnet nor
refracted by prisms or lenses, and are but feebly-reflected. They
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have a. remarkable power of penetrating substances of small
density, such as wood, pll8teboard, or flesh, which are opaque
to light. They also penetrate thin sheets of metal of small
density, such as aluminum, while tbey are screened off by lead
or platinum.

A fluorescent screen made of pMteboard oovered with fine
crystals of barium platio(H:yanide or calcium tungstate will..

Fla. 466.-Runtpu.ray tube.

glow brightly if brought in front of a Rontgen-ray tube in a
darkened room. If the hand is interposed between the tube and
the screen, the flesh, being most easily penetrated by the rays,
will show but faintly while the shadow of the bones is strongly
marked. II a photographic plate enclosed in the usual plate
holder with slides of hard rubber, wood, or pasteboard is sub
stituted for the fiuorescent screen, a photograph is obtained on
development such as is shown in figure 467.

FIG. 467.-Radiograph of hand.

776. The Nature or Rlintgen Rays.-There haa been consider
able uncertainty lUI to the nature of the Rontgen radiation, though the fad
that these rays are not deviated by a magnet. shows conchwvely that. they
cannot. consist of a stream of charged particles like the cathode rays.

But the recent discovery by Laue that diffraction effects (1935) arc
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obt.Ained when a pencil of Rontgen TayS is paued through .. t.hin plate of
cry.tal, and the studies of the refieclion of these rays from crystal aurfaeee
by W. H. and W. L. Bragg, which grew out. or !AUf'" discovery, have made it.
seem quite certain that this radiat.ion ill like ligM but having wave lengths
which in some C88elI are less than one-thousandth t.he 8hort.e:d visible wave
lengths of ordinary light. It is found that the radiation from an X-ray tube
ill generally quite complex, being made up of radiations of very different
wave lengths, the shariat being the most penetra.ting.

177. Cba,racterlstlc X-rays.-In an ordinary X-ray tube where the
rays are produced by the convergence of cathode rays upon an oblique plati
num !.arget there are certain wave lengths in the radiation which are
especially energetic. If the target is made (If 80me other meteJ. the wave
lengths given off are different from thoee given by platinum, and ingcneral it
baa been discovered that each element, 80 far M it has been po88ible to test
the matter by experiment, when lJUbjected to bombardment by cathode rays
giVelI of!' X-rays of certain 8peciaJ wave lengtha, deBignated by BarkJa, their
diacoverer, tM cAarocl4riM~ X-ral/' of that subltance. The investigations
of MoeeIey have shown tbat theI~ of ribrotion 01 tM~~
X-ral/' 01 0"11 element i. proportiorwllo 11M tqoore 01 iI. atmm:e ftumbtr, the
atomic Dumber of an element being an intcrger which represents its posi
tion in the lIeriee of elements arranged according to their atomio weights.
Thus the position of any element in the aeriell is at onCf' defined when the
wave lengths of itll characteristic X-rays have been detennined. An alloy
such as brass gives off simply the characteristic X-rays of its two constit-
uents copper and zinc.

778. Canal Bays.-Still another kind of rays, known as canal
rayB, was discovered by Goldstein in 1886. When the cathode
in a highly exhausted vacuum tube is pierced full of small holes,
the canal rays may be observed 88 streams of lightcoming through
the holes and out on the back of the cathode. and are thus directed
away from the po&itive electrode and are in the opposite direc
tion to the cathode rays. They derive their name from the small
openings or canals through which they pass. These rays are
found to consist of streams of positively cha.rged particles hav
ing masses more than a thousand tim~ 88 great 88 the meMes
of the electrons in the cathode rays. but their velocity is very
much less than that of the cathode-ray particles.

779. Gaseous Conductlon.-At ordinary temperatures and at:.
mospheric pressure gases are almost complete non-conductors
of electricity. Careful experiments have shown, however, that
there is a slight loss of charge through the air, which is believed
to be due to the presence in the air of a few ionized molecules,
or molecules which are broken up each into a positive ion and



532 ELECTRODYNAMICS

a nega.tive ion or electron. Positive ions coming in contact
with a negatively charged body receive negative charge and
become neutral.

The ionization of a gas may be brought about by intense
chemical action and high temperature, and so flame gases readily
conduct electricity. Also it may result from the passage of an
electric spark through the gaB, or from a very intense electric
force as in case of discharge from electrified points. A mass of
gas may also be ionized and made conducting by exposing it to
Rontgen rays. When a charged electroscope is exposed to
ROntgen rays it quickly loses its charge.

It seems probable that in Geissler tubes the initial ionization
is caused by electrons driven off with great velocity from the
cathode and striking against gaseous molecules.

In the process of conduction a gas soon loses its ionization
partly because the ions are neutralized in the act of conduction
and partly because the recombination of positive and negative
ions is constantly going on.

RADIOACTIVITY

780. Radloactivlty.-In 1896 the French physicist Becquerel
discovered that minerals containing uranium gave out a radia-
tion which resembled ROntgen rays in acting on a photographic
plate through an envelope of black paper. He also showed that
the uranium or Becquerel rays, as they were called, had the
power to discharge electrified bodies, so that by using a sen
sitive electroscope they could be easily and accurately detected
and their -intensity measured. The photographic action was
very slow, an exposure of several days being required to produce
a distinct impression.

Following out this discovery, Mme. Curie made a systematic
search for other active substances and found that thorium
possessed a similar power of radioactivity, as it now came to be
called, a discovery which was also independently made by
Schmidt.

It also appeared from these investigations that radioactivity
is an atomic phenomenon. For the radioactivity of any given
compound of uranium was found to be simply proportional to
the amount of uranium in the substance, and in no way dependent
on its physical or chemical condition.
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But pitchblende, a mineral ore of uranium, was found to be
several times more active than could be accounted for by the
amount of uranium which it contained, and hence Mme. Curie
concluded that it must contain some unknown and highly radio-
active substance, and re801utely set out to isolate it. As a re
sult of the laborious treatment of several tons of pitchblende
and uranium residuC8, a few hundredths of a gram of a new
and astonishingly active element were obtained (in 1898) to
whicq the name radium was given. This substance is obtained
usually as a chloride or bromide, and is estimated to have in the
pure state about two million times the activity of uranium.

Some radium compounds glow with a faint luminosity in
the dark, though pure radium bromide is only feebly luminous.
Crookes showed that if a minute particle of radium bromide is
supported about a millimeter in front of a surface coated with
phosphorescent zinc sulphide, the latter lights up with flashes of
light, probably due to its bombardment by alpha. particles from
the radium.

'781. Complex Character of the RadlatloD.-The radiation
from uranium, thorium, or radium, is found to contain three
distinct kinds of rays known as alpha, beta, and garDlIl& rays.

These dijferenJ. rays are di8tinguished from each other in two
ways: by their peMtrating power and by their deflection in a magnetic
or electric field.

The alpha rays are completely stopped by a few centimeters
of air or a laycr of aluminum foil 0.05 mm. in thickness. They
consist of positively charged particles having a rna&'! about
four times that of the hydrogen atom and are projected with a
velocity of about 20,000 miles per second.

The beta rays have about 100 times the penetrating power
of the alpha rays. They consist of negatively charged particles
having only about Msoo the mass of the hydrogen atom and
seem to be of exactly the same nature as the cathode rays in a
vacuum tube except that the velocity of projection of the par
ticles in the beta rays is much greater than is usual in cathode
rays, and in case of radium is found to be from 0.3 to 0.9 the
velocity of light.

The gamma rays are the most penetrating of all; these rays
from 30 mg. of radium bromide having been detected by their
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effect on an electroscope after passing through 30 em. of iron.
They are not deviated in a magnetic or electric field and seem
to be of the same nature as the Rontgen rays from a "hard"
X-ray tube. They probably originate in the collisions of beta
particles with the substance itself in its interior, just as ROntgen
rays arise from the impacts of cathode-ray particles against
some obstacle.

782. Ionizing Power of the Rays.-The power to discharge
electrified bodies is possessed by all three kinds of rays, ~hd is
explained by their ionizing effect (§779) UpOD the gas through
which they pass. The alpha particles with their comparatively
great momentum have the greatest ionizing power and as they
rush through a gas knock out electrons from an immense number
of atoms along their paths. The power which the gamma rays
have of making a gas conducting, and this is true also of ROntgen
rays, appears for the most part to be indirect, and due to their
effect in causing beta particles of small velocity to escape from
atoms of gas along their path, the ionizing being mainly due to
the direct action of these beta particles.

183. Paths of Alpha and Beta Partlcles.-The ionizing effect
of alpha and beta particles upon a gas has been demonstrated
in a very remarkable series of photographs obtained by C. T. R
Wilson, two of which are reproduced in figures 468 and 469.
The method which he employed makes use of the fact that when
a gas saturated with moisture is suddenly expanded a cloud of
condensed vapor forms. Wilson found that by regulating the
exact degree of expansion the condensation might be caused to
take place only on atoms of ,gas that were ionized, so that, since
an alpha particle in shooting through a gas produces a great
number of ions along its path, the sudden expansion of the gas
just after the particle has passed causes the condensation of
microscopic drops on these ions and if these drops are instanta
neously illuminated by an electric spark, before they have time,
to scatter or dissipate, they may be photographed and the path
of the particle thus outlined. Figure 468 shows the intense
ionization caused by the motion of an alpha particle from
radium, something like 30,000 ions per centimeter being pro
duced along its path. As its velocity grows less its path is
more affected by the atoms through which it strikes, as shown
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by the sudden changes in direction toward the end. Finally,
ita velocity becomes too small to ionize the gas and its path
beoomes invisible.

Figure 469 shows the paths of beta particles which are set free
from atoms of gas by a narrow pencil of X-rays. Each beta
particle produces but few ions along its course compared with
the number produced by an alpha particle, and their paths are

Flo. 469.

very crooked and irregular because the momentum of one of
these particles is so small that its direction of motion is greatly
changed by impacts against atoms of gas.

784. Energy and Heating Eflect of Bays.-Although the
velocity of the alpha particles is less than that of the beta par
ticles, yet in consequence of their greater mass the energy of
motion of eadt alpha particle is 801I1d.hing like 120 ti111e8 that of a
beta particle, consequently the heating and ionizing effect of
the rays is mainly due to the alph4 particl~.

It Wag found by Curie and Laborde, in 1903, that radium
was a constant source of heat, one gram of radium bromide
giving out about 100 gram-calories of heat per hour, or more than
enough to melt its own weight of ice in an hour. This extra
ordinary development of energy is believed to be mainly due to
the escaping alpha particles which are absorbed within the mass
of radium itself and in the enclosing vessel, their energy of
motion being transformed into heat. Originally the energy
must have existed in the radium atoms before the alpha particles
were given off.

785. Radioactive Tnm!Jformatlons.-EvidentJy an atom of
radium cannot give out alpha and beta particles with 8. corre
sponding expenditure of energy and remain the same as before.
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It is therefore believed that the atoms of the radioactive sub
stances have such slight stability that at every instant some of
them are reaching a condition of instability and breaking up or
exploding with the expulsion of alpha or beta particles and com
ing to a new state of equilibrium. In case of radium, about half
the particles in a given mass will have broken up in this way in
the course of 2000 years. When such a change has taken place,
and an alpha panicle has been expelled, the new state of equi
librium is apt to be even less stable than the original one, and
consequently another alpha part~cle is soon expelled and another
state of equilibrium reached which itself may also be short.
lived, and so there takes place a series of changes in the course
of which the various kinds of rays are given off, and finally a
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Fla. 470.-Diagram of radioactive transformations.

condition of such stability is reached that no further change is
detected. This disintegration theory was proposed by Ruther
ford and Soddy in 1902.

The diagram indicates the series of changes of the radium
atom as followed out by Rutherford, and under each step is
given the time in which that product is half transformed. Thus,
while radium itself is half transformed in ·2000 years, the instabil
ity of the emanation is so great that any given portion of it will
be half transformed in 3.75 days; while radium A is the most
unstable of all, its period of half transformation being only 3
minutes.

The sizes of the spheres in the diagram represent the relative
amounts of the various products that are present in a mass
of radium which is undergoing change, and has come to such a
state of equilibrium that each product is being produced from
the one preceding it in the series. just as rapidly as it is being



RADIOACTIVITY 537

transformed into the next succeeding one, and is therefore neither
increasing nor decreasing in amount.

Since radium. is being constantly though slowly transformed,
it must disappear from the earth in the course of a few thousand
years unless it is being produced in some way. It is now believed
that radium is a disintegration product of uranium, for ura
nium has the greater atomic weight, they are always found to
gether, and it has been shown that the amount of radium in any
radioactive mineral always bears a constant ratio to the amount
of uranium which it contains, viz., about 1 to 2,630,000.

The transformation of uranium itself is 80 slow that it wm
require, according to Rutherford, a period of at least ten thou
sand million years for any large fraction of it to be transformed.

Boltwood has been able to separate a radioactive substance,
which he has named ionium. which appears to be one of the
intermediate steps in the change from uranium to radium.

786. Hellum.-ln 1868 Lockyer proposed the name Mlium
for an unknown 8Ub6tance existing in the sun and eaU&ing a. line
in the solar spectrum which could not be obtained from any
known terrestrial substance. Nearly thirty years later Ramsay,
an English chemist, identified it with a gas obtained from some
radioactive minerals. Its occurrence in these mineraJs suggested
to Rutherford and Soddy that it might be a product of the disin
tegration of radium. Later RaI.D..5a.Y and Soddy. collected in a
tube some of the emanation from radium, and though at first
there was no indication of the presence of belium, after five days
its complete spectrum was obtained. Helium is a gas having
twice the density of hydrogen, and it seems probable that tbe
aJpha particles given off in tbe transformations of radium form
the atorils of belium. This result is remarkable as the first
ease in whicb one stable element has been derived from another.

787. Final Product of Radlum.-lf the atomic weight of tho
alpha particle is 4 (the same as belium), then, since the atomic
weight of uranium is 238.5, the loss of three alpha particles
would bring it down to 226.5, which is almost tbe same as 225,
the observed atomic weight of radium. Then, as five alpha
particles are given off from radium in the series of changes
indicated above (i785). tbe atomic weight of the final product
would be expected to be 206.5, which is in close agreement with
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206.9, the atomic weight of lead. The suggestion that lead may
be the final product of the radium changes is due to Beltwood and
is supported by the fact that lead is always found associated
with radioactive minerals which are rich in uranium.

It has been shown recently that lead from radioactive minerals
has an atomic weight slightly less than that of ordinary lead.
The two kinds of lead differ slightly in density, but in many of
their properties including their spectra they seem identical.

These discoveries that radium, helium, and possibly lead also
ma.y be products of the disintegration of uranium give new
emphasis to a very old suggestion that the atoms of what we
call the elements are a number of stable aggregates built up from
some simple primordial atom. Whether the elements as we
now know them are to be regarded &8 80 many stages in the
gradual disintegration of originally more complex atoms of high
atomic weight or arc various stable aggregates formed inde
pendently and perhaps simultaneously under physical conditions
that we cannot now distinctly conceive, is a Question that can
not now be answered, though the 'absence of any perceptible
radioactivity in the cue of most substances points toward the
latter origin.

788. Internal Energy or AtolDJl.-That there exists an enorm·
ous amount of energy in the interior of atolIl8 is evident from
the heat whicQ. is given out by radium in its slow transforms,..
tion. Thus it has been shown that one gram of radium gives
out 100 gram·calories of heat per hour, but as it requires 2000
years for one-half of a gram to be transformed, it is calculated
that the whole amount of beat emitted by one gram of radium
in the process of tranalonnation is about 10,000,000,000 gram
calories, or more than a million times as much beat &8 is given
out in the combustion of a gram of coal. And it must not be
forgotten that this enormous amoun.t of energy can represent
only a small fraction of the total internal energy of the atoms
in a gram of radium, being merely that part which is given old
when the ak>m8 pass from OM state of equilibrium to another.
This energy is detected in radioactive elements only in con
sequence of their disintegration, but there is no reason to suppose
that the internal energy of these elements is of a different order
of magnitude from that of the other elements.
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There is no known process by which the store of energy locked
up"in the atoIllB oC matter ma.y be made available {or the service
oC man, for it does not seem possible to disturb the equilibrium
of the electrons in the atoms by any outside foree. The radio
activity of radium is not changed either by cooling to the tem
perature of liquid air or heating it to 200°C.

789. The Electron Theory 01 Matter.-lt has been seen (1774)
that the small negatively charged particles, or tlecltOM as they are called,
which make up the cathode di.sche.rge in a vacuum tube, have the 8ame illl88
IUld chMge and are apparently identical whatever may be the residual g88 in
thetubeorwluLtever metals may be used for the electrodes. Similar electrons
al.8o are given out from a !Iowing carbon or metal filament.. and from a line
plate acted on by ultra-violet light, and are emitted at high velocities, ."
beta nya. from nUiioaetive fJUbat.a.ncee. These di8eoveries have led \0 the
idea that e1ectrona are fundamental units e.oterUlg into the structure of all
kinds of atoms.

The study of radioactive aubBtancea has shown al80 that in their diaint.e
gration there &re given off not only the negatively charged btt4 particles or
electroDS, but alao alpM particles, each having a positive charge twice as
great as the charge of an electron and a mllU equal to that of four hydrogen
atoms. It is a remarkable fact that alpha particles given off in the disin·
tegratioD of uranium or of radium appear to be identical with those given off
in the radioactive changes of thorium and actinium, suggesting that the alpha
particles, as such, may enlA'lr into the structure of different kinds of matlA'lr.

Various attempts have been made to form a theory of atomic structure
that would serve to e:l:plain the eacU! of radioactivity and would lend itaeU to
an interpretation of the chemical relationshipeoftbeatoms andof their power
to radiate light and heat, assuming that the only foreea concerned are elec-
tncal. One theory, suggested by Lord Kelvin and developed with gJ'eat

ingenuity by Sir J. J. Thomson, assumes tbatan atom of mattereonaists of a
sphere of uniformly distributed positive e1ecLri6cation in which revolve in
I.pproximately circular orbita and with great velocities a number of elec
trons, the number being such as to ncutrali..e the positive charge in cue of I.D

ordinary neutral atom. If an electron becomee detached the atom becomes
positive, or if an extra electron is gained, the atom becomes negative.

But in order to account for the sudden cbanges in direction in the path8 of
alpha particles when they strike through gases or layera of gold foil, Sir E.
Rutherford has advocsted the theory that the positive charge in the atom is
not diffused but concentrated in a neuclus about which the electronIJ revolve.
Thus the neutral hydrogen atom has been conceived lUI made up of a positive
nucleus having a charge +e (when -e is the chl.rge of an electron) about
which there revolves a Bingle electron. The greater part of the l'l'I4U of the
atom is conceived lUI in the positive nucleus, 1.1 an electron hl.l a mass only
about K,oo of that of the hydrogen atom.

The alpAa particle may be thought of as made up of four positive nuclei
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such 88 that in the hydrogen atom, in equilibrium with two electrom. This
would aceount for ita ffiaBB and poeiuve chargl;l equal to 2ll. The neutral
atom of helium may then be thought of aa having an alpha particle 88 its
nucleus with two additional electrons revolving about it.

The atollllJ. of other e1ementa may then be wnceived a8 built up in some
luch way with variou& groupingl:l of hydrogen nuclei, alpha particles, and
electrons, fanning a. central poaitiVll nucleWl around which a certain number
of electroM move in circular orbita, the number of these external eleetrons
being believed by Rutherford to be, for the more complicated atoms, about
half the number cxprelllling the atomic weight of the element.

The electron is estimated to have only onc hundred·thoueandth the
diameter of the atom (by the diameter of an atom meaning the shortest
distance between the centel'll of two when they collide in ordinary thermal
agitation), 80 thd if (1ft, atom ~e mogniJi.ed kJ be 100 ft. in momder w.ch
tkdron would n- Q diamdn- 0/ onlV obuut OM ItvndrtdtA 0/ a" i7lCh. It. is
easy, therefore, to conceive tlut in an atom there may be many electrons
moving with great velocity and yet without interfering with one another.

According to tbi!l theory, when such an atom 106ell an eleetron it beoomes
electropositive and when it gains one it becomes negative. A negatively
charged body has an excess of electrona, while in a poHitively charged body
there is a deficiency of them, and an electric cUrrent is conceived as the
Itreaming of free electrons through a conductor.

It has been Ihown by J. J. 'Tholll3On that IUch a conception of atomic struc
ture affords a po!l8ible explanation of the periodic law of the clemente as well
fI.lI valency. It illupported also by the observed high velocities with which
electrons escape from radioactiveelemcnte, foritcan hardly be IUPp08ed that
theBe enOmJOUi! velocities can have been given to them wholly in the act of
escape. And Lorentz" has shown that the S86U1IIption thlLt light waves
originate in moving eledrons in an atom not only explains the Zeeman
effect <t970), hut leads to a value {If the ratio of the ffiB8ll of an electron to its
electric charge which agrees with that found by J. J. Thomson for the elec
trons in cathode raye.

Whether such a theory shall stand or fall depends on whether it will enable
the physicist to co6rdinate his knowledge and fonn a clear mental picture of
the interrelation of the various isolated faets known about atoms. A Ilati&
f~tory theory beeides giving a b811ia for the explanation of radiOACtivity and
tbe chemical relations of the elements mUllt lend itaelf to an explanation of
the peculiar 8Cries of lines in the epeetra of the elements aa well fI.lI of the
other peculiarities of atomic radiation revealed by the epectroeoope.

&f~eme.

RIGHI: The Modem Theory of Physical Phenomena.
J. J. Tt!:OMSON: TM I.>i3cMrge of Electricity through Case.
J. J. THOMSON: EUclricity and Malin-.
RUTHERFORD: Radioactive TramffJf"mQlicm.
CROWTBERS: Molteular Phylliu.
SoDDY: /7Iln-prdal.ion of Radium.

. "rot_ ...~ l.n!.be Ulliftlllit,y'" Leyd-.



LIGHT

SHADOWS AND PHOTOMETRY

'90. Llght.-In a perfectly dark room we cannot see any
llbjects-we have no sensation of sight-showing that vision
requires something more than simply the eye and the object to
he seen. That additional something is called light. We may
define it as the agent which excites the sensation of sight.

When a candle is lighted in the room we see it and also the
other objects near. The candle flame is said to be self-luminous
and a source of light.

Conditions of VisWn.---:~hen the candle is so screened that
its light falls only on the eye of the observer but not on other
objects in the room, then only the candle itselfis seen. It thus
appears that illuminating the eye does not give it power to see
other objects from which light is excluded. Light must fall
upon the objects themselves if we are to see them.

And even when an object is illuminated, if a screen is inter
posed across the straight line from the object to the eye, -the
former is hidden and we see the screen but not the object behind
it. This leads to the inference that in order that a body may be
seen light must pass from it to the eye, and usually this takes
place along straight lines.

791. Transparent and Opaque Bodles.-Bodies differ greatly
in their capacity for tra.nsmitting light. Those that transmit it
freely are said to be transparent, while those that intercept it
are called opaque. Opaque bodies are of two kinds: those that
turn back the light at the surface and those into which light
penetrates and is absorbed and transformed into heat. The
opacity of metals is largely of the first kind, while that of most
other substances is due to absorption.

Substances like paper or milk-glass, or milky or muddy waters,
which transmit light but through which we cannot see objects,
are said to be translucent. They are not homogeneous bodies,
but light in passing through them is scattered in all directions
at the surfaces of innumerable little particles throughout the

541
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maas. Even transparent bodies, such as gl&88 or water, turn
back or reOect at the aurface & part of the light that falls upon
them.

Bodies may be transparent for some kin~s of light and opaque
for others, and this is largely the cause of the colors of bodies.

792. IJlbt Advances In Straight Ltnes.-Light travels out from
the soune in straight lines so long as it remains in a homogeneous
medium.

Thus a carpenter sights along the edge of a board to see
whether it is straight; and the boundary of a shadow is roughly

FIG. 471.-Light travels in straight linell.

defined by straight lines through the source of light and tangent
to the obstacle.·

But the most convincing evidence of this fact is the ezactnell
with which surveys are made. All measurements of angles
made by surveying or astronomical instruments assume that
light from the distant object comes to the observer's telescope
in straight lines if the medium is homogeneous.

When light is admitted to a dark chamber through a small
hole, an inverted image of the outer landscape is formed on a
white screen opposite the opening. For as light goes through
the opening in straight lines each point on the screen is illumi~
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Flo. 472"~Umbraand penumbra.

Flo. 473.

nated by light from a single point in the landscape, and, there
fore, the relative brightness and colors of objects in the landscape
are reproduced at the corresponding points on the screen: A
white screen is used because it reSecta to the eye all colors equally
well.

793. Shadow, Umbra and Penumbra.-When the source of
"light is a. broad luminous surface, as in ease of an ordinary gas
Same, shadows are not
sharply defined, but shaded
at the edges. For example,
in ease of the sun and earth,
as shown in figure 472, the
region between Band C is in
full shadow, and is known as the umbraj while the outer region
shades from full illumination at A to complete shadow at B, and
is known as the penumbra.

794. Intenslty.-If the source of light S, figure 473, ia G pqint,
it is clear that a surface A if moved to B, twice as far from the

source, will intercept only one
fourth as much light as in its

8 original position; if its distance
from the source is increased
three times it will intercept
only one-ninth as much light,
etc. Hence the intensity of its
mumination or the quantity of

light which it receives per unit surface varies inversely as the
square of its distance from the source.

That is, if the intensity a.t unit distance from a point source
is I, then the intensity I at a. distance T from the source is

I = I,.

"
'796. Oblique Incldence.--suppose a square surface is placed

perpendicular to the rays of light, as shown at AB in figure 474,
and is illuminated with light of intensity I. If it is inclined
through an angle % into the position AC, the beam of light falling
upon it will be narrower than before in the ratio AD to AB.
The intensity of illumination in the inclined position will thef&o
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B

FJa. 474.

fore be to the intensity when perpendicul&l' in the ratio of AD
to AB. that is, 88 coa :z: is to 1-

796. A.ctual SOllrCes.-In all praCtical cases the source is
not & point, but a luminous surface or region from every point

of which light is sent out; and it is clear that
however close the illuminated surface may
be placed, its intensity of illumination can-
not be greater than the brightness of the
source.

The law that the intensities at two points
are inversely proportional to the SQuares of
their distances from the source holds very
closely when they are in the same direction
from the source and are so far away from it

that it subt.ends only & small angle. If the source 8ubtends
an angle of 10° the error is less than 1 per cent.

'797. Photometry.-The measurement of the relative amounts
of tight given out by two sources is called p~try. When
both tights are of the same color the comparison may be made
by several methods with much accuracy. If the lights differ
in color they may be analyzed into their component colors and
the corresponding components of each be compared by means of
a spectrophotometer to be described later (§914).

In all photometric measurements care must be taken that
the only light falling on the photometer screen comes directly
from the lights which are compared. The experiments must
therefore be conducted in a room from which daylight is excluded,
and by means of black screens all light re8ected from whitB
walls or other objects must be kept from the photometer screen.

'798. Rumford Photometer.-The simplest form of photo
meter is that devised by Count Rumford and shown in figure 475.
An opaque rod is mounted a short distance in front of a white
screen. The lights to be compared are so placed that the two
shadows of the rod are side by side and of equal intensity. The
shadow cast by A is illuminated only by B and that cast by B is
illuminated only by A; if therefore the shadows are equally in
tense the illumination of the screen must be the same by A
as by B. Let b represent the brightness of A, meaning by
brightness the intensity with which it illuminates a surface at



PHOTOMETRY

unit distance (rom it, and let bl, represent that of B and Jet d
and dl represent their"respective distances (rom the 8oreeO. Then

bb l bdt

--- or ---dt d. 2 bl d.t

or the brightnesses are proportional to the square of the dis
tances measured from the lights to the screen.

FIo.•7.5.-8hado.. photometer.

799. Bonsen Pbotometer.-A better form of photometer, free
from penumbral disturbances at the edges of shadows, is the
gre.a.se-epot photometer devised by Bunsen, which consists of
a. screen of white paper having a spot at its center rendered

A

FIG. 476.-Gnl8.8! lIpot photometer.

translucent by means of grease or paraffin. The screen is
placed between the lights to be tested 80 that one side is illu
minated by one light and one by the other. The translucent
spot transmits light quite freely, and therefore if the paper is
lighted only on one side the illuminated side will appear bright
with a dark spot at the center while the side away from the light
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will be darker with a. bright central spot:. If the two sides of
the paper are equally illuminated the spot disappears. The
intensities of the lights are then proportional to the squares of
their distances from the screen. •

o

M'

FIG. 477.

_.--,Ae..- _

800. Lummer-Brodhun Pbotometer.-The Lummer·Brodhun pho
tometer is a development of the idea embodied in the BUlllIen photometer.
Its construction is shown in figure 477. At S is an opaque screen with per
fectly white plsster-of-Parissurfaces. M and M' sre mirrors and P andP'
are two polished prisms of glass, one of which, pI, has the whole of the diag
onal surface completely polished, the other, P, has only llo central round spot
on the diagonal face polished, the rest being ground away 80 that the two
prisms touch only in this central polished spot. When freshly polished they
are put together under great pressure so that they cohere firmly like a solid
block of glass. H the lights to bc compared are now placed in the direction
of the arrows A and B, respectively, light from the side of the screen illum-

inated by A after reflection at M
B • passes direcb"lY through the central

spot in the ock of prisms to the
observer at 0, while light from the
side toward B after reflection at
M' is reflected to the observer at 0
from that part of the diagonal
face of P' which surrounds the
central spot, while the light from
M' which falls upon the central
spot simply passes through and
is not reflected to the eye. Thus

to the observer at 0 the brightness of the central spot depends on the
illumination of the left-hand side of the screen by A, while the brightness
of the surface around the central spot depends on the illumination of the
right-hand side of the screen by the light B. The distances of the lights
from the screen are varied until the central spot and surrounding surface
appear equally illuminated.

801. The Rood-Whitman PUcker Photomet~r.-Whentwo lights
differ in color it is difficult to compare their intensities by the above
methods, for the two parts of the photometer screen cannot be made to look
alike. In such cases the relative luminous intensities may be approximately
found by the flicker photometer. In this instrument light from the source B
falls on a white screen F, fixed at an angle of 45° in front of the eye tube
through which it is observed. Light from the source A falls on a second
white screen which also makes an angle of 45° with the eye tube and is rotated
slowly about the axis shown in the figure.

This screen is made with projecting sectors which, ilS it rota-res, come
between the eye tube and the fixed screen F, so that the Ob8CrVer sees during
one-quarter of a revolution only the rotating sector illuminated by the light
.4, while in the IlSll:t quarter l'svolution ~t.~ tixod Iel'OeIl illuminated by B is
oxpoood.
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I

Thus the two screens are alternately exposed to view for equal times, and
by careful adjustment the speed of rotation is made such that a very dis
agreeable flickering effeet is notic~ unless the illuminatiOilS due to A and B
are of equal intensity. The distances of A or B aTC varied until the flicker
ing is III minimum, when the intensities of the two lights are proportional to
the squares of their distances from the screens.

A

B

IH
Plan of Eye

Rotating Screen
Fro. 478.

802. Standard of Light Intenslty.-Many standards of light
have been proposed for commercial and scientific purposes, but
none are altogether satisfactory.

The English Electrical Standards Committee has defined one
candle-power as one-tenth the candle-power under standard
conditions of a particular pentane lamp kept in the National
Physics Laboratory. The standards of light used by our Bureau
of Standards are certain incandescent lamps which have been
compared directly or indirectly with the English, French and
German standards.

The English standard candle formerly used was a spermaceti
candle made to burn 120 grains per minute with a flame height of
45 mm.

803. IlIumtnatlon.-The illumination of a surface is mell.Sured in foot
cll.lldlell, one foo~andlc being the illumination produced by al-candle-power
lamp at II. d.istance of 1 ft., or by a 16-candle-power 19mp at II. distance of 4
ft.

301M Valuu of Illumination

Good illumination for reading .
Poor illumination lor reading .
Full moonlight .

4 foot-eandles.
1-2 foot-candles.
. 02 loo~andles.
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VELOCITY OF LWHT

804. Early Experlment.-! t has been seen that light seems to
pass from the source to the eye in straight lines. This at once
suggests inquiry whether or not the eye instantly experiences the
sensation of light when a candle is uncovered.

The earliest attempt to solve this question WAS made by the
Florentine Academy after a method proposed by Galileo. A
light on an eminence was uncovered and flashed to a station on
a distant hill where a second observer also having a covered light
was watching. As soon as the flash was seen by the second
observer he uncovered his light, sending an answering flash back
to the first station. The first observ~r was to note the exact'
time between the uncovering of his light and the sight of the
return flash. The experiment showed that if any time at all
was required for light to travel from one station to the other it
was too short to be detected by that method.

805. Roemer's Discovery.-The first evidence that light re
quired an appreciable time to pass from one point to another

o
a

FIll. 479.

was obtained by the Danish astronomer Roemer, in 1676, by the
following method:

The first satellite of Jupiter passes into the planet's shadow
and disappears or is eclipsed e"!"ery time it revolves around the
planet. Some years before Roemer's discovery Cassini had
carefully determined the periodic time of the satellite and had
prepared tables showing when the eclipses might be expected
to take place for several years ahead. On comparing these
tables with the recorded times of observed eclipses Roemer
found that they were observed sooner than predicted when the
earth was on the side of its orbit nearest to Jupiter, and later
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than predicted when it was on the opposite side. He concluded
that the discrepancy was due to the velocity of light; for evi
dently if it takes 10 minutes for light to cross the earth's orbit
from B to C, then an eclipse would be seen 10 minutes later i£ the
earth were at C than if it were at B. The observations indicated
that light requires 16 minutes to Cro68 the whole of the earth's
orbit, or approximately 8 minutes to go from the sun to the earth
or, more exactly, 498 seconds to traverse the 92,900,000 miles
between sun and earth, making the velocity of light in inter
planetary space 186,600 miles or 300,200 kilometers per second.

806. Bradley's Discovery.-No further evidence of the veloc
ity of light was obtained until 1727 when the English astronomer

\\\ ,
\ '
\1
~~--_.\J(

" FIG. 480.

Bradley discovered that the stars in any given part of the
heavens were apparently displaced from their mean poaitions
by an e:lceedingly small amount which depended on the position
of the earth in its orbit. The explanation of this phenomenon,
which is known as aberration, was finally suggested to him by
the observation that the position of & flag on a small boat de
pended on the velocity and direction of motion of the boat as
well as on the wind. He said to himseU that the apparent
direction in which light comes to the earth from a star must be
affected by the velocity of the earth, just as the apparent direc
tion of a breeze to a man in a boat depends on the motion of
the boat.

For suppose light coming from a star in the direction ao (Fig.
480) enters at 0 a telescope which is being carried along side
wise in the direction th, and that the light advancing in the
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direction ob reaches b at the same instant that the eye-piece
reaches there as it moves from e to b. The light will be received
by the eye and the telescope will seem to be pointing at the
star. To accomplish this the telescope evidently must incline
forward so that ob : eb : : V: v where V is the velocity of light
and v is the component, perpendicular to the star's direction,
of the velocity with which the telescope is carried along by the
earth, and the apparent direction of the star differs from its
true direction by the angle x, such that

,
tangent x = V

.
When the earth is moving directly toward or away from a

star there is no displacement or aberration, while stars in direc
tions at right angles to that in which the earth is moving have
maximum displacement. The apparent position of a star there
fore changes slightly as the earth moves from one part of its
orbit to another. 80 that by careful determinations of its apparent
position made during an entire year the maximum displacement
or aberration comtanl may be determined.

Recent observations give as the aberration constant 20.492".
Now, the mean velocity of the earth in its orbit is 18.51 miles
per second, a.nd we may calculate the velocity of light V from
the relation

tan (20.492") ... 18:1

which gives 186,400 miles or 299,930 kilometers per seoond.
801. Fizeau's Metbod.-On account of the enormous velocity

of light it was not until 1849 that a method of measuring it was
devised which did not involve astronomical measurements. In
that year the determination was made by Fizeau by the following
method. A telescope and collimator were set up 8.633 kil~

meters (more than 5 miles) apart. A beam of sunlight L (Fig.
481) sent through an opening in the side of the telescope was
reflected by a small oblique plate of glass G so that it passed
directly out through the lens of the telescope to the distant colli
mator which was provided with a mirror M at its back. The
collimator and mirror were so adjusted that the beam of light was
u-flected directly back into the telescope again, and passing
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through the plate of glass G was received by the eye at E. Thus
light came to the eye at E after traveling to the distant mirror M
and back again. At S in the telescope is a small opening which
is alternately opened and closed by the teeth of a cogged wheel
W which revolves immediately in front of it. If the wheel is
slowly rotated, light from L passing through a gap between two
teeth travels to the distant mirror and back again through the
same opening to the eye at E. If the notches and teeth in the

FIG. 481.-Fizeau'll apparatull for melUluriug the velocity of light.

wheel are of equal width and if the speed of rotation is such
that a tooth moves forward just its own width in the time that
light requires to go to the distant station and back, light which
must have passed out through an opening will on returning find
the opening closed by a tooth and will therefore be cut off from
the observer at E. If the speed is then doubled, light passing
out through one opening will return through the next one; at
a still higher speed it will be eclipsed again, etc. It is therefore
only necessary to observe the speeds at which the light is com·
pletely eclipsed to be able to determine the velocity of light,
when the distance between the two stations and the number of
teeth in the wheel are known. In Fizeau's apparatus there were
720 teeth in the wheel and the first eclipse was noticed when the
wheel made 12.6 revolutions per second. Therefore the time
required for light to travel twice the distance between the two
stations was only

I I
720 X 12.6 X 2 = 18143scc.

The stations were 8.633 kilometers apart, making the velocity of
light 313,000 kilometers _per second. The same method carried
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out by Cornu in 1874 with improved apparatus gave V = 304,000
-kilometers per second.

808. Foucault's Method.-Anothor method of measuring the
velocity of light was devised and carried out by the French
physicist Foucault in 1850. The essential features of the appa
ratus are shown in the diagram, figure 482. A beam of sunlight
concentrated on the narrow slit S passes through it and through
the inclined plate of glass G and the lens L to a small mirror m,
from which it is reflected to a. concave mirror M whose center of
curvature is exactly at the center of the mirror m. The light is

" b
L

£
"'T
FIG. 482.-VoIocity of light measured by rotating mirror.

reflected perpendicularly back from M to m and thence back to
the glass plate G, which reflects it aside into the eye-piooe E.
A bright image of the slit S is formed at a by means of the lens
L, and this is seen by the observer at E. If the mirror m is
now slowly rotated in the direction of the arrow, the image of
the slit will be formed at a only when m is in such a position,
as it revolves, that the beam of light reflected from it meets the
concave mirror M; consequently the image at a will disappear
and reappear once in each revolution; but as the speed is in
creased to more than about 10 revolutions per second the eye no
longer detects the intermittence, but sees a continuous image of
the slit. As the speed of rotation increases, it is noticed that
the image of the slit is no longer at a, but is displaced toward b,
the amount of the displacement being proportional to the speed
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of rotation of the mirror. This displacement is due to the fact
that while light is traveling .from m to At and back again, the
mirror has turned forward through a small angle, and conse
quently the returning light is reflected. slightly upwar.d, as shown
in the above figure, and not back along its original path, causing
the image of the slit to be displaced to b. The displacement ob
may be measured by 8. micrometer, and from it the angle through
which the returning beam is turned upward may be determined.
But this angle will be twice the angle through which the mirror
turns while light is traveling from m to M and back (§820). All
that remains there(ore is to determine the distance mM and the
speed or revolutioJ.l of the mirror; the velocity of light may then be
easily calculated.

In Foucault's experiment the distance mM was only 4.12
meters, and the greatest displacement ab was about 0.3 mm.
when the rotating mirror was making 800 turns per second, a dis
placement too small to give a very accurate result. But he tried
the very important experiment of introducing a long tube of
water between m and M through which the light was sent, and
was able to show that the velocily 0/ light in water 1DaI 1u8 than
in air, a result of the greatest significance in determining the
nature of light (§842).

809. Mlchelsoo's Modlftcatlon.-In 1879 Michelson, then at
the United ·States Naval Academy, modified Foucault's method
by substituting for the concave mirror M a. lens through which
the light passed to a. distant mirror where it was reflected
back. In his first experiments the distance from the revolving
mirror to the fixed mirror was 605 meters. This great increase
in the distance between the mirrors caused a correspondingly
greater displacement which could be measured with far less
percentage of error. His experiments in 187H2 and those
conducted according to his method by Newcomb in 1882 are
the most accurate determinations of this important constant
that have been made.

In BOrne of Michelson's experi~ents the displacement to be
measured by the micrometer was 13.3 em., or 400 times that
obtained by Foucault.
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The results obtained by this improved method are as follows:

O••n. I Kilo....car. per...... I Mi_ p""_DeI

Michel8on, 1879 .
Michelson, 1882 .
Newcomb, 1882 .

299,910
299,8.53
299,810

186,380
186,345
186,317

810. Velocity Same for All Colors.-In these various deter
minat.ions of the velocity of light, the light employed was either
sunlight, starlight, or light from the electric arc. But although
these lights are complex, there was not found in any case a
perceptibie difference in velocity between light of different colors,
when measured in air or in interplanetary space.

Problems

1. How far from a screen must an 8 candle-power llilllp be placed to give
the same illumination as a 16 candle-power lamp 10 ft. distant?

II. When a photometer screen ill equally illuminated by a 32 candle-power
lamp at a distance of 2 meters, and lUI arc lamp 12 meters away, what is
the candle-power of the arc light?

3. A riDe bullet h88 a speed of 2()()() ft. per 8ee. Bow many inehee will it
advsnce while light travels a mile, and how far while light trllVels 25,000
miles (the circumference of the earth)'!'

WAVE THEORY

811. Mode of Propagatlon.-Only three methods are known by
which energy may be transmitted from one point of space to
another. Firat, by the movement as a whole of 8Q111.t medium
reaching from one poinl to the other, 88 in the case of ropes, belts,
or shafting.

Second, by proj~ti1a, as in the C&8C of a shot from & gun or So

ball thrown.
Third, by waves, as in case of sound or water waves.
We have found that light is communicated-from one point to

another with a velocity of about 300,000,000 meters or 186,400
miles per second. By which of the above processes is it propa
gated? We may evidently reject the first as inconceivable.
The second was advocated by so great a philosopher as Sir Isaac
Newton, while Huygens, the celebrated Dutch physicist, urged
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the claims of the third. While much of the m06t convincing
evidence will be found in phenomena. that must be taken up
later in our study, there are some considerations which even at
this point may help us to reach a ·tentative conclusion.

The velocity with which a projectile travels depends on the
initial impulse. If light is communicated by means of particles
shot out from the luminous body we should expect to find the
velocity depending on the source and that particles emanating
from the sun would have a different velocity from those from an
electric light.

On the other. hand, the velocity of a wave depends only on its
wave length and the nature of the wave (whether compressional
or transverse, etc.) and the properties of the medium of which it is
t disturbance. Sound waves from fiddle, pipe, or drum advance
with the same speed through air. If light is & wave motion we
may expeet to find light waves, whatever their souree, traveling
with the same velocity through space, and this is precisely what
experiment shows to be the case. This consideration therefore
points to its being a wave motion.

812. The Ether.-On the other hand, if light is propagated
by waves, they are waves of what? Light passes through inter
stellar space and through the most perfect artificial vacua that
can be produced. If there are light waves, they must be in some
medium which extends throughout space as far as the most
distant star from which we receive light, it must fill all vacua
and permeate all bodies through which light can pass. And yet
no resistance to the motion of earth or planets through this
medium has ever been deteeted. Yet in spite of these objections
such a medium must be supposed to exist if light is communi
cated by waves, and it has been named the luminiferous ether
or simply the ether.

813. Other Evldenee for the Ether.-It is remarkable that
there is independent evidence for the existence of such a medium
obtained from the study of electricity and magnetism. Electric
and magnetic forces act through vacua, and may be produced as
Faraday supposed by tensions and pressures in a surrounding
medium. When a magnet draws a piece of iron to itself we
may in imagination see it pushed up to the magnet by the stresses
in the ether.



556 LIGHT

But far more important is the direct evidence of Hertz' ex
periments; for electric waves have been proved to e.rist and aTe
found to have the same velocity as light. There is, therefore, a
medium in which waves may exist and travel with the vekJcity oj
light.

814. Electromagnetic Tbeory.-And since the velocity of a
wave depends both on the properties of the medium and on the
kind of wave motion, it is highly probable that the vibrations in
light waves are exactly the same 88 in electric waves; or, in
other words, that light waves are electric waves.

This theory of the nature of light waves is known 118 the
electromagnetic th.ef.ry of light, it was proposed and developed by
Maxwell in 1865. Its conception and establishment, next to
that of the conservation of energy, is the most remarkable
achievement of physical science in the nineteenth century.

In our further study we shall endeavor to test the probability
of the hypothesis that light is a wave motion by inquiring whether
it affords simple and natural explanations of the various phe
nomena. as they arise.

815. Form of Light. Waves.-IC light comes from a source as
a series of waves, the form of a wave, as it advances in all direc
tions with equal velocity, must be spberical, and the direction
of advance being radial is at right angles to the wave front.

816. BeaID1J and Ra)"s.-When light shines through a small
opening, the stream of light is called a beam, and a very narrow

OOIt
-~m_ beam is called a ray. When the beam

comes from a very distant sourcc, the
rays of which it may be conceived

F'J(I.483.-P&ra1I.el bMm with as made up are parallel, and it is
pl.De "'.VeII.

called a parallel beam i in that case
the wave fronts are planes.

When light comes from a point, the rays diverge radially {rom
the source and the wave fronts are spherical segments having
the source as their center. Such a beam is divergent, and its
waves enlarge as they advance.

By means of a lens or curved mirror, a beam of light may be
made to converge toward a point which is called the focus, in
which case the wave fronts must be concave spherical surfaces
which contract as they approach the focus.
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817. Geometrical and Physical OpUcs.-The study of light
is also called optics. That method of treating the subject which
ignores the existence of waves and treats & beam of light as a
bundle of rays is called geometrical optics, while the other method
which investigates the dependence of the various phenomena of
light on the properties of waves is known as phy8ical optics.

-

Fl:o. 484.-DiVergeD ~beam with COn'Vn
upandinc "'ave.-

Flo. "85.-CODve~Il'beam with
COflcave contractinc ••vea.

REFLECTION OF LIGHT AND MIRRORS

c

N

818. Reflection: Re&Ular and Dlftuse.-Wben light reaches &

surface where there is a change of medium, some is reOected or
turned back into the first medium while some penetrates into
the second medium.

When the reflection takes place at & fiat polished surface,
light comes to the eye 118 though directly from the distant objects
themselves, and if the polish is
perfect none of the light seems to
come from the reflecting surface,
but we seem to be looking
through an opening at objects be- ..
yond. This is known as regular
refle<:tion. B

I{ the surface is now ground FIG. 4S6.-Regular rell.eet.ica of
",avea.

with coarse emery, we no longer
see reflected objects, but light goes out from the surface itself
in all directions as though it were a source of light. This is
known as diffuse reflection. It.takes place at the surface of such
bodies as wood, paper, cloth, etc., and seems to be due to the
breaking up and scattering of light waves by the roughness or
irregularity of the reflecting surface. To polish a surface so that
it reflects like a mirror the very finest emery and polishing
rouge must be used. a fact which. indicates that the length of
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FlO. 487,

light waves must be extremely small. In some conjurers' illu
sions advantage is taken of the invisibility of a well-polished
mirror surface.

819. Regular Retlectlon.-The law of regular reflection is
the same for light waves as for other forms of wave motion. If
AB is the incident ray and Be the reflected one, the angles i and
r which they make with the normal BN are called the angles
of incidence and rejfedion, respectively. In case of regular
reflection, the angles of incidence and reflection are equal and lie
in the same plane. This plane is called the plane of inddence.

It will be observed that by reflection a wave front such as
ab is turned into the position a'b'.

820. Mirror Turned Through an Angle.-If a beam of light
SO (Fig. 487) meets the mirror
perpendicularly, it is reflected di

~---_---s rectly back on its path. But if
: the mirror is turned through the.,

~'-I~ angle x, the reflected beam will
/, ~" take the direction OP where the

•
angle of reflection y is equal to the
angle of incidence x. By the mo
tion of the mirror through the

angle x, the reflected beam has therefore been turned through
an angle x+y = 2x. _

Suppose the mirror is attached to" the needle-of-a 'galvan
ometer and reflects the light from an incandescent lamp upon a
graduated scale. It is clear from the above that when the needle
turns through a small angle, the reflected beam of light must
move through twice that angle.

821. Plane MIrror and Images.-If a source of light is placed
at 0 in front of a plane mirror MM', figure 488, the light after
reflection will appear to come from a point.O' as far behind the
mirror as 0 is in front of it. (See also §292.) For trace the
incident and reflected rays OB and Be, and produce the latter
backward meeting the perpendicular OP at 0'. Then the
triangles OPB and O'PB have right angles at P, and th side
PB common, and the angles PBO and PBO' are equal because of
the law of reflection, therefore PO' = PO. But B is any point
in the reflecting surface, therefore all reflected rays from a if
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produced backward will pu.ss through the point 0'. Light waves
from 0 after reflection from the mirror come to the eye as if they
had come from 0', and consequently 0' iJJ 8aid tt; be the imaoe of
o. Il if a virtual image QI disti1l9uiMed JTom a real one, bet:awe
1M light dou not actually pa&8 thrcmgh the point 0'.

If an object represented by the arrow OE is placed in front of 9.

plane mirror the image is virtual and in the position D'E', each
point in the image being as far
behind the mirror as the corre
sponding point in the object is
in front of it.

c

FIG. 480.

822. Multiple Reftedloo.-When two plane mirrors are plaood at.
right angles to each other as in figure 489, three imagea are formed of aD
object 0 placed between them. 0' is the image of 0 in AB, (Y is the
image of 0 in BC, while 0'" ia the image or 0' in Be or of tY in AB:. The
ra)'!! which come to tbe eye u if from 0'" are reflected twice, once by each
mirror..

In tho ka.leidoflCopc three na.rrow ~triP8 of mirror g11Ltl8 are placed edge to
edge, forming a triangular priam with the mirror faces turned inward. An
ohserver looking in at one end of the contrivance 8ee8 a regular hexagonal
pattern formed by the repetition of some figure formed by pieces of colored
glag at the other end of the tube.

H two flat mirrors are placed parallel and facing each other, an obeerver
standing between them with a lighted candle will see an infinite series of
images of the ca.ndle lltretehing into the diJItance in each mirror. The firat
image i8 formed hy a single reflection, the second by light reflected twice,
once in each mirror, etc.

823. Concave Mlrror.-Tbe surface or a concave mirror is
commonly & portion or a sphere, because spherical surlaces are
ground and polished with comparative ease.
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If such a mirror is held facing the SUll, a bright spot of light,
which is the image of the sun, is formed half-way between the
mirror and its center of curvature. The angular size of the
focal image as seen from the mirror is the same as that of the sun
itself, so that the shorter the radius of curvature of the mir
ror, the smaller this image is. The point where the image is
formed is called the principal focus of the mirror (Lat. locus, a
hearth). With a large mirror of short focal length so great a
concentration of the sun's rays may be obtained that lead may
be melted and paper and wood ignited at the focus.

If a candle is held at A, between the center of curvature of
the mirror and its principal focus. a real image of the flame will

FIG. 4!lO.-Imagc by concave mirror.

be formed at a certain point B beyond C. This image, being
real, may be seen on a white screen placed there. It is inverted
and as much larger than the object at A as it is farther from the
mirror.

When the candle is moved away from the mirror, the image
moves toward it and they meet at C where the image is of the
same size as the object and still real and inverted. As the
candle is moved still farther from the mirror, the image ap
proaches F as a limit and when the distance of the candle is
many times the radius of curvature of the mirror, the image is
formed almost exactly at F, the size of the image being smaller
the farther off the candle is placed.

824. Conjugate Focl.-The positions of candle and image,
A and B, are interchangeable,-the candle may be placed either
at A or B and the image will be formed at the other point. Two
points so re"Ulkd that one is the image of the other are known as con
jugate foci. The principal focus is conjugate to a point on the
axis infinitely distant from the mirror.
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825. Principal Focus.-The principal focus of a mirror may
be defined as that point where all rays parallel to the axis meet
after reflection, it i8 half-way between the mirror and its center
of curvature. This may be proved as follows:

Let C be the center of curvature of the mirror, and Me its axis.
A ray OP parallel to the axis Me and meeting the mirror at
P will be reflected into the direction PF, such that the angle of
reflection r is equal to the
angle of incidence i. But
since OP is parallel to the
axis, the angles i and x are
equal, and consequently r =
x, and the triangle FPC is
isosceles and PF = Fe. If
the point P is not too far from
M, PF and MF are very nearly
equal, so that MF = Fe, and F is therefore half-way between
M and C.

p

cF 0'M

It is clear from the above tha.t aU rays parallel to the axis of a. concave
spherical mirror do not meet exactly at the same point after reflection. This
imperfection is known as aberration. When a concave mirror isonly a very
small portion of a sphere this aberration is slight.

826. Construction of Image.-The size and position of the
image which a concave mirror forms of an object in front of it
may be determined by the following construction:

8

FlO. 492.

Suppose it is required to find the image of the arrow PO
(Fig. 492). Trace two rays from P, and the point where they
intersect after reflection is the image of P. One ray easily traced
is PA through the center of curvature C. This ray meets the
mirror perpendicularly and is reflected back along the same line
ACP. Another ray to be taken is PB, which is parallel to the
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axis and is, therefore, reflected back through the principal focus
F, and intersects the first ra.y at pt. This point is therefore the
image of P. The line PCP' through the center of curvature is
known as the secondary axis through P.

The image of the point 0 on the axis will be at a', also on
the axis, so that P'O' will be the image of the arrow PO. This
image is evidently inverted, it is also real, (or rays of light from
various points in the object PO actuaUy pa88 through the corre
sponding points in the image prO'.

827. Size of lmage.-The size of the image is to the size of the
object as their distances from the mirroT. For if we draw the
rays PM and },fP' reflected at M, the angles i and r are equal
by the law of reflection, hence the triangles POM and P'O'M are
similar and PO:P'O'::OM:O'M.

It is also evident from the construction that the size of object
and image are proportional to their distances from the center
of curvature C.

828. Vlrtnal Image.-When the object is moved nearer to
the mirror than the principal focus F, an erect. virtual image is

OT---------- M

p

o

FIG. 493.-Virtual im-.:e by concave mil'1"Or,

formed back of the mirror, as will be clear from the following con
struction. Trace a.s before two rays from P, one parallel to the
axis and reBected through F, the other perpendicular to the mir
ror /lnd reflected through C; they will diverge after reflection and
must be produced backward to find the point of intersection P'.
This is the image of P, and is virtual because the light from P does
not actually pass through pl. The sizes of object and image are
proportional to their distances from C, hence the virtual image
is larger than the object. A3 the object is moved toward the
mirror the image also approaches it and they meet at M.
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829. Formula for Concave Mirror.-A simple formula which
expresses the relation between the radius of curvature of a
mirror and the distances from it of two conjugate foci, may be
obtained as follows: By similar triangles

OP :O'P' ::OC :O'C
also

OP ,O'P' "OM ,O'M
therefore

oc ,O'C "OM ,O'M (I)

p

c"F ,,
------------ .-r-----P--------------;·-------4·-- ---.J,'

M

Fla. 494.

Let 11 and q be the distances from the mirror of 0 and 0'
respectively, and let T be the radius of curvature of the mirror,
thenOC=p-r, O'C=r-q, OM=p, O'M=q, and we have by
substituting in (1)

p-r ;I'-q::p:q

and multiplying means and extremea

pr-pq=pq-qr

dividing through by pqr, we obtain tM mirror fonnula.

112
-+-~
P q ,

(2)

When 0 is at a great distance from the mirror, or p is infinitely
great, we have

I
-~OP , and therefore
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The point 0' is in that case at F, half-way between M and C, a
result which we have already obtained in §825.

When p is less than ~, a negative value of q is obtained, show

ing that in that case the image is formed back oj the mirror or is
virtual.

830. Illustratlons.-If a vase mounted on an open box in
which a bouquet of flowers brightly illuminated is hung upside
down, is set in front of a concave mirror at the distance of its
center of curvature, and if the mirror is properly inclined, a real

1:':10. 495.

image of the bouquet will be formed exactly over the vase, so
that to an observer looking over the vase into the mirror the
vase appears to hold the flowers. Here object and image are of
the same size since equally distant from the mirror.

Standing back of the center of curvature of a concave mirror
and looking into it, an inverted and diminished reflection of the
face is seen; if, however, the face is held within less than the focal
distance MF, the image is virtual, erect, and enlarged, and we
have a magnifying mirror.

831. Convex Mlrror.-In case of a spherical convex mirror, the
formula obtained in §829 applies if the radius of curvature is
taken negative. Thus for convex mirrors

1 1 2
-+-~-
P q ,

expresses the relation between the distances of image and object
from the mirror, and its radius of curvature r.

It will be observed that whenever p is positive, it will give
a negative value of q, indicating that wherever the object may be
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placed in front of the mirror, the im,age will be formed behind it;
that is, it will be virtual.

The image may be constructed in size and position as before,
by tracing from a point P in the object two rays, one which is
parallel to the axis and therefore after reflection is directed
away from the principal focus F, and another which is directed
toward C and meets the mirror perpendicularly so that it is re
flected back along the same line. These two rays diverge after

,.;-
p' AA~---;..,:-

~---~-;/ f-- "
_c",_~_",--:"-_-_~F,-,,-:..-_,,-_ M'---"-

FIG. 496.

reflection and if produced intersect at P' where the virtual image
is formed.

The relative sizes of image and object are proportional to
their distances from C. The image is therefore erect, virtual,
and smaller than the object and nearer to the mirror than the
object is.

8.12. IlIustratlons.-When a polished ball is placed in direct
sunlight, the brilliant spot of light seen in the ball is the virtual
image ofthe sun, formed at the principal focus, half-way between
the center of the ball and the surface. It is small, for it subtends
an angle at the center of the ball equal only to the apparent
angular diameter of the sun.

The reflected image of the face seen in a convex mirror is
always virtual, erect, and diminished in size.

833. Perfect Mlrror.-It is useful to consider from the point
of view of the wave theory what form a mirror must have to
reflect perfectly to a focus all the light that fall~ on it from a
given point. If light waves going out from P as spherical waves
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are to be converged to pI, they must after reBection be spherical
waves converging toward P'. That is, all parts of the spherical
wave which leftPatagiveninstantmustreachP'simultaneously,
and hence it must take light just as long to travel by the path
PMP' as by any other path PM'P' where M and M' are points

FIG. 497.

on the mirror, and therefore PM + MP' must be equal to
PM' +M'P'.

It is known that an ellipsoid of revolution having its foci at
P and pi satisfies this condition, hence a perfect mirror should be
a portion of the surface of such an ellipsoid. But even then it
would be perfect only for light coming from one of its foci.
Light from any other point would not be perfectly converged to
a single point focus.

o

FIG. 498.-Cau~tic curve.

834. A'berratlon.-When light from a point in the object does not con
verge to a point in the image, there is said to be aberration. The nature of
the aberration in case of a spherical mirror is well shown by reHecting a beam
of parallel rays, or light from a distant object such as the SUD, in a concave
cylindrical mirror mounted over a sheet of white paper, fIB shown in figure
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Fro. 499.
Parabolic mirror.

498. It will be observed that only tlw central rays are reflected through the
focus F, those striking the mirror near the edge crosa the axis decidedly to the
left of F. The curve to which all the reflecwd rays are tangent is called a
eaU8tic, and its cusp at F is the ordinary focus of the light rclleded from the
central part of the mirror.

To avoid excessive aberration the diameter of spherical mirrors is ordi
narily small compared with their radius of curvature.

835. Parabolic Mlrrors.-When it is desired to take a beam of light
of large angle and reflect it all in one direction, as in a searchlight, a parabolic
mirror is used. For it is a property of the parabola that a line joining any
point P with its focus F and a line through P parallel to the axis mllke equal
angles with a tangent at P, and hence a ray of
light parallel to the axis will be reflected to F
and conversely all rays from F that meet the
surface will be reflected parallel to the axis.

the source of light is not a point but a lumi- t~~
nous surface, and an image of this source is
formed by the mirror. The size of the image M
formed is to the size of the souree as its dis
tance from the mirror i~ to the focal length
FM. Therefore to illuminate a large region in
front of the reflector the source of light should
be llHge and the focal length of the mirror small.
While to obtain a very intense beam illumi-
nating only a smsll patch at a great distance
the source should be small and intense and the
foco.llength of the mirror large.

Problems

1. How high mu.st a plane vertical mirror be in order that an observer 6 ft.
in height standing in front of it may just see his whole figure?

2. What sort of mirror must be used and how placed thst a ruler in front of
the mirror and its image may form two sides of an equila.teral triangle?

3. Make a construction showing the size and position of the image formed
by a concave mirror having a radius of curvature of 3 in., of an object
~ in. long plsced 4 in. in front of the mirror. Make full sized drawing.

4. Make a construction showing the size and position of the image formed
by a convex mirror, the object being 4, in. in front of the mirror. Use
the same radius of curvature and size of object as in the last problem.

6. A candle is placed 3 ft. in front of a concave mirror having a focal length
of 1~ ft.; where is the image, and how large?

6. Where must an are light be placed in front of a mirror having a radius of
curvature of 6 ft. in order that its image may be focused on a screen 20
ft. from the mirror?

7. If a light is placed 2 ft. in front of a concave mirror having a radius of
curvature of d ft., where will ita imaie be, and how large?
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FIG. 5OO.-Relrll,ctioo of light.

8. How far ffiUllt a man stand from a concave mirror having a foeallength
of 2 ft. in ordm- that be may see an erect image of his face just twice iu.
natural size? '

9. Which would make the hottest image of the sun, a mirror with a focal
length of 6 in. or one with 2 ft. focal length, suppoBing ooth to be of the
same diameter? Why?

10. How big is the bright image Cormed when eunlight is reflected by a
polished sphere 10 em. in diameter and where i<c the image situated?
Take the distance of the Bun as approximately 110 times ita dUwicter.

11. What sort of mirror must be used and what must be iu fooallength, in
order that it may form an erect image % a.s large as an object placed
2 ft. in front of it? What kind would give an inveTted image all other
conditions being the same?

REFRACTION

836. Refractlon.-When a beam of light passes obliquely from
one medium into another, it is usually bent at the surface separat

ing the two. This is known
as refraction. It may be con
veniently studied by the aid
of the apparatus shown in
figure 500. This consists of a
circular glass vessel with flat
sides and half~full of water
into which a narrow beam
of sunlight is directed in a
darkened room. If smoke is
b~own into the space above
the water and if the water
is very slightly soapy or
colored with fluorescein, the
path of the beam may be dis
tinctly traced both in the air
and water. It is then ob

served that when the beam is sent vertically downward it is not
bent, but when it is inclined it is sharply bent downward at the
surface, and the bending is greater the more obliquely the beam
meets the surface.

The bending also takes place when light passes from water to
air, as in case of the coin in the dish shown in figure 501. The
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coin C is out of sight of the observer's eye so long as the dish is
'empty, but on filling the dish with water, light coming from the
coin is bent into the direction OE and comes to the eye as if
from C', and the coin eeems lifted into view.

In the same way, because of refraction, an oar appears bent
upward where it enters· the
water; aod a tank of water,
to onc looking down into it,
looks shallower than it really
is, and the more obliquely
the bottom is seen the shal
lower the tank appears.

837. Law ot Refractlon.
The exact. law of refraction
was discovered by the Dutch physicist Snell about 1620, and
may be thus stated:

When light passes from one isotropic m.edium into anotber,
the ratio of the siDe of the aogle of incidence to the sine of the
aogle of refraction is constant for light of any given wave length,

whatever may be the indina
tion of the incident beam, and
the incident, reflected, and re
fracted rays are aU in the
8ame plane, called the plane
of incidence, which is normal

-t'J to the surface.
.. Thus m figure 502, AD

and CE are proportional to
the sines of the angles i and
T, respectively, and the law
states that whatever may be

ray AD, the refracted ray DC
Will be so inclined that AD

will be to CE in 'a :coDstant ratio which depends on the nature
of the' two media and on the kind of light. If the upper
medium is air and the lower wawr, AD is very nearly t3 of CE
for yellow light, while in case of air and crown glasa the ratio of
AD to CE is more nearly % for the same kind of light.
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838. Index of Refnwtlon.-This constant ratio of the sine of
the angle of incidence to the sine of the angle of refraction is
called the relative index of refraction of the two media concerned,
and the more it differs from unity, the greater the bending of the
ray in passing from one medium to the other.

The relative index of refraction when light passes from air into
a substance is commonly called simply the index of refraction of
the substance.

The absolute index 0/ rejacti/Jn of a. substance is tha.t which holds when
light passes from vacuum into the Ilubstance; it differs from the ordinary
index by only about one part in 3500. It may be determined by multiplying
the index from air into the substance by the absolute index of refraction
of air, which is 1.000292 at standard conditions.

Indues of &jTadion oj Some Common SubslallcesjoT Sodium Ughl

Glass, very densc Bint, , , .
GlasB, light crown , .
Rook salt , , ......•......
Diamond , .
Water...................•................ , .
Alcohol. .
Carbon bisulphidc .
Air , .. , .

1.71
1.51
1.54
2.47
1.33
1. 3El
1.64
1.000292

839. Cause of Refractlon.-The velocity of light in water was
measured by Foucault and found to be about % that in air;
and later Michelson found the velocity of light in bisulphide
of carbon to be still less than in water. In each case it was
found that the ratio of the velocity of light in air to that in the
substance was equal to the index of refraction of the substance.
Let us now inquire whether the assumption that a beam of light
consists of a train of waves which experience a change of velocity
in passing from one medium into another will account for the
above result, and also whether it affords a satisfactory explana
tion of the law of refraction as established by experiment. In
the following paragraphs we shall trace the consequences of thill
assumption.

840. Perpendicular Incidence: No Change in Dlrectlon.--.
When a beam of light in air is perpendicular to the surface of
another substance, as water, in which its velocity is less, the
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Flo. lI03.-Perpendicular incidence of
wav"".

i

FlO. 6O-t.-Refracuon or oblique .wav"".

wave fronts are parallel to the surface AB, and consequently all
parUl of 8. given wave front meet the surface AB at the same in
stant, and advancing into the lower medium with the same
velocity everywhere, the wave front in the lower medium must
remain parallel to the surface
AB, and the ray direction re
mains unchanged.

The wave length, however,
in the lower medium must
be less than in air in the
same ratio as the velocity of
light in the substance is less
than its velocity in air. For
it must advance onc wave
length in thesubstance in the same time that it advances one wave
length in air, since just 8Jl many waves per second enter the lower
medium as leave the air.

84.1. ObUque Incidence: Chance In Velocity and DlreeUon.
If the incident beam falls obliquely on the refracting surface
then the change in velocity in passing from one medium to the

other causes a bending of
the ray or change in di~

rection, as shown in figure
504.

For, let the heavy lines
represent wave fronts one
wave length apart, advancing
in the direction of the arrows,
and let the second medium be
one, such as glass, in which
the velocity is less than in air.
As soon as the edge of the
wave enters the glass at A it is

retarded, while that part which is still in air continues to ad
vance with the same velocity as before. Consequently the
direction of the wave front is changed into the position DC.

Now, Be is the diBtance that a wave travels in the upper
medium in the same time that it travels a distance AD in the
lower medium: therefore

Be :AD:: V,.
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where V is the velocity of light in the upper medium and" itE
velocity in the lower one.

Let i be the angle of incidence BCN or BAC and let r be the
angle of refraction ECJf or ACD, then

BC =- AC. sin i
AD-AC.sinr

hence dividing, we find
BC sin i---AD sin r

but
Be v
AD=-';

therefore
sin i V
-.- --Slur D

From this it appears that the ratio of the sine of the angle
of incidence to the sine of the .ngle of refraction is the same as
the ratio of the velocities of light in the two media, and must,
therefore, be constant for all angles of incidence.

842. Adequacy of the Wave Theory.-The above interesting
result is in exact agreement with the law of refraction as dis
covered by Snell, and it also leads to the conclusion that the
relative index of refraction of two media is simply the ratio of
the velocities of light in those media, a conclusion substantiated
by the measurements of the velocity of light in water and in
bisulphide of carbon by Foucault and Michelson.

We thus find that the wave theory leads to a aimple and
natural explanation of the facts known about refraction, a
result which must strengthen our conviction of the essential

. soundness of the theory:
Also the index of refraction of a substance takes on a new

interest when we think of its physical significance as the ratio
of the velocity of light in air or vacuum to that in the substance.

843. Total Rcftectton.-When light passes from one medium
into another in which the velocity of light is greater, as when
it passes from water or glass into air, the refracted ray is bent
away from thenormal. Thus a ray of light coming up from below
and meeting the surface of water on the under side, as shown by
AD in the first diagram of figure 505, is in general partly refracted,
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and bent away from the normal in the direction DB and partly
reflected along OD. But as the dire<::tion of AD is changed and
made more oblique, DB is bent away more strongly until when
AQ takes the d.ireetion shown in the middle diagram of the
figure, the refracted ray DB emerges at an angle of 90° and grazes
along the surface. The angle AON in this case is called the
critical angle. When the angle of incidence is greater than the

I

•

N

II

•

N
FIG. 50S.

III

•

N

critical angle, as shown in the third diagram, none of the light is
refracted but the beam is totally reflected along OD, as if the
surface of the liquid were a polished metal mirror, for there is no
corresponding direction in which it can emerge into the upper
medium.

844. Critical Angle.-The angle AON in the middle diagram
above, beyond which refraction cannot take place, is called the
criliool angle. From the law of refraction,

nn MOB
nnAON -n,

but nn MOB = 1 since MOB is & right-angle, therefore

nnAON-!
n

or the sine of the critical angle is equal to the reciprocal of the
index of refraction.

846. Illustration of Total Reflectlon.-If a. tumbler full of
water and having smooth sides is held in the hand, on looking
down obliquely into it the sides are seen as polished, mirror-like
surfaces reflecting objects under the glass but the fingers holding
the glass cannot be seen through the surface if it is dry, as in
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that case light coming up from below is totally reflected at the
side. H the fingers are moist they will be seeD only at the spots
where they press against the glass.

A.right-angled glass prism having all its sides polished may be
used as a mirror to turn a beam of light through 90° if the lightfalls

upon it as shown in the figure, for in that
case it meets the oblique surface imide the
glass at 45°, which is greater than the
critical angle (or glass and air. The in
tensity of the beam reflected in this way
is far greater than if reflected from the'
qu[8ide of the same surface, for in that
case a huge amount of light is lost by
refraction through the prism.

FIG. 606.-Totll.' reflect-- I fi 507' h . h' 1 dius priam. n gure IS s own So fIg ...-ang e
prism used as So reversing prism with a

projecting lantern. The beam AA' which on entering the
prism is directed downward, on leaving it is sloping upward, 80

also BB' is changed from an upward inclination on entering the
prism to an equal downward slope on emergence.

846. Refraction of Gases.-The refracting power of gases is
small compared with that of solids or liquids, the change in
velocity when light passes from vacuum into air under ordinary
conditions being only about one nine-hundredth part of the

.'
: 8'~

Flo. 607.-neveniq prUm.

change in velocity when it enters water. Yet it is the variations
of this small refractive power caused by the fluctuating density
in the hot-lLir currents over a stove that cause the unsteadiness
in the appearance of bodies seen through the stream of hot air.

84-1. Atmospheric Refractlon.-In consequence of the refrac
tion of the air the apparent angular distances of stars from the
zenith is less than their true zenith distances, the rays being
refracted just as much as if the atm06phere terminated abruptly
in a level surface just above the observing telescope and all
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above was vacuum, instead of gradually diminishing in density
88 it does. The sun or moon when seen Deaf the horizon appears
fiattened in consequence of the lower edge being more rai&ed. by
refraction than the upper edge, and when apparently just
above the horizon it is really entirely below it.

MS. MIraa:e.-When 8. layer of air next the surface of the
earth becomes heated it may become less dense and less refracting
than the cooler layers above it, 80 that the lower edges of light

Flo. 508.

wavee coming from a distant object are less retarded than the
upper parts of the waves, and consequently the wave fronts
swing around and come upward to the eye, as shown in figure
508. The distant object is thus seen inverted as if reflected in
a horizontal mirror. In this way the familiar mirage of the
desert may give the impression that objects seen are reflected
in a sheet of water.

PRISMS AND LENSES

849. Retraction or Plane Wave. by Plate with PanJlel Slde,.
In passing into the plate the beam is bent toward the normal,
but since the two sides are parall~l the waves within the plate
make the same angle with one side as with the other and will
therefore be bent as much on emerging from the 'plate as they
were bent on entering, and the emergent beam will therefore
be parallel to the entering one, but displaced sidewise by an
Amount which depends on the tbickneas of the plate. Light
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waves (rom a distant point will therefore enter the eye of an
observer in the same direction as if the plate were not there.

H the apparent position of a star shiftll on int-erpoaing a piece of thick plate
g1ua, even if held obliquely, it ill beeaU5e the Bides of the plate are Qot per-.
fectly parallel.

FlO. 609.-Rerract.1on throu«h plate
with pa.ralle1 sidell.

8

Flo. 610.-RI'!fraetion throuah .. prilom.

MO. Refraction by a Prlsm.-Plane waves when refracted at
a plane surface remain plane, and therefore will continue plane
after any number of successive refractions at plane surfaces.

When a substance has two plane refracting surfaces which
are inclined to each other it is called a prism, and the angle
between the two refracting surfaces is called the angle of the
pnsm.

In figure 510 the edge of the prism at A is supposed to be
perpendicular to the plane of the paper, which is the plane of
incidence. The beam of light at B enters the prism, is bent
aside, and on emergence is again bent, and passes out in the
direction shown at C. The total change in direction is repre
sented by the angle CDE, which is called the deviation of the
beam.

The beam is bent toward the thicker part of the prism, as
shown in the figure, when the substance of the prism is more
refracting than air, because that part of each wave is most
retarded which is farthest from the edge of the prism and has
to pass through the greatest thickness of retarding substance.

861. Minimum Devlatlon.-In such a position of the prism
as that shown in figure 511, in which the incident beam makes
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the same angle with the first face of the prism as the emergent
beam does with the second, it is found that the deviation angle
CDE is a minimum; turning the prism away from this position
in either direction causes the angle CDE to increase.

If n represents the index of refraction of the substance of the
/

E/',

FIG. 511.-Minimum.deviation.

prism, and if A is its angle and D the angle of minimum deviation,
it may be easily proved that

. A+D
8tn 2

n=---·
.A,m

2

8.52. Lenses.-Lenses are pieces of glass or other transparent
substance usually bounded by spherical surfaces, and are used
in forming optical images. The line joining the centers of

65421 3
FIG. 512.

curvature of the surfaces of a lens is .called its axis. Different
types of lenses are shown in figure 512. These are distinguished
as double convex (1), plano-convex (2), meniscus (3), double
concave (4), planlH10ncave (5), and convexo-concave (6).
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Ai

In the first three cases light rays parallel to the axis are OOD~

verged to & point F, called the principal focus. The distance
of this point from tbe lens is called its focal length. Such lenses
are called convergent; they are thicker in the center than at the

F

I
I

I
-'--LJU...L.1..J. i"',.J..~f!'!lI!_~L_...J

FlO. M3.-Convllx lens. FOI'lallength - f.

edges, and consequently plane waves passing through them are
more retarded at the middle than at the edges, and become of a
concave spherical form converging on F.

The last three forms of lens are thinner at the center than
at the edges and are known as divergent lenses, for plane waves

- -F.: __ r.

. ~
FIG, St4.-Concave len.s. FoeaI1ell&th _I.

advancing along the axis of such a lens arc more retarded at the
edges than at the center and emerge from the lens as spherical
waves expanding from a center F. This point from which rays
parallel to the axis on one side of the lens appear to diverge on
the other side is called the principal focus. In this case it is a
virtual focus.

In general, when light from any point P P9"fes through &

lens, on emerging it is directed either toward or away from some
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other point Q. and these two corresponding points are known
88 oonjugate Joci. The line joining them passes through the
center of the lens if it is thin, and is called a secondary aris
when it does not coincide with the principal axis of the lens.

A"I,P ,Q

P: I. ,. ,,..--------p---------,------------9---------_
Fra. 515. .

If the distances of the points P and Q from the lens are repre
sented by p and q. respectively, then for thin lenses we have

1+1~!
p q f

'f I
I II w~ .q._~•• _ -
~._---------~---------_._.--

Flo. 516.

where I is the principal focal length of the lens and is taken
•poMlive fur COfItIergenl and negat£ve jfJr dWergenl lenses. The

proof of this formula will be given in the next Paragraph.
&3. Lens Formula bl Method of Ray.s.-Let rays from A

be converged to a focus at C by the action of the lens and let
AEFC be the path of a certain ray. Let D be the center of
curvature of the first surface and B that of the second surface.
Then since ND is normal to the first surface at E, the ray AE
is refracted into the direction EF, so that by the law of refraoa
tion, if n is the index of refraction of the glass of the lens,

sin NEA sin i
sin FED = n or sin T - n
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so also at P

.LIGHT

sin ltfFC
sin EFB=n or

sin i'
. =n

smT'

but if the angles iT i' r' are small the ratio of the angles them
selves is practically equal to the ratio of the sines. Hence we
have

•-=n, nnd
.,•r' =n

.p

•
B

and therefore

Flo. 611.

q

o

i+i'-n(r+r') (1)

Also the angle i which is external to the triangle EDA is equal
to the sum of the opposite internal angles, therefore

i-C1+d
and likewise

i'-b+c
adding, we have

• i+i'-a+c+b+d (2)

But the triangles EF'G and BOO have the angles at G opposite
and equal, therefore

r+r'., b+d.

Substituting this value of r + r' in (1), we have i + i' = nCb 1- d),
and now substituting this in (2) we find

n(b + d) - a + c + b + d

or
a+c- (n-l)(b+d) (3)
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Now if the lens is thin E and F are practically at the same dis
tance from the axis; call this distance y, and let p be the distance
AE, q the distance CF, while R1 and R2 represent DE and BF,
the radii of curvature of the lens surfaces. Then if the angles
abdc are small, each will be equal to the arc that subtends it
divided by the corresponding radius, but all the arcs may be
considered equal to y, so that

a=1!.
p c=~ d= ~l'

Substituting in (3) we have

or finally
1 1 (1 1)
-+-~(n-l) -+
p q R 1 R2

which may be written
1 1 1
-+-~
P q J

where

1 ~ (n _ 1)(~+~)
f R 1 R 2

and f is a constant for the lens, depending on its index of refrac
tion and the-radii of curvature of its surfaces.

M4. Discussion of Formula.-Collsider first the case. of a 000
vergent-lens with the'source of light an infinitely distant point.,

in this case f is positive and p = 00; therefore, ~ = 0 and q = j.

Therefore the light converges to a poiht at a distance j from
the lens. This point is the principal jacm and the distance j
is the facallength of the lens.

As the point source P is moved along the axis nearer to the
lens, the corresponding focus Q or conjugate jocus moves away
from the lens, so that when p = q, each of the points P and Q is
at a distance from the lens equal to 2j.

As P is now moved uniformly toward the lens, the rays on the
farther side become more nearly parallel and Q moves off with
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increasing speed till the distance p is equal to f when q becomes
infinite and the rays go out from the lens paralleL

'If P is now moved still nearer to the lens, the rays on the

,
--- V-I ---"""1

p
,,,
1"'-- p_2f_-----__

,,,,... p_f _

,,,_ q_21 --...

~_=::::-p:.--
I ~-~"::::::-F---_
I 'r+-.pef--l-----__q ~

Fi<J. 518.

farther side diverge as if they came from a focus Q on the left
of the lens. In this case the formula shows that q will be negative,
and the focus Q is virtual.

F _-=-__--
::::-------

r-----(----
p_oo q--f

i~:
I 1-" __ '1 __ ....., 't-------p------+J

P is positive q ;8 negQtiY8
FIG. 519.-Divergent lens.

In case of a divergent lens, the focal length" is negative, so that
we have

I 1 1
p+q= -J
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Here if the luminous point P is at &Jl infinite distanoe, we find
q - - I, indicating that the rays diverge as if from a. point F.
This the principal /ocutl and it is virtual.

As P moves from an infinite distance in toward the leos, the
conjugate Jocus Q. remains virtual and moves from Ii' toward the

lens, so that when 11 = I. q = -~, and when p = 0, q - O.

865. Focus for Distant Objects.-It is important to observe
that when the point P i8 at a great distance from the lena compared
with its focal length, the conjugate !ocus Q i8 very nearly at the
principal focus, and & great change in the position of P will cause
only a slight change in Q. Thus when 11 - ten times I. q - 1.%/.
while if p is 100 times I, q - 1°%9/.

It is for this reason that in a photographic camera the focus
for all diaanl objects is practically the same.

8S6. Rule for Use of Formula.-In using the formula

in the solution of lens problems care must be taken as to the signs
of the various terms.

The focal length f is always positive in caae of a convergent
lens and negative in ca8tl of a divergent lens.

When the rays from the pmnl P diverge t.oward the lens the sign
of p is positive; if, however, the rays meet the lens as they are con·
verging toward P then p must be taken negative.

So also if rays leauing the lens converge toward a real focus the
dUlan« q of that f0CU8 from the lens u pomiM, while if the rays
after pa&ing the lens diverge from a virtual f0CU8 the distance q
is negative and is measured back of the lens.

Notice that we always consider a narrow pencil of rays orig
inating in a Bingle pmnl in the objeet; and that p is detennined
by the rays of such a pencil as they appr(J(J(;h the lens, while q
relates to the rays leaving the lens.

The rule of signs may be illustrated by the case shown in
figure 520. A convergent lens of 4 in. focus is placed 4 in.
from a divergent lens of the same focal length; if an object P is
placed 6 in. from the convergent lens, it is required to find the
position of the image formed by the combination.
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Rays from P diverge toward the lens L~ therefore the distance
6 is positive, and as the focal length of that lens is also positive
we have

1 1 1- +- ~
6 q 4

which gives q = + 12.
Hence the rays after passing the first lens converge toward a

real focus at Q, 12 in. to the right of L.

--

---

-------------:::=="'''-'''

----------
--------

L

---=:-~----

~~---......-----

L

:Flo. 520.

But in case of the second lens L' the rays approaching it are
converging toward a point Q which is 8 in. beyond the lens;
hence in this case p = - 8, and as the lens is divergent f = - 4;
hence we have

1 1 1
--+-~--

8 q 4

which gives q = - 8. The rays will therefore emerge as if
coming from a point Q', 8 in. back of the lens L' , and the
final image is virtual.

857. Images by Lenses.-Thc most important use of lenses is in
the formation of optical images. Let P (Fig. 521) be a point on

Fro. 521.

the arrow that lies on the axis of the lens; light from P will be
converged at Q, its conjugate focus. So also for any other point
P'. in the object there is a conjugate focus Q' which must lie on
the seoondary axis or straight line P'OQ' through the center of
the lens, for at the center the opposite faces of the lens ar(l
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, parallel and hence a fay passing through the center is not changed
in direction. If P and p' are in the same plane at right angles
to the axis of the lens, Q' will not be in the parallel plane through
Q, but will be somewhat nearer the lens; making the image
curved.

If ,a white screen is placed at Q the light falling upon each
point of it comes from the corresponding conjugate point on· the
other side of the lens and a picture or real image is therefore
formed on the screen just as though the light had come through
a pin hole at' 0, but morc brilliant. This is the principle of the
photographic camera.

The image formed by a lens may be seen directly by the eye
instead of being reccived on a screen; for the eye may be placed
to the right of Q at a distance from it of about 10 in., or the
distance of normal distinct vision, and looking toward Q light
will enter the eye from Q just as it would have come from an
object placed at that point, and accordingly the inverted image
of. the arrow will be seen.

p'

l

F

Fw. 522.

808. Construction or Images.-A simple geometrical con
struction will give the size and position of the image in any case,
for it is only necessary to trace two rays from any point in the
object to find by their intersection the position of the correspt:nu1ing
point of the image. 'Suppose it is required to find the size and
position of the image of the arrow at P formed by the convergent
lens L whose principal foci are at F and F' (Fig. 522). Since the
size as well as the position of the image is desired, we will choose a
point pi not on the axis of the lens and trace two rays. One
parallel to the axis must after refraction by the lens pass through
the principal focus F. Another ray through the center of the
lens 0 is undeviated, and where these two meet at Q' is the image
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of the point pr. Since the image of P must be formed at Q. the
length of the objed PP' is to the lent;th of the image QQ' in the 8011U

proportion Q8 tMir distances/rom lM lens.

p' --, --------- 0P
F P

, L
FlO. 523.

c
F

FlO. 524.

By So similar construction the size and position of the image
fonned by & di'lle.rgeDt lens may be found, as in figure 523, where
F is the principal focus of the lens L. A ray from P' approaching
the lens parallel to the axis is refracted up as if it came from the

principalfoeusF, whiletheaec
ond ray through the center
is undeviated. The two rays
after emerging from the lens
diverge as iC from the point
Q', which is therefore the vir
tual. image of the point P'.

The relative size of object and image is, as before, the ratio
of their distances from the lens.

c

Fw. 525.

869. Problem.-To comtruct lhe dirtdiml of the nlrtM:kd ray wheJI. the
dindion oj t1uJ roy muting the km u gWen. Let A B (Fig. 524) be the JJ:iven
noy. draw a parallel ray through
the center or the lena meeting
the principaljocalplanetbrough
Fat C, then Be will be the di
rection of the refnocted ray if
the lens is coDvergent. H the
lens is divergent the parallel ray
through the center meets the
foc!!.l plane at C' (Fig. 525) OD

the first side of the lens, and
the refracted ray BC diverges as
if from C'.

860. Thick LeDses.-1t was shown by Gau8l:l that for thick lenses or
for a combination of lenses there are two principal plana perpendicular to
tbe axis such that. ray. on one aide of t.he lenI wbich are directed toward uy
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point such as A (Fig. 52£) in one plane will on emergence be directed as if
from the opposite point A' on the other plane, and the points H H' (known 8B
principal pointa) where these planes meet the axis have the additional prop
erty that rays directed wward H emerge in a parallel direetion from H'.

F'
=:::::::::~:Q

Q'---------- q----------

P'f'=:::'~'"'"'p~ F ~
-----J------

----------- p-----------

FIG. 526.

The principal focus F on one side is just as far from H as the other focus F'
is from H'. This distance from either principal focus to the corresponding
principal plane is called the focal length of the lens. If p and q IIrc the dift..
tances of object and image, also meaaured from Hand H' respectively, the
simple formula

111-+--
P q f

bolds just as in case of thin lenses/or all penciia of light/hat are but tilightly
oblique to the a:ei8.

The graphic construction of images, using the principal planes, is precisely
similar to that explained above in §858 for thin lenses, except that R'Q' is to
be dra.wn paraUel to P'R instead of simply prolonging P'R. If the planes
A H and A'H' are made to coincide, the construction is that for a thin lens.

861. Defects of Images Formed by Lenses.-Beaides the curva
tUI'll of the image which is noticed when the object h8.ll large angular dimen-

FIG. 627.-Spherical aberration.

sions 8.ll seen from the ICllil, there are other defects in the images formed by
lenses which tax the skill of the optician to overcome.

Almost all lenses have spherical surfaces and are subject 'to a defect called
,pherical aberration. One kind of spherical aberration is that rays from a
given point which are refracted on different portions of the lellll do not meet
accurately at a single focus. the rays refracted by the outer portions of the
leM coming to a focus nearer the lens than those p8.:lSing through its central
region as indicated in figure 521. Another kind of spherical aberration is
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wi a pencil of raYll from a point, puaing obliqudy through t.b.e lens, be
eomesutigmat.i.c iU\d converges through \wo foeallines instead of coming to a
aingle point.. Theee defeet8 e&UBe a lack of dearness and aharpneBII in the
images formed. They are ffiOllt IIeriOU8 when the diameter of the lens is a
large fraction of ita focal length.

The colol1l observed at the edges of images formed by len8ell are due to the
fact thai ordinary lenses refract blue light more atTOngly than red light.
This defect, known lUI chromatic aberration, will be discuSBed later (§868).

Problems
1. How deep is a tank of water which appesl1l to be 4 ft. deep to a person

looking vertically down into it?
2. An incandescent lamp i.!l placed 6 ft.. bela,," the 6Urface of a pond. Show

why only a fractional part of the light can e5Cape dil'OOtly from the water.
S. If a beam of light. has 50,000 light waves to the inch in air, bow many to

the inch will there be after it has entered water?
" Find the velocity of light in water if the critical angle at the surface

between water and air jg 4,8- 30'.
i . .when the index of refraction of wat.er is 1.33 &od that of carbon bisul

phide is 1.67, what is the critical &ogle between wat.er and carbon
bisulphide?

6. Thc object-glass of the Yerkes t.eleecope is a convergent lens 40 in. in
diamet.er and having a focal length of 62 ft. What is the size of the
eun's image formed by it? What effect h&8 the size of the lens on the
eize of the image?

1. An incandescent lamp is 30 em. from a convergent lens of 10 em. focal
length. Find the position and relative size of the image; is it real or
virtual?

8. A candle is placed 1 meter from a divergent lens having a focal length of
1 meter. Where is the image fonned and wh&t is its sile! Make a
construction illustrating the C&8C.

t. A lamp and a ICreeD are 10 ft. apart. Where must a convergent lens of
2 no. focal length be placed 80 &8 to fonn an image of the lamp on the
eereeo1' Show that. there are two 8OIuttal1ll &od lind the relative sile of
t.he image in each cue..

10. A beam of sunlight falls on a divergent lens of focal length 10 in.; 20
in. beyond this lens is placed a convergent lens of 15 in. focal length.
Find where a ICreen should be placed to receive the final image of the lJIlD.

11. A convergent lens, focal length 10, is placed 12 in. from a g&8 flame;
then 36 in. beyond the first lens is placed a divergent lens of focal length
16 in. Find the position and size of the final image; is it real or virtual?

la. A certain lens when placed 10 cm. from an object, forms a virtual image
5 times as large &8 the object. What kind of lens is used and what is its
foca.llength? •

15. What mWlt be the focal length of spectacle lenses so that a man who can
_ distinctly objects 2 meters distant without the gl&BSe8 can read print
at 40 em. distance with them, and what kind of let1lIe8 must be used?
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N....-Tbc strength oJ spectacle lenses is expressed in diopt.e1'8 Rnd ill the
reciprocal of the focaJ.lenlt;th expressed in meters.

14:. A person, who without gla88elJ cannot Ilefl diatineUy objecta more than
12 em. from the eye, will.bes gla.sses to enable him to see clearly distant
objects. What mwrt. be the !rind lmed and t.heir focal length and
strength in diopterlS1

DISPERSION

862. Dispersion of Light by a Prlsm.-When a narrow beam
of sunlight passes through a prism, the light is not only bent
aside or ckoiated, it is also disper8ed or spread out into 8. colored
band called the Bpectrum.

Sir Isaac Newton placed a second prism (Fig. 528) in the
spectrum so that light of only one color might fall on it. This

W'lte fJ ,t

P'Io. S28.-Newton'. uperiment.

light was refracted on passing through the second prism, but
there was no further change in color, showing that the prism
itself did not produce the different colors, but simply separated
the various kinds of light already present in the beam of sunlight.
The separation is effected because the various colored lights are
differently refracted by the prism, the red being refracted least
and the violet most.

863. Cause ot Dlspcrslon.--since the bending of the rays
by a. prism depends only on the a.ngle of the prism and the index
of refraction of the substance of which it is made, it follows that
the index of refraction of the prism must be different for each
kind of light in the spectrum, being least for the -red which is
least refracted and greatest for the violet which is most strongly
refracted.

Of course the inJ.erpretalion of thia fact i8 that ud light muat pa&3
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thrQugh the 8ubstance of the privn with greater velocity than violet
light. It will be shown later that the physical difference between
one kind of light and another lies in their wave lengths. These
vary from one end of the spectrum to the other, the longest waves
being at the red end of the spectrum while the shortest are at
the violet end.

It appears therefore that shorter waves of light are more
retarded in passing through glass than longer ones.

864. Dispersive Power.-When two prisms of different sub
stances have such angles that each produces the same deviation

~.R
,r
r

Flo. 529.-Pri4ms with diffcreot ditpensivll po.e....

for yellow light, or light in the middle of the spectrum, the angu
lar widths of the two spectra produced will usually not be the
same, but are proportional to what are called the ditrpeTsive
powera of the substances. The di8'oerrive power' of some 8Ub

stances are as (ollows:

Water..... _............•........................ 0.042
Carbon bisulphide.......•...•..•................. 0.145
Crown g1&88. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. O. 043
Flint gl&88 0.061

Thus for an equal bending of the mean rays, carbon bisulphide
will produce a spectrum 3~ times as long as that produced by
crown glass and 2J.i' times as long as one formed by flint glass.

8605. Calc:ulatloD of Dl.sperslve Power.-We have seen that the
index of refraction of a. 8ubllta.nce dependJJ on the kind of light. The follow~

ing table gives three indices of refraction for each of four suhstances. The
indices given in the tint column are lor light ncar the extreme red end of the
spectrnm. thote in the &eOOnd are for the yellow llOdium light, while th06e in
the third are for light near the violet end of the spootrnm. These points in
the spectrum correspond to three dark lines in the.sun spectrum designated
A, D, and H by Fraunhofer (1898).
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Indices of Refraction

-----,-""'-..-"-M----- n
A

I--"D-'-",-,-I "D- IlnH-nA

Water at 16°C................. 1.330 1.334 1.344 0.334 0.014
Carbon bisulphide at lOoe....... 1.616 1.635 1.708 0.635 0.092
A kind of crown glass ... ........ 1.528 1.534 1.551 0.534 0.023
A kind of flint glMS............ 1.578 1.587 1. 614 0.587 0.036

The next to the last column in the above table shows the relative deviatWM
of yelWw sodium lighl caused by prism8 of the different kUb8tanctS all having
lhe same small angle. Thus it appeam that a prism of carbon bisulphide
will cause nearly twice sa great H deviation lI.9 a prism of wa.ter of the same
angle, if the angles of the prism are small.

In the lest column arc given the differences between the indices of refrac
tion for red snd violet light.<>, which represent the relative angular widl.h$ oj tM
tJPecira produud by pri.8m8 oj the roriolUl .rnbsfances having tM same small angle.
The spootrum formed by a. thin prism of carbon bisulphide is therefore about
6% times as long as that formed by a similar prism of water.

To obtain the relative dispersive PQweI"S given in the previous paragraph
the figures in the last column must be divided by those in the next to the last.

"
01...

m.,••
Flo. 530.-Dispel'llion without bending the mean ray.

866. Direct-vision Prism.-In consequence of the fact that
the dispersive powers of substances differ it is possible to so
combine two prisms of different substances as to produce dis
persion without deviation of the mean ray, or to produce devia
tion without dispersion.

For example, if a prism of crown glass and one of flint glass
are taken whose angles are small, and in the ratio 0.587 to 0.534,
respectively, they will each deviate the D line of the spectrum
by the same amount (see table §865), but the spectrum formed
by the flint prism will be longer than that formed by the crown
in the ratio of 0.001 to 0.043 (§864). If, therefore, the two are
placed with their edges oppositely directed, as shown in figure
530, the deviation of one will be balanced by that of the other
for the D line or yellow light of the spectrum, but as the dis--
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persive power of the flint is greater than that of the crown there
will still be a spectrum formed with the violet toward the base
of the flint and the red toward its edge.

Such eo combination is known 88 a direct-vision prism. By
using two prisms of Oint combined with three of crown of suitable
angles, as shown in figure 531, a very large dispersion may be
produced with no deviation of the middle part of the spectrum.

FIG. 531.-Amiei Dnam.

867. Achromatlsm.-It is, however, of much more practical
importance to produce deviation witJwut dispersion. To obtain
this result two prisms of crown and flint glass may be com
bined whose angles are in the ratio 0.036 to 0.023 or inversely
88 the ratio of the angular width of their spectra given in the
last column of the table in §865. Two such prisms will give
spectra of the same angular width, but the deviation by the
crown-glass prism will be greater than that by the flint. If
the two a~ now placed together so as to act oppositely, as
shown in figure 532, the beam of light will be deviated toward

FlO. S32.-Ray bent wi\hout dispenUQIl.

the base of the crown-glass prism, but there will be no dispersion,
since in this respect the two balance each other. Such a prism
is called achromaUc.

868. Achromatic Lens.-H sunlight passes through an ordi
nary convergent lens made of a single piece of gl&68, it may
easily be shown. by interposing successively a red glass and a
blue glass, that the focus for red light is at a greater distance
from the lens than that for blue light. For every little portion
of the lens acts as a prism bending light toward the axis and
fl.t the 8&Dle time dispersing it. With such a lens there is no



DISPERSION 593

point at which a sharp image oC an object will be formed by
ordinary white light. All points in the ime.ge will be blurred
and all lines of separation between light and dark portioDs of
the image will be colored.

This serious defect may be remedied by combining a con
vergent lens of crown glass with a divergent lens of flint, as shown

•
•

B----'.
FlO. 533.-Difl'ereDt foci fOl violet and red rsya.

CMHrpnt DIH,."••t
Fla. 5340.-Aebromatic 1,,-..

in figure 534, t9 form a convergent achromatic lens; or if the crowo
glass lens is divergent and the flint convergent. 8. divergent ac~
matie lens may be formed. In either case the curvatures must
be so chosen that each little portion of the combination through
which a ray passes will act like an
achromatic prism as explained in the
previous paragraph.

In case the two component lenses
are in contact· and their curvatures
are not great. achromatiBm wiU be
produ«<! ;f the foool leng'h of 'M
crown-glaaB lens u to that of tM flim
in tM safIU prQPOrlion Q.! their du
pe>"';" powe>"' (1864)·

If the ratio of the dispersive powers of two kinds of glass, such
as flint and crown, was the same in all partS of the spectrum, 'a
perfectly achromatic lens could be formed in this way, but
unfortunately this is not the case with ordinary glasses, 80 that
the image formed even by an achromatic lens shows some re
sidual color.t Lenses intended for visual observation are made
80 as to bring as nearly as possible to one focus the orange, yellow,
and green rays which form the brightest part of the spectrum;

• It ill common in .malileoaft to cement toptber the two~ of an aebrolD..tlo -._
bi....t\oll. -.itb Canada balaaoI. in order to ""'v.....t .... oIlicbt by refleetlon from I" ill....
hrl_

tCen-,i.. kin<b of F- ar.. ll(tw made .. t Je.... froID wbicb I....... ar• .....0. wbleh p"
1.aIoacea elm..t f .... bOlD..-iduai color.
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while for photographic purposes the lens must be achromatic for
the violet and ultraviolet I:ays which are most strongly actinic
or active on a photographic film.

869. Ordinary and Anomalous Djsperslon.-In most substances
the shorter the wave length the more strongly the light is retarded or re
fracted. This is called ordinary or nQTmaZ di8perBion. But many substances
exhibit what is called anomalouB dispersion, especially such &8 absorb very
strongly light of some particular wave lengths while transmitting campara-

,
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Fla. 535.-Disper"ion curves.

c ' I

;1: 1\ I

tively freely those waves which arc slightly longer or shorter than the ones
ab80rbed. Figure 535 shows the normal dillpersion curve of flint glass in
which the index of refraction increases e.s wave lengths decrease. But the
curve for fuchsin shows that when sun light is dispersed by a prism of this
substance the middle part of the spectrum including green is wanting, being
completely absorbed, while red and orange which in normal dispersion
would be less refra.cted than blue, are so much more strongly refracted that
they are beyond even the extreme violet. This substance thus illustrates
the general law first stated by Kundl, that the effect of selective absorption
is to increase the velocity of those light waves which are somewhat shorter
than the ones most strongly absorbed and to retard light of greater wave
length.

For an interesting discussion of anomalous dispersion, sec ENIEa, Light/or
Studerns.

870. Ralnbow.-When parallel rays of light fall on a spherical drop of
water, some of the light is refracted into the drop, suffers reflection at the
opposite surface, and is then refracted out again. The direction in which it
finally comes from the drop depends on the point where it entered. A ray a
falling on the center at A is reflected back on its path, while b just above the
center will be refracted as shown at b'. Rays meeting the drop farther from
A,are still further inclined downward on emergence, until we come to a group
of rays, e/g, meeting the lIUrfa.ce at B, which have the maximum downward
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•
S3<i-Refr.ction in rain

drop.

direct.ion M ahown at. "'v; raya beyond B are again tumed upward M

Mown at. 11' and 1'. The pencil of rays refracted at. B do not lJC&tter on
leaving the drop, but emerge M a nearly parallel beam in the direction CD.
li the eye is 80 placed. All to receive this beam the drop will appear very bright,
while if the eye is above the line CD the drop will appear hut faintly illum
inated in COIl3Elquence of the lICattering of the emergent raya, but if the point
of sight is below the line CD, the drop will
appear dark, for no light at all is !lent in
such a direction.

The angle AOD bet"i,een the bright beam
CD and the original direction AO depends
on the index of refraetion of the drop, and
varies with the wave length, being about
420 for red light and 400 for violet.

In COIllJeQuence of this, drops of dew seen
in bright sunlight at the proper angle may Flo.
appear all brilliant jewels colored red, yei-
low, green, or blue. In such a case it. will be found that. a slight change
in position of the eye may C8oU.lle a red drop to change to glftD. or blue.

The fonnation of the primary rainbow may now he readily understood
from figure 53'1. Let.A.. BCD represent drops in the air all illuminated hy
the sun'a rays from S. From each drop there will emerge a bright parallel
pencil of red light in the direction R making an angle of 42" with S, and a

,,, .

•
/

Flo. 537.-Primary rainbo.....

bright violet pencil V making an angle of 400 with S, the intennediate colore
of the 8peetrum being between these extremes. An observer, therefore,
whose eye is at E, will receive red light from the drop B and violet from the
drop C and inrennediate colo1'8 from drops between them. If the diagram
is now conceived to be rotated about the line NES, joining the eye and the
lun, it is clear that every drop on the eirele whose radius is BN, which is
deecribed by the motion of the drop B, will eend red light to the eye, while all
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drops 011 the cirde deecribed by the motion of C willeend violet. ligM to the
eye. In this way a colored circular band will be 8eeI1 whoee Ilngular radius
is between 40" and 4ZO.

It. will be obeerved also that the drop A doea not &end any light at all to the
eye at B. wbile scattered rays of all eolotl come from the drop D. The
region, therefore, above the primary rainbow appeafll dark, while that within
it is bright, and the red of the bow is nearly pure, while the violet is mixed
with scattered rays of other colollJ snd f&dee out into white.

871. Secondary Balnbow.-For thOlle raya that suffer two reflcctioIll:l
inside a rain drop there is also a certain direction in which the emergent rays
are parallel, and therefore the light in that direetion is particularly intense.

A colored bow will, therefore, be produced as shown in figure 538, the
angular radius of the red being 51° while that of the violet i.e M O

, The Ilky

• y•- ~" ~
••• 51"

~ • £

"

}'IG. 5a8.-8ccondary rainbow.

within thiB bow and between it and the primary bow will be dark while
outside of it beyond the violet the sky will be bright with scattered light.

872. Supernumerary Dows.-The boWl caused by more than two
internal refl.ectiona cannot be seen. A BeCOnd and even a third band of
red may. however, be oecasionally eeen in the violet region of the primary
bow. Theee are called tupenllunerGT)' boWl and are diifrodion phenomena
(1931). Their explanation is given in more advanced treatiees, 8Uch all

Pruton', Theur, of Light.

OPTICAL INSTRUMENTS

873. Optical Instruments.-There are two general classes of
optical instruments, those which form a real image on 8. screen,
as in case of the photographic camera and projection lantern
(magic lantern), and those intended for direct -eye observation
in which the image formed is virtual. To the latter class belong
the magnifying glass, microscope, and telescope.
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To obtain. clear conception of the action of an optical appa
ratus it is desirable to study the effect of the instrument upon
two pencils of light, starting from different points in the object
and traced through to the corresponding points in the image.
One pencil should be as oblique as can pass through the
instrument.

874. Photographic Camera.-In the simplest form of photo
graphic camera a single convergent lens forms a real image of a
distant object on the sensitive plate. A diaphragm placed
close to the lens limits the size of the pencil of light. The quick
ne88 of a photographic lens or the brightness of the image, will
be proportional to A the area of the diaphragm opening, and

FIG. 539.

inversely proportional to the area of the image over which the
light is spread. But the linear dimensions of the image are
proportional to J the focal length of the lens, and 80 the area of
the image is proportional to r. Hence, other things being

equal, it is the ratio ~ which determines the time of exposure.

Figure 539 represents a symmetrical or .. rectilinear U lens
consisting of two similar achromatic lenses, symmetrically
placed, and having the diaphragm half-way between them. It
will be observed that in this case the oblique pencil passes 88

much below the center of the front lens as above the center
of the back lens, 80 that the beam is as much bent by one as
by the other and emerges parallel to the incident pencil. This
tends to cause straight lines in the object to be reproduced as
Rtraigbt lines in the image.
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875. DistortIon ot Images.-The image of /I. grating with equal
square openings may be diawrted in either of the two modes shown in
figure 540. The first or barrel-llhaped distortion is seen when the center of
the image is magnified relatively more than the outer portions, while the
other form of distortion.is caused by the greater relative magnification of the
parts away from the center.

Either of th~e modes of distortion may be produced in projecting the
image of the grating with the same lens, the form of distortion being deter· _

FlO. 540.

mined by the mode of illumination. For let G (Fig. 541) be the grating and
L the lens, then if the grating is illuminated by a beam of nearly parallel
light, all direct sunlight, the light from the upper part of the grating will
pllBl:! through the upper edge of the lens L, and being bent down too strongly
in consequence of the spherical aberration of the lens (§861) will come to
focus at P farther from the center than pI and will thus cause the distortion

G

15

Flo. MI.-Parallel illumination. Pin-eu8hion-8haped diatortion.

shown in the ee<iond diagram of figure 540. If, on the other hand, by means
of II. convergent lens the illuminating beam of light is converged so strongly
that rays from the top of G are refracted by the bottom of the lens L, as
shown in figUre 542, the focus P will be too neat' the centet' and the distortion
will be barrel..shaped.

It is clear that the letlilt spheri.cal aberration and dislartion wiU be secu.red
when the iUuminaling lena converges the light toward Ow center 0/ the lem L, II.Il

shown in the diagram of tbe magic lantern, figure 543.
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It is this same kind of I!!pherical abelTllt.iOD which caulJ(!S barTel~ped di&
tortian in the photographic image when the diaphragm is plaeed (outside) in
front of the lens; while if the diaphragm is behind the lena the opposite form
of diBtortion resulta.

Fla. S42.-Barrel-ahaped dUitoruoD.

876. Projecting Lantern.-The optical system of the magic
lantern, stereopticon, or prQjeding lantern is shown in figure 543.
It consists simply of a front lens or objective L which forms a
real image of the slide S on the screen at S'; and an illuminating
system which consists of the source of light at E and the con
densing lens C which converges the light through the slide S
toward the center of the lens L.

Since the screen S' is usually at a considerable distance, the
distance from the slide S to the lens L is nearly the focal length

$'

FlO. 543.-Projectina: lantern.

of the lens or lens combination. So that the width of the image
on the screen is to the width of the slide as the distance of the
screen is to the focal length of the front lens L. Hence when
the lantern is to be at a great distance from the screen a long·
focus front lens should be used to prevent the image from being
too large and dim.
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The front lens is usually a combination of two lenses to seCUft>

flatness of field and freedom from color and distortion. The
condensing lens consists of two plano-convex lenses with their
convex surfaces almost touching. U the upper portions of the
two condensing lenses llrc thought of as prisms, it will be noticed
that with this construction each is nearly in the position of mini
mum deviation for the pencil of light passing through it; for the
incident and emergent pencils make somewhat nearly equal an
gles with the two surfaces of each of the two lenses. Such an
arrangement makes the spherical and chromatic aberration very
much less than if the lenses had. been placed with their flat faces
together, which would make practically a single double-convex
lens.

877. ProJecllnr; Mlcroscope.-For the projecting of micro
scopic objects the lens L must have a very short focal length to

FIo. M4.

secure the requisite magnification. The object must also be in
tensely illuminated and so a second short focus condensing lens
C' is introduced which converges the light from E to a bright
focus at the slide S which is to be illuminated. To diminish
the heat of the focus at 8, which might ruin the slide, a tank of
water 3 or 4 in. thick is introduced between C and C'. Water
absorbs strongly the very energetic radiations whose wave lengths
are too long to affect the eye, though the visible radiation or
light is not sensibly weakened. An ordinary microscope may
be used in this way for projection either with or without the
eye-piece by turning the instrument into the horizontal position
and converging a beam of sunlight on the slide 8 by a convergent
lens of 8 or 10 in. focal length.

878. The ETe.-The human eye is nearly spherical in shape,
baving an outer wall of finn textured substance of which the
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FIG. 5~5.

'''''/

transparent front is known as the cornea. Immediately back of
the cornea is the iris, a variously colored membrane, having a
round opening in its center called the pupil. The pupil contracts
in bright light Rnd dilates in the dark, the iris acting as a dia
phragm to regulate the light admitted to the eye. Back of the
pupil is the crystalline lens, of rather dense transparent tissue
formed in layers and densest at the center. The space between
the crystalline lens and the
cornea is filled with a clear
watery substance, the aqueous
humor, while the main interior
cavity back of the crystalline ,.~;:~'tt'$~~·:;'-~'-=:'_~
lens is filled with a transparent
jelly-like substance, the titreous
humor. At the back of the eye,
forming the inner coating of
the outer wall, is the retina, a
highly organized black mem
brane thesurface of which is covered with minute structures called
rods and cones in which the fibers of the optic nerve terminate.

Rays from external objects are focused on the retina by the
action of the crystalline lens and other refracting portions of the
eye. An image is formed on the retina just as the image in a.
photographic camera is formed on the plate, and each portion
of the retina thus receives a stimulus exactly corresponding to
the illumination of the particular part of an external object
which has its image at that point, and this stimulus of the optic
nerve causes the corresponding sensation of brightness and color.

Of course the image formed on the retina is inverted, but we
do not see that image; there is simply a correspondence between
the retina and external directions, such that when light falls on
a spot on the retina it excites a sensation which we describe by
saying that it is bright in the corresponding direction.

At the center of the retina and just opposite the pupil and
crystalline lens is a spot where the retina is much more highly
developed than elsewhere, and to see objects distinctly their
images must be formed on that spot. If the eye is directed at
a particular point on a printed page only the words close to ~hat

point are seen distinctly.

. .
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FIG. 546.

Where the optic nerve enters there is a blind BpOl in the retina.
To verify this, make a small black spot on a sheet of white
paper and covering the left eye look with the right eye at a point
about one-fourth &8 far to the left of the spot as the latter is dis
tant from the eye and the spot will disappear.

879. Accommodatlon.-A normal eye can change its focus
or accommodate so as to fonn on the retina a distinct image either
of distant objects or of those as near as about 8 in. This is
brought about by muscles attached to the crystalline lens by
which it is made flatter for distant objects and more convex for
nearer ones.

880. Short and Far Stght.-When the leos of the eye is too
convex, objects at ordinary distances are focused in front oj the
retina, so that the image on the retina itself is out of focus and
blurred. In such a case objects can be seen distinctly only if held
very near the eye, and the person is said to be short-sighted, or
myop~c.

If, on the other hand, the lens oC the eye is too flat the image
oC a near object will be Cormed back of tM retina, 80 that indistinct
vision results. In such a case it may be that only distant objects
can be seen distinctly or it may not be possible to see distinctly
at any distance, and the person is said to be pr€8byopic, or far
sighted. ~

881. Spedacles.-l{ the lens oC the eye is too convex as in
case oC short sight, a divergent lens may be used to correct the

defect, while if the lens of the eye is
too flat. as in far sight, & convergent
lens must be used.

882. AstllPDatlsm.-An eye is said
to be astigmatic when a point of light,
&8 & star, is seen as & short bright line,
the direction of which is called the axis of
astigmatism. In ca.<le of astigmatism all
the lines in such a diagram as figure 546
will not appear equally distinct, but those

in the direction oC the axis of astigmatism will be sharply defined
whilc those at -right angles to them will appear broadened and
blurred. This defect is caused by the lens of the eye having
ellipsoidal instead of spherical surfaces and is corrected by the
use oC eylindricallenses.
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883. Distance 01 Distinct Vislon.-The nearer an object is
brought to the eye the larger will be the dimensions of its image
on the retina and the more detail will be brought Qut, provided it
is not brought so near that the eye cannot properly focus the
Image.

A distance of about 10 in. or 25 em. is the normal dutance oj
most di8tinct r;rision.

884. Magnifying Glass.-A convergent lens produces a virtual
and enlarged image of any object placed slightly nearer to the
lens than its principal focus. In the diagram it will be seen that
light from each point of the object 0 after passing through the

,,
'r,,

FlO. 547.

lens L comes to the eye as if it had come from the image I. The
~object is therefore seen enlarged or magnified.

In using a magnifying glass the eye should be placed clau to
the lens a.9 at E and the object then be brought up until its image 18
seen distinctly, for in that case the rays from all parts of the
object come to the eye through the central part of the lens, and
are subject to the least spherical and chromatic aberration;
whereas if the eye were placed at E' rays coming to the eye from
the point of the arrow would be refracted near the edge of the
lens and consequently there would be distortion of the image as
well as other aberrations.

The angular dimensions of the image as seen by the eye placed
at E close to the lens is practically the same whether the image is
formed at I or l' or at a still greater distance. Therefore the
apparent size of the image and consequently the magnification is
substantially unchanged.

The magnifying power of the lens is the ratio of the length
of the image I, formed at the distance of distinct vision D, to
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the length of the object 0; for in order to see the objectdistinctly
without the lens it must be placed at the distance D from the eye.

To determine the magnifying power, let J represent the focal
length of the lens and let p and D represent the distances from the
lens of 0 and I, respectively, then by definition the magnifying

I
power of the lens ... 0

but
o D
r;p

and from the general lens formula (§853) we have
111
-_ ->:lI-

P D J
multiplying through by D this becomes

D D
;p~1+7

therefore the magnifying power of a lens = 1 + ~

where D is the distance of most distinct vision lmd f is the focal
length of the lens.

FIG. 548.-eompound mieroeropl'>.

886. CompOund Mlcroscope.-For the highest magnification
the compound microscope is used, the optical system of which
is shown in figure 548. The object 0 to be magnified is placed
just outside the focus of the sJwrt-jOCU$lens A, called the objective,
which forms a. real ima.ge at 1. Back of this image is placed a
magnifying glass at & distance slightly less than its focal length
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so that it forms a virtual image of I at I' which may be seen by
the eye at E.

Since 0 is nearly at the principal focus of the lens A, the
image I will be as many times greater than the object 0 as the
distance AI is greater than the focal length of A. The distance
AI in an ordinary microscope is about 150 mm., so that if the focal
length of the objective is 5 mm. the image I will be 30 times as
large as the object, and if the eye·piecc or lens B has a magnify
ing power 10, the power of the combination is 30 X 10 = 300
diameters.

Many microscopes have a "draw tube" by which the distance
between the objective and eye-piece may be increased. The
effect of this is to increase the magnifying power of the instrument
in the same ratio.

886. Eye-pieces and Micrometer. The eye-piece or OC1J1c,r of fL

microscope llsllally consists of a combination of two lenses instead of the
simple lens B shown in the previous diagram. Two forms are in use. One

FIG. 549.-Huygens' or negative eye-piece. Focal length ... I h.

of these, the Huygem or negative eye-piece, consists of two convergent lenses,
II. field lens F and an eye rem E, whose focal lengths are in the ratio 3 to 1, and
the distance between thcm is twice the shorter focal length. It is equivalent
to a singlc lcns whosc focal length islH times that of the eye lens, but it has
tlle advantage of being effectively acromatic if both lenses are made of the
same kind of glass, and gives less distortion and aberration than a single lens.

In this eye-piece the Ta)'ll from the objective must fall on the tield lens
belure coming to a focus at I, as shown in the tigure.

For rough measurements this eye-piece may be provided with a seale
ruled on glass, known as an eye-piece micrometer, which is fixed half-way be
tween the two lenses so that it coincides with the image formed by F.

But for more exact measurements the microscope is provided with a mi-
cromeler (in which a cross-hair is moved by a BCrew having a graduated
head) pla.ced at 1 where the image is formed by the objective, and the eye
piece must be pla.ced back of this point so as to magnify image and cross
hairs together.
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FUJ.551.

For this purpose the Ramsden or pos:tive eye-piece must be used. This
form of ocular consists of two convergent lenses, a field lens and an eye lens
of equal focal length the distance between them being two-thirds of the focal
length of either lens. This eye-pieee is placed back of the image I just as
though a single lens were used. It is equivalent wa single lens whose focal
length is ~ that of it\! component lenses, and is called positive bel:lll.use it

I

2ia
, I

FIG. MO.-Ramsden's or positive eye-piece. FO<J&llength _ ~i.

can be used, like an ordinary simple magnifying glass, to magnify any
small object. It is nearly achromatic and may give a flat field with littlo
aberration.

887. Microscope Objectlves.-The object-glass of a microacopo
usually consists of a nearly hemispherical front lens of crown glllll8 with its
flat face outward, having one or more achromatic combinations mounted
ba.ck of it as shown in the figure. The curvatures of the lenses and their dis
tanllCS apart are calculated so as to give an image as free from aberration as

possible. High powcrs are corrected for a particular
tube length and thickness of cover-glass, and ro obtain
the best results these conditions must be satisfied. If
betweeD the front lens of the objective and the cover·
glllSs a drop of oil is introduced having the same index
of refraction as the glass, it is as though the object were
imbedded in the gla.ss of the front lens. In this way loss
of light by reflection from the glass surfaces is avoided,
no correction for the thickness of the cover-glass is re
quired, and the brightness and definiteness of the final
image are increased. But to secure these results the
objective must be especially designed for this UBe. Such
objectives are known as oil or honwgeneoU8 immersion
lenses, and may have asshortafocallength aa H 2 or H 6 in.

888. Numerical Aperiure.-The size of the pencil of light trans
mitted through the microscope from a single point of the object has an
important influence on the defining power (§937). The ratw of the radiu8 of
the largest cr088 Btcti<m of such a pencil to the focal length of the objeclit>e i3
known a8 its numerical aperture, and, other things being equal, the resolving
power of an objective is proportional to its numerical aperture.
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889. Telescopes.-In telescopes a convergent lens, known as
the objed-iiw88, or a concave mirror, is used to form a real image
of a distant object, and this image is then magnified by.a suitable
eye-piece. Since the object is distant the image is formed at the
principal focus of the object-glass or mirror, and consequently
to have a large image and great magnifying power the object
glass must have long focal length. There are three kinds of
refracting telescopes, Galileo's, the astronomical, and the terres
trial forms.

890. GaUleo's Telescope.-In Ga.lileo's telescope a concave
or divergent lens is used as the eye-piece. This lens is placed so
that rays from the object-glass meet it before forming the image I
as shown in the figure. If the distance from L to I is slightly

o

,.
FIG. 5S2.-Galileo'e telescope.

greater than the focal length I of the eye lens, rays approaching
the point of the image at I will be bent upward and made to
diverge as if from ['. An enlarged virtual image is thus formed
which may be seen if the eye is placed so as to receive the emer
gent pencil. It will be observed, however, that the pencils of
light from all points in the object come to the eye as if intersecting
at S, so that it is as though the virtual image were seen through
a small opening at S which restricts the field of view, only so
much being seen in anyone position of the eye as is in line with the
eye and S. The smallness of the field of view is the great
defect in this form of telescope and causes its use to be restricted
to low-power instruments, such as the ordinary opera-glass.
Its advantages are that it is shorter than the other forms of tele
scope and gives an erect image of the distant object.

891. The Astronomical Telescope.-In this instrument the
eye-piece is a convergent lens, or an equivalent Huygens or Ram&-
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den eye-piece 8S in the microscope, §M86. The eye lens, as
shown in the diagram, is placed nearly its own focal length back
of the image at I formed by the object-glass, 80 that a virtual

.enlarged image of I is formed at ]', It will be noted that the
pencil of rays from the lower part of the distant object comes to
the eye as if from the upper part of the image at I'. In this
instrument, then, the image is inverted, and it is therefore used
chiefly (or astronomical observation. The various pencils
of rays coming to the eye from different points in the virtual
image all intersect at S, Corming a bright spot known as the eye
spot. If the pupil of the eye is held at this point all parts of the
virtual image can be seen simultaneously, and the field of view is
large, being limited only by the size of the lens L.

I.'.~_

C 0
B

therefore

FHI. 553.-Astronomical telescope.

892. Mqnlfylng Power of a Telescope.-The semi-diameter
of the distant object as it would be seen without the telescope
subt.ends the angle COB ~r IOD (Fig. 553) where CO is a. ray
coming from the middle of the objeet and BO is 8. ray from ita
edge; while the angle subtended by the corresponding part of the
image seen in the telescope is l'SD or ILD. The magnifying
power of the instrument is therefore the ratio

bn IDD
tan IOD

Since OD is equa.l to F, the foca.l length of the object-glass, and
DL is nearly equal to j, the focal length of the eye lens, we have

ID ID
tan IOD = 1F' and tan ILD - y'

tan ILD F
tan IOD ~ f
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or the magnifying power of an astronomical telescope is equal
-'0 the number of times that the focal length of the eye-piece is
contained in the focal length of the object-glass.

It may also he shown that the magnifying power is the ratio
of the diameter of the object-glass to the diameter of the eye-spot
S, for the latter is tpe image of the object-glass formed by the
lens L.

It will be shown .later (§937) that the defining power of a
telescope is proportional to the diameter of the object-glass,
supposing it to he perfect.

Hence for detecting close double stars or for investigating
minute details on the surface of sun or planet where high powers
must he used, it is necessary to employ a telescope of large
aperture. Large lenses are used also on account of their light
gathering power in observing faint objects, such as nebulre.

893. Terrestrial Telescope.-To obtain a large field of view
and at the same time an erect image of distant objects the terres
trial telescope is used.

FlO. 554.-Terrcstrial tclcseopCl.

This instrument is like the astronomical telescope except that
there are two additional convergent lenses, E and E', introduced
between the object-glass 0 and the eye lens L as shown in the
diagram. These lenses invert the image I, forming another
real image at I' with the point of the arrow downward as in the
distant object. This image is magnified by the eye-piece at L,
which forms the enlarged erect virtual image 1". In the ordinary
spy-glass the lens L is replaced by a Huygens eye-piece, making
four lenses in all besides the object-glass.

At D a diaphragm is introduced having a hole in the center just
large enough to transmit the pencils of light which intersect at
that point. This serves to stop any stray light which may be
reflected from the sides of the tube.
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894. PrIsm Blnoculars.-Field glasses which combine high
magnifying power and large field of view are now made according
to the plan shown in figure 555.

The beam of light from the object-glass enters aright-angled
glass prism and after two internal reflections, at A and B, is
completely reversed in direction and travels back to a second
prism, placed at right angles to the first, where it is again totally
reflected, at C and D, and turned back again toward the eye
lensE. .

The reflections in the two prisms secure an erect image without
using the reversing lenses of the ordinary terrestrial telescope; for

E

o
'. I!'n

Flo. 555.-PlIth or rayB in prism binocular.

one prism interchanges the two sides of the image, while the other
makes it upright, thus restoring it completely to its natural
position.

Also, on account of the length of the path of the rays from the
object glass to the eye lens, the focal length of the object glass
may be three times as great as in the ordinary field glass, and the
magnifying power correspondingly increased.

895. Reflecting Telcscopes.-Instead of the object-glass of a
telescope, a long-focus concave mirror may be used. The arrange
ment shown in figure 556 was used in Sir William Hershel's great
telescope, thc mirror M being slightly inclined 80 that the eye
piece and the observer's head were not in the line of the rays
falling in the mirror. In small reflecting telescopes the rays
converging toward the image I may b~ reflected out sideways
to the eye-piece by a small mirror placed directly in front of the
large mirror, as was done by Newton. To obtain a perfect
image free from spherical aberration the mirror must be parabolic
instead of spherical. A mirror has the advantage of forming
an image free from chromatic aberration since all wave lengths of
light are re6ected alike•.
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A telescope mirror is called a 8perulum, and may be made of an alloy
called speeuluffi metal which takes a fine polish and does not readily tarnish.
Specula are now, however, usually made of glass, all this is harder and lees
dense than speculum metal. The surface is ground and 'polished to the
required shape and then silvered.

FlO. 556.-Hel'llchel'8 form of refleeting telescope.

Problems

1. What is the magnifying power of flo simple convergent len8 of focal
length 5 em.? Take 25 em. as distance of most distinct vision.

S. What is the magnifying power of an astronomical telescope in which the
focal1cngth of the object glass is 12 It., while that of the eye-piece is
1.5 in.?

3. A compound microscope has an objective of 1 in. focus, the firat image is
formed 5 in. hack of the objeetive and is magnified by an ocular of 2 in.
equivalent focus. Find the magnifying power of the combination.

4. When 8. telescope is pointed at ~he sun, how should the ey.c-piece be
placed to give a real image of the sun on a screen fixed back of the tele
scope? In this case.is the image formed by an astronomical telescope
erect or inverted?

&. In a projection apps.mtus it is desired that the pictures shall be 10 ft.
wide on a screen 40 ft. distant, whcn the slides are 3 in. wide. What
must be the focal length of the projecting leIlll used?

6. By means of a microscope objective, a scale having 50 }inC8 to the
millimeter is projected upon a screen 9 meters distant, and the distance
between the lines in the image on the screen is 4 cm. What is the focal
length of the objective used?

7. A certain binocular field glass has a power 8 and diameter of objective
25 mm. while another of power 6 has an objective 21 mm. in diameter.
Which will give the brighter image and in what ratio?

Reference
J. T. TAYLOR: Optic, of Photography.
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LIGHT

ANALYSIS OF LIGHT

The Spedrum

896. The Speetrum.-It has been seen that when light passes
through a prism it is spread out in a colored band shading from
red to violet and called the spectrum, showing that a beam of
white light is complex and made up of different kinds of light
which are separated by the prism in consequence of their differ
ent refrangibilities. These lights also differ in the color sensa·
tions which they excite, the least refrangible being the red rays
while the most refrangible are the violet.

It will be shown later that the physical property which deter·
mines the refrangibility of a ray of light is wave length; so that
in forming a spectrut/1 we are really spreading out the liyht in the
order oj wave lengths, the longest waL'es being at the red end 01 the
spedrum and the shortest at the violet end.

891. Pure Spectrum.-To obtain a complete analysis of light
there must be no overlapping of different kinds, but each must

FIG. U7.

be separated by the prism from every other. To accomplish
this the following arrangement may be employed.

The light·to be examined enters through a narrow slit 8,
which is parallel to the edge of the prism and therefore perpen
dicular to the plane of the paper in the diagram. A converging
lens L is 80 placed that it would bring the light to focus and
form at 8' an image of the slit if the prism were not interposed.
By the action of the prism, however, the light is refracted down
ward and if there were only one. kind of light present the whole
hea.m. would be eoually refracted and the hright image of the
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slit would be formed at R, say, instead of at 8', but without any
change in color. If, however, there were in the original beam
two kit.ds of light which were differenUy refracted, there
would then be formed two images of the slit, onc at R and onc at
B. And since light waves that are refracted differently also act
rlifferently upon the eye, the images at Rand B will be of differ
ent colors. But if the original beam contained waves of every

j B I r "F 0 HK

......,_~) , ,j, _ ........[[jb.--,.....Jq
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FlO. 558.-Fraunhofer lines. The "',we lengths lifO given in millionths of a
millimewr.

conceivable degree of refrangibility within certain limits, there
would be an infinite number of imttgcs of the slit with no sepa
ration between them and even overlapping, producing a con
tinuous band of color, shading from one extreme to the other.
When the slit is narrow so that the amount of overlapping is
small the spectrum is said to be pure.

898. Fraunhofer Llnes.-When the BUn spectrum is formed
as above described, using a narrow slit 80 as to produce a. pure
spectrum, eo large number of dark lines are observed which CI'088

the spectrum patallel to the slit, showing that sunlight does not
contain all kinds of light, but that certain wave length5 are
lacking, and consequently no bright images of the slit are formed
at the corresponding points of the spectrum. These dark lines
characteristic of sunlight .were first carefully studied by Fraun
hofer and are known as the Fraunhofer lines. Some of the most
prominent of them are designated by letters of the alphabet, and
furnish convenient points of reference in the spectrum, the
A line being almost at the limit of visibility in the red while the
H line is near the extreme violet.

899. Analysis of Light by Spedroscope.-For the more exact
analysis of the light from any source a 8pectroscop~ is used.
The main features of this instrument are indicated in figure 559.
Light from the source to be studied enters the narrow slit S
at the focus of the collimating lens, diverges through that lens
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and then pe.sses as a parallel beam to the prism P where it is
refracted and dispersed. After passing the prism the beam enters
the telescope and forms asharply defined spectrum at the principal
focus of the objec~la.ssof the telescope, a separate image of the
slit being formed by each wave length of light present. Tb..is
spectrum is magnified by the eye-piece of the telescope.

.~
8

FlO. 569.-8pecl.roee<>pe.

An illuminated scale is also sometimes mounted 80 that light
from the scale, reflected at the second face of the prism, enters
the telescope and forms an image of the scale along with the
speetrum at RV. The ob6erver can by this means locate a
definite line in the spectrum by ibl position on the scale.

To compare the spectra. from two separate sources So oom
pamlm priam is sometimes used. This is a small total reflecting
prism covering one-half of the length of the slit. Light from onc

Flo. li60.-Dia~amof a earbon band bela.; the upper spectrum h.. alllO lines
due to other aublltaDceII.

source enters the spectroscope directly through the uncovered
half oC the slit, while the other source is so placed that its light
is reB.ected by the prism through the other half of the slit. The
two spectra. are formed side by side as shown in figure 560,
the wave lengths of lines that match in the two spectra being
the same-
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To secure greater dispersion than can be obtained with a
single prism a train of several prisms may be used, so placed that
the light passes through them in successioD before entering the
telescope.

900. The Complete Speetrum.-Instead of observing the
spectrum by the eye, it may be received on a photographic
plate and photographed. When this is done it is found that there
are rays beyond the violet light of the visible spectrum and still
shorter in wave length, which act on the photographic plate but
are invisible to the eye. These rays are called uUra-viQlet light.

Another mode of examining the spectrum is by means of a
delicate thermopile or bolometer by which the heating effect
of the rays at each point in the.spectrum may be determined.
Professor Langley perfected an apparatus of this sort in which

FlO. 561.-Energy spectrum, after Langloy. Curve showing distribution
of energy in tho SUn spectrum, plottod by wave lengths in millionths of a milli_
meter.

the bolometer filament was carried along by clockwork from
one end of the spectrum to the other, while at the same time a
beam of light reflected from the mirror of the galvanometer fell
on a moving strip of sensitized paper recording the deflection
of the galvanometer for every point in the spectrum. A curve
obtained in this way showing the heating effect of different parts
of the sun spectrum is shown in figure 561.

Such a study shows that beyond the red end of the sun spec
trum there is an invisible region where the radiation has great
energy or heating power, This region is known as the infra-red l

and its waves are longer than those of the visible red. The
shaded area in the diagram represents the distribution of energy
in the visible spectrum.

If a plate of clear glass is held between the face and an open
fire the warmth of the radiation is greatly cut offl though the
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visible radiation is almost completely transmitted. The chonge
is due to the power of glass to absorb the infra-red radiation.
When the spectrum of fire light is taken by a bolometer first
directly and then through a pane of glass a. oomparison of the
two curves shows just what wave lengths are absorbed by the
glass.

Ther~ is no reaaon to 3'Uppose t1tal the infra-red or uUrCHliold
light is differ-em euept in WCWt! length from ordinary tri8iOle light.
The luminous body is to be thought of as giving out waves of
different lengths from the extreme infm-red to the extreme
ultra-violet; all of these waves have energy and consequently
have heating effect, but only certain wave lengths can affect the
eye. The luminous effect of tpe part cs11ed the visible spectrum
is due to a peculiar response which waves of certain frequencies
excite in the eye and which we call the sensation of light. The
photographic effect of certain waves also depends on the respon
siveness of the substances acted on, to waves of a special fre
quency of vibration.

The earlier writers speak of heat rays, luminous rays and
chemical or actinic rays as though there were three different
kinds of radiation. In the use of these tenDs care should be
taken to guard against such a misconception.

901. Absorption in Speeirosoopes.-A glass prism absoroo
strongly long radiation beyond the visible spectrum and also the
shorter waves in the ultra-violet. Hence w study the energy
aptctrum in the infra-red a prism of rock salt, fluor spar, or sylvite
must be used.

or these sylvite transmits waves up to 0.025 mm. in length,
while the range of rock salt and fluorite is somewhat less, 0.020
mm. being. the limit with the former and 0.011 mm. with the
latter. For very long waves, more than 0.050 mm. in length,
quartz is transparent, though it absorbs strongly the shorter
wave lengths transmitted by rock salt and sylvite.

In the study of the SMrt wave8 in the ultra-violet part of the
spectrum quartz prisms and lenses are used. But the shortest
waves are so strongly absorbed by air that they can be detected
and studied only when the apparatus is in a vacuum. In this
way Lyman and Schroeder have photographed light waves
ahorter than 0.0001 mm.
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902. Kinds of Spectra.-Therc are three different kinds of
spectra: continuous, bright-line, and absorption spectra.

A continuous spectrum contains aU wave lengths between
certain limits, and if visible appea.rs to the eye as a continuous
band of color shading from one cod to the other. Hot solids and
liquids give rise to continuous spectra.

Bright-line spectra are obtained when the source of light gives
out only certain definite wave lengths. Each wave length gives
a bright line in the spectrum, the intensity of which depends on
the energy of the corresponding mode of vibration. Gases and
vapors when rendered incandescent by heat or by the electric
discharge give bright-line spectra.

These spectra are higlily characteristic, every known substance
having a different spectrum which depends to some extent on
the method used to make it luminous. The investigation of
substances having lines in their spectra that could not be
attributed to any known element has led to the discovery of a
number of new elements. The identification of substances by
their spectra is known as spectrum analysis.

Absorption spectra are obtained when thelightfrom some source
which would give a continuous spectrum is made to pass through
some absorbing medium and then analyzed by the spectroscope.

Spectra due to absorption by solids or liquids usually show
broad absorption bands shading off at both edges, while absorp
tion by gases and vapors gives rise to sharply defined black lines
in the spectrum, showing that only certain special wave lengths
arc absorbed. The Fraunhofcr lines in the sun spectrum are
believed to be produced in this way.

903. Production of Bright-line Spectra.-If a loop of platinum
wire is dipped into a solution of some salt of sodium, potassium,
barium, lithium, or strontium, and is then held in a very hot
non-luminous flame, like that of a Bunsen burner, the flame
becomes colored, bright yellow in case of sodium, red by lithium
and strontium, and violet by potassium; and when the colored
light is examined by the spectroscope, the spectrum is found
to consist of certain characteristic bright lines. Usually certain
of these lines are particularly bright and prominent and deter
mine the characteristic color, but a higher temperature will
often bring out others of less intensity.
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To obtain the spectra of substances such as iron, copper, zinc,
etc., which volatilize only at very high temperatures, the electric
arc may be used, the substance to be studied being introduced
into a cavity in the end of one of thc carbom. In this case the
spectrum of the carbon arc is also present and its lines must be

distinguished from those due to the substance which
is introduced. A better method is to obtain the arc
between terminals of the pure metal which is to be
studied, though there are practical difficulties in car
rying this out.

Still another method of obtaining spectra of these
substances is by the spark discharge between terminals
made of the substance whose spectrum is to be de
termined. The sparks are produced by an induction
coil and intensified by the use of a Leyden jar hav
ing its inner coating connected to one terminal and
its oukr coating to the other. If the discharge is
sufficiently intense, lines are observed which are
characteristic of the substance of which the terminals
are made.

FIa. 562. The spectrum obtained by volatilizing a substance
in the electric arc is generally somewhat different from its spark
spectrum.

To study the spectrum of a gtUI it is usually enclosed in a tube
such as shown in figure 562, known as a PlUcker tube, and
made to glow by sending the electric discharge from an induction
coil between its two aluminum electrodes. The two bulbs at
the ends containing the electrodes are connected by a capillary
tube in which the discharge is concentrated and intensely lumi
nous. It is this capillary portion which is placed in front of the
slit of the spect.roscope.

FlO. 563.-B group. SUD spectrum.

904. Fluted Spectra.-In some cases the spectrum presents
the appearance of a series of shaded bands or flutings, well
shown in the spectrum of nitrogen. But when examined with
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a spectroscope of high dispersive power these flutings are each
3een to be made up of a regular series of bright lines crowded
closely together near the bright edge of the fluting and at dis
tances apart which increase regularly from the bright to the
faint edge of the fluting, somewhat as shown in figure 563 which
represents a. remarkable group of lines in the red end of the sun's
speetrum, the B group.

905. Source of Light. Wavctl.-Since each line in the spectrum
of a substance is produced by waves of a certa.i.n wave length
and period, it follows that there must be just as many different
periods of vibration originating in the ·radiating atoms, as there
are lines in their spectrum. This points to a considerable degree
of complexity in the structure of the atom. It cannot be con
sidered a little hard indivisible and struetureless unit.

Evidence has already been cited (§814) that light waves are
electromagnetic, and must therefore originate in electric charges
which vibrate or oscillate in some manner in the atom. Accord
i1lfJ to the electron theory (1789) the source 0/ light and 0/ aU radiation
from the atom U found in the vibrati0n8 0/ ita eledrom.

But. it. is not nec ery to euppoee that. eac1l atom or the substa.noo giVI'Jl
out aU the different wave lengths in its spectrum, for the spectrum of a gaa
may be supposed to be made up of some lines due to atoms in one state,
other lines due to atoms in another state, etc., 80 that the observed spectrum
is the combined effect of all the states possible for tbat sort of an atom.
For example the electron theory supposes the hydrogen atom to be a posi
tive nucleus around which a single electron rotates in an orbit, but according
to a theory advanced by Bohr, there may be many possible diata.noetl from
the nucleus at which the electron may move and be in equilibrium. When
the equilibrium of the electron iI disturbed, perhaps by the impact of HOme
outside electron, it. may be auppoeed to shift from one distance from tbe
nucleuJl to another giving out radiation and energy until it !!oCttles down to ita
new state of equilibrium, the wave length given out in such a transition
depending on the dista.nce of the electron from the nucleus. The complete
spectrum of hydrogen would include wave lengths corre6ponding to each
possible transitionailltate, since some atome would be in one state, and some
in another, alI possible states being represented.

An important cause of radiation is ionization (§779), where
electrons are driven out of some atoms and recombine with others.
ThU8 ionization accompanied by energetic radiation is especially
marked in case of electric discharge through gases, in the electric
arc, and in flames where there is high temperature and chemical
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action. The bright stratified layers in a Geissler tube are be
lieved to be regions where ionization is most intense.

In gases the average distance that the atoms move between
impacts, or the mean free path as it is called, is so large compared
with the period of oscillation of the electrons in radiation, that
an immense number of undisturbed vibrations may take place
between impacts, and these give the characteristic lines in the
spectrum of the gas or vapor.

In liquids and solids, on the other hand, the atoms are so
crowded together aod are so incessantly clashing against each
other at high 'temperatures, that the electrons in the atoms may
be supposed to have their natural free periods of vibration con
stantly disturbed by the irregular impacts of other electrons, so
that every possible wave length is given off and the spectrum
is continuous.

906. Explanation of Fraunhofer Llnes.-When the sun's spec
trum arid that of some elementary substance are photographed

F](I. 564.-Absorption by sodium vapor.

beside each other on the same plate it is found in many cases that
the bright lines in the spectrum of the substance exactly match,
line for line, certain of the dark Fraunhofer lines in the sun's
spectrum. For example, the two yellow sodium lines exactly
coincide with the two D lines in the solar spectrum.

The explanation of these dark lines in the solar spectrum was
given by the German physicist Kirchhoff, who showed that they
might be caused by the absorption of light coming from the
deeper layers· of the sun in passing through the cooler vapors
in the sun's outer atmosphere, and announced the principle
that a vapor or gas will absorb most powerfully light of the same
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wave lengths as the light which the same gas or vapor gives out
when it is itself the source of radiation. This principle is illus
trated by the following experiment. Form a pure continuous
spectrum as described in §897, using as the source of light the
glowing positive carbon of the electric arc, and volatilize 9, frag
ment of metallic sodium just below and close in front of the slit
by means of an alcohol or Bunsen Same, or, better, put & frag
ment of metallic sodium in a little cavity in the lower carbon
of the arc itself. The light from the arc passes through the dense
cloud of sodium vapor and a dark line appears in the orange
yellow of the spectrum, just where bright lines are found in the
spectrum of sodium, showing that the waves absorbed are of the
Barne wave length as those given out by glowing sodium vapor.

The black line in this case is not strictly black as it is illumi
nated by the radiation {rom the sodium vapor, but this is so
much less intense than the direct radiation from the arc that it
appears black by contrast. It is clear, therefore, that to produce
black absorption lines the absorbing vapor must be colder than
the luminous source, or at least its direct radiation must be Jess
intense than that which it absorbs.

Of course, in a steady state of things a mass of vapor in the
atmosphere of the sun must be radiating just as much energy as
it absorbs, otherwise it would be growing hotter or colder; but
the radiation which it absorbs comes to it mainly in one direction,
while it radiates equally in every direction; therefore the radia
tion which it sends to the earth must be much less intense than
that which it intercepts.

907. Absorption Due to Resonance.-It has been seen in the
study of vibrating bodies (§307) that when sound waves faJl
upon a tuning-fork having exactly the same frequency as the
waves, the fork is set in sympathetic vibration. In such a case
the waves cannot set the fork in vibration without spending
energy and consequently suffering a partial absorption.

A precisely similar reaction must take place between light
waves and molecules having the same natural time of vibration
as the waves. Thus the sympathetic resonance between mole~

cules in the vapor and the light waves which they absorb affords
• simple mechanical explanation of Kirchhoff's law of absorption.

908. AstronomJcaI Spectroscopy.-To examine the spectrum
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of a star or of a particular portion of the sun it is only necessary
to form on the slit of a spectroscope an image of the object to be
examined. For this purpose the eye-piece of the telescope is
removed and a spectroscope is mounted 80 that its collimator is
in line with the axis of the telescope and its slit at the principal
focus of the object~glass.

In stellar spectroscopy no slit is required since the image of a
star is a mere point of light, and the spectra of neighboring stars
may be simultaneously photographed on the same plate. But
it is also a consequence of the smallness of the stellar image that
the spectrum of a star is a mere line of light too narrow to show
well the spectrum lines. The breadth of the spectra may be in
creased by using a cylindrical lens; or the motion of the telescope
may be so regulated that the spectra shift slowly on the photo
graphic plate, at right angles to their lengths, so that each leaves
a broad trace on the plate.

909. Doppler'S Principle tn Spectroscopy.-Doppler's principle,
by which the apparent pitch of a sounding body is raised when
it is moving toward the ear and lowered when it is receding (§305),
has also an important application in case of light waves. While So

luminous body is moving toward the observer more waves of
light are received in one second than are actually given out in
that time, and consequently the wave lengths of the light re
ceived are shorter than if there were no motion. So also the
motion of a luminous body away from the earth has the effect of
increasing the length of the waves which are received from it.

Since the position of each line in the spectrum depends only
on its wave length, it is evident that if a body giving a bright
line spectrum were moving toward the earth, every line in its
spectrum would be shifted a little toward the blue end of the
spectrum, while if it were moving away from the earth its lines
would be slightly displaced toward the red. From the amount
of the displacement the velocity of the source relative to the earth
may be readily determined.

It has sometimes happened in examining the spectra of sun
spots that when the image of a sun spot was formed on the slit
of the spectroscope a part of the spot where there was a strong
uprush of glowing gas has fallen on one part of the slit while a
region of less disturbance has fallen on another part of it. In
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such a case a line in the spectrum due to this gas shows a curious
twist or distortion, being displaced more toward the blue at one
point than at another. Displacements pointing to a velocity of
uprush of hydrogen gas as great as 400 kms. per second were
observed in one instance by Young in the spectrum of solar
prommences.

This method has also been used to investigate the velocity of
the sun's rotation on its axis, for it is clear that in consequence
of rotation one edge of the sun in its equatorial region is moving
away from us while the opposite edge is moving toward us with
an equal velocity.

A very interesting application of Doppler's principle is illus
trated in figure 565, which shows part of the spectrum of the

FIG. 565.-Spootrum of the star Beta Auriglll. The lines in the lower spectrum
are double by Doppler'lI principle. Photo by Pro!. B. C. Pickering.

star Beta Aurigre, This spectrum at times shows single lines as
in the upper figure, but &nee in every two days these widen out
and separate into two, "as is well shown by the calcium line near
the middle of the lower diagram. The two great hydrogen lines
on either side of it are too wide and too fuzzy to be separated;
but the one on the left in the lower figure (which must have
been printed very much more lightly than the other by some
screening process) shows that at the core it is really double,
too,"·

This is precisely the kind of spectrum which would be given
by the light from two stars of nearly equal brightness, revolving
around their common center of gravity and having their com
mon orbit turned somewhat ed,e:ewise toward the earth. At cer-

• Paol'. HEN".. No~ RUlIlIIU... ' ScUnJiJi<A~ .., Sept. 3, 11110•
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t&in times one star is coming toward us while the other is moving
away from us and lines in the spectrum of the one are displaced
toward the violet end of the spectrum while those in tbe spectrum
of the other are displaced toward the red. so that at such times
each line is double. When the two stars are moving sidewise,
say one toward the right and the other toward the left, there is
no displacement of the spectra and the lines coincide. Evi
dently this change takes place twiu in each complete period of
revolution. It is therefore concluded that the two stars make
1 revolution in their orbit in four days.

From the amount of the displacement of the lines the maxi
mum relative velocity of the two in the line of sight is found to
be 140 miles per second. This indicates an orbital velocity of
not less than 70 miles per second; and this combined with the
period of revolution shows that the orbit is at least 7~ million
miles in diameter.

And now if we assume that the law of gravitation is the same
for the stars as we know it to be in our solar system, and if we
further assume that the two stars have equal masses, since they
are equally bright, we may apply the formulas of §156 and find
that each star has twice the mass of our sun.

All of these facts have thus been obtained by the spectroscope,
although the distance between the two stars is "probably at
most scarcely one-fiftieth as much as that of the closest pairs
which can be seen double in our greatest telescope."· .

910. Motion of Stars In Une ot Slght.-H the spectrum of a
star shows lines which agree exactly with the spectrum lines of
some known substance, such as hydrogen or iron, except that all
are displaced slightly toward the red or blue, it is inferred that
the lines are due to that substance and that the displacement is
caused by the motion of the star either away from or toward the
earth.

When it is found that most of the stars in a certain region of
the heavens are app.roaching the earth and those in the opposite
part of the sky are receding from the earth, it may be inferred
that these apparent motions are probably due to the motion
among the stars of our sun with its attendant earth and planets.
In this way it has been concluded that our solar system is moving

•

•
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toward a point in the constellation Bootes about 25° north of
Arcturus with a velocity that probably lies between 12 and 18
kilometers per second.

Problems

1. A spe<:trum line having 9. wave length 656.30 is displaced in conse
quence of the motion of the star, the apparent wave length being
656.37. Find whether the earth and star arc approaching or receding
from each other and with what velocity,

2. If a star is moving WWlLrd the earth with n. velocity of 18 miles per sec"
find the per cent. of change in the wave lengths of its spectrum lines
due to the motion.

COLORS OF BODIES

911. Colors of Bodles.-The colors of natural objects are
due either to light waves which they themselves emit, or to their
power of reflecting or absorbing the light that falls upon them
from some external source. The first class includes all bodies
that are self-luminous in consequence of:

(a) high temperature, as in red-hot or white-hot bodi.es,
(b) chemical action, as in flames,
(c) electric discharge,
(d) stimulus of light from other sources, as in fluorescence and

phosphorescence.
The second class includes bodies whose colors are due either to:
(a) selective absorption, as in colored glass, pigments, and most

colored bodies; or
(b) selective reflection, as in metals and bodies showing special

luster.
912. Luminous Bodles.-The color of the light from any source

is the average ejJect of its radiation upon the eye; but the particular
kind of radiation which causes the ejJed can be determined only by
analyzing the light with a spectroscope.

For example, a yellow gas flame is found to have in its spec
trum all kinds of light, but the blue and violet rays are relatively
less intense than in sunlight. It is this weakness in the blue and
violet which gives it a yellow color. On the other hand, the
spectroscope shows that the sodium light or the yellow light
obtained when a bit of common salt, previously fused, is held
by a loop of platinum wire in the pale blue flame of a Bunsen
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a.d - O,a"g. - Yollaw _ G,.", _ Siw. _ Violet

FIG. 5M.-Spectrum of light transmitted
by blue oobalt g1a!lll-

burner, is yellow for an entirely different reason; for the spec
trum of this light consists principally of two yellow lines so close
together that they appear like one line in a spectroscope of low
power. The light from this flame is therefore very nearly
homogeneous and appears yellow because the only kind of light
present is one that excites that color sensation and no other.

913. Non-luminous Bodles.-Non-Iuminous bodies show no
color in the dark. They derive their color from the light by
which they are illuminated. Let sunlight fall on a piece of col·

ored glass or a vessel contain
ing some strongly colored dye.
The light refleded from the
surface of the glass or solu
tion shows no trace of color,
indicating that such sub
stances refted all kinds of
light equally, But light pass
ing thrQ'U{/h the glass or

colore<t'so!ution is deeply colored and when examined by the
spectroscope broad dark bands are seen in its spectrum, show
ing that certain constituents of sunlight have been strongly
absorbed by the substance.

Thus a dark blue cobalt glass transmits green, blue, and violet,
but absorbs strongly yellow and orange and mostof the red. The
curve in figure 566 represents by its height the intensity, in dif
ferent parts of thc spectrum, of light which has passed through
a certain thickness of this kind of glass. Such absorption is
called selective.

914. Spectropbotometer.-An instrument in which the spec
tra from two sources are formed side by side and with appli
ances so that the relative intellilities of the two spectra can
be determined for each point in the spectrum is known as a
spectrophotometer.

Such a curve as that shown in figure 566 is obtained by means
of an instrument of this kind, the spectrum of direct sunlight
being compared with that of sunlight which has passed through
the colored substance.

915. Absorption and Color of Powders.-The most common
cause of the color of bodies is absorption. A crystal of copper



COLORS OF BODIES 627

sulphate when seen by ordinary daylight appears blue because
light coming to the eye through the crystal has lost the red and
yellow rays by absorption. The light received by the eye is,
however, not a pure blue, but is diluted with white light reflected
from its surface. If the crystal is broken into smaller fragments
the thickness of crystal through which the transmitted light
passes before meeting a reflecting surface is smaller and there is
accordingly less absorption and the blue color is not so marked.
If the crystal is finely pulverized, the dry powder appears a pale
whitish-blue, for light can penetrate only to an extremely small
depth before being reflected and scattered by the surfaces of the
tiDy fragments.

From the above considerations it is evident that aU el«ar color
leu 4'Ub8l.anc.e8, .tUch (II ice, alau, Iceland 'POr, etc., mU8t make whits
powder" since they reflect and scatter the light from innumerable
minute surfaces but absorb scarcely any of the visible rays.
The light re6ected to the eye by sucb a. powder is, therefore, of
the same quality as that which falls upon it, and when illumin
ated by white light it appears white.

9i6. Etrect of Illumlnatlon.-Except in case of self-luminous
bodies, the color of a substance depends on the light by which it is
illuminated. When a piece of red paper is held in the red of a
bright spectrum it appears bright red, but when held in the
yellow, green, or blue parts of the spectrum it appears black,
for it can reflect red rays, but it absorbs the yellow, green and
blue. 80 a blue paper may reflect the violet. blue and green, but
will appear black in the red, or&nge. or yellow parts of the spec
trum, while a white paper reflects whatever color falls upon it.

Two kinds of light that appear very much alike in color may
yet have very different effects on the colors of bodies. For
example. an ordinary gas .flame gives out a yellowish light not
very unlike the yellow sodium flame in appearance, and yet
brighkolored objects or pieces of paper are seen in their various
colors when illuminated by the gas flame, but all appear of one
color, either brighter or darker yellow or black, when illuminated
with ·the sodium flame. This is because the ordinary flame gives
out all kinds of light waves from red to violet, while the sodium
light is nearly homogeneom. The peculiar, ghastly appearance of
persons illuminated by a salted alcohol fiame is due to this cause.
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The difference between colors seen by daylight and gaslight
is because light from the blue end of the spectrum is relatively
(ar more intense in the (ormer than in the latter.

917. Matched Colors.-Two colors that appear alike by day
light may yet be due to very different kinds of light. When
an object appears yellow it does not follow that it reflects only
rays from the yellow part of the spectrum. It means simply
that the stimulus given to the retina by the various kinds of
rays coming from the object excites the same sensation as the
yellow light of the spectrum. What particular waves cause the
color can be determined only by dispersing the light and examin
ing its spectrum.

Consequently two colors which match perfectly when seen by
daylight may differ very much when illuminated by some
arlificiallight.

918. Mixed Plgments.~Whenpaints are mixed the resulting
tolor is not a miJ:ture of the colors that each would give separately,

but is due to the double absorption
which light suffers in the mixture.
For instance, a solution of gam
boge yellow absorbs all rays but
yellow and green, while a solution of
Prussian blue absorb.s all but blue
and grecn, a mixture of the two will
therefore transmit only the green.

919. MIDng Colors.-To find the
color that will be produced by a mix
ture or blending of colored lights, the
lighta to be mixed may be made to
illuminate simultaneously a white
screen, or the color wheel may be em
ployed. In this apparatus discs of
colored paper, each slit from center

FIG. 567.-NewtoD'. color disc. to edge, and fitted together so as to
expose a sector of each color, are

mounted on a spindle and rapidly rotated. If the speed of ro
tation is sufficient the disc appears of a uniform color which is
the mixture of the different colors used. The proportional
amounts of the several colors depends on the widths of the
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exposed sectors Rnd may be changed by slipping the discs on each
other. A larger and smaller disc may be mounted on the same
spindle for comparison..

The effect in this ca.se depends on the persistence of the sen
sation for a very short time after the stimulus to the retina has
ceased. The various colors give their stimuli in such rapid
succession that the effect is a blended sensation.

Newton found that a color disc painted in sectors to imitate
the colors of the spectrum appeared grayish-white when rapidly
rotated and could be matched with a black disc having a white
sector, black being used to diminish the intensity of the white.

Complementary Colors.-Two colors which when combined
produce white, are said to be complementary. By means of
the color disc it is found that blue and yellow of the proper tints
and intensities will make white, also green and red may be
complementary.

920. Metallic Luster.-Metals owe thcir peculiar luster to their
intense reflecting power. Polished silver refl.ects 00 per cent. of the light
that falls upon it, while glass at perpendicular incidence reflects less than
5 per cent.

Sunlight reflected from red or blue glass remains white, but when reflected
from gold-leaf it is yellow. This shows that the reflection of light in case of
/lOme metals is seledive, some kinds of light being more strongly rell.ected than
others. It is to this property that the colors of metals are due.

The lijl;ht transmitted through a thin film of gold-leaf is not yellow, but
green. The yellow light which is rcflected is that also for which the absorb
ing power of the metal is greatest.

Some non-metallic substances also have tbe power of refl.ecting light like
metals /I.lj is seen in the bronzy luster of anilinc ink and in crystals of perman
ganate of potash. Such substances show strong selective absorption and
anomalous dispersion.

921. Fluorescence.-When a strong beam of sunlight or light
from the electric arc is sent through a block of glass colored
with oxide of uranium the transmitted light is yellowish, showing
that there has been absorption of the shorter wave lengths; but
besides this, the whole block of glass is seen to glow with a
greenish light which seems to come from each point in the glass
itself, making the whole block seem turbid and milky. This is
called fluorescence, for the phenomenon is strongly marked in
fluorspar,
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The subject was first carefully investigated by Sir George
Stokes, who showed that fluorescence is .really a kind of radiation
from the molecules of the substance under the stimulus of the ab
sorbed light. Light is absorbed by the block of glass, and the
energy of the absorbed waves instead of appearing simply as
heat, produces special molecular vibrations which give off waves
of light, just as waves entering a harbor may set ships rocking
and in consequence these become centers from which waves go
out in all directions. Stokes announced the law that waves of
fluorescent light cannot be shorter than the absorbed waves to
which they are due.

It will be noticed that the block of glass fluoresces most strongly
near the side where the incident beam enters, for as the beam
penetrates into the block it loses by absorption the very rays
which are effective in causing fluorescence.

The interposition of a piece of red glass in the path of the light
cuts off all fluorescence, while a blue cobalt glass scarcely weakens
it at all, showing that the effect is due to the shorter wave
lengths which are transmitted by the blue glass but suppressed
by the red.

Many substances show fluorescence, among others almost all
mineral oils, especially the thick heavy oils, and crude petroleum,
and even refined kerosene oil shows a delicate blue fluorescence
in strong light. Some of the anilin substances are extremely
fluorescent, notably fluorescein and eosin. Sulphate of quinine
fluoresces a delicate blue as does also resculin obtained from
crushed horse-chestnut bark.

A white card covered with a thick paste of sulphate of quinine
moistened with dilute sulphuric acid will fluoresce strongly
in the invisible rays of the spectrum beyond the violet, the SQ

called ultra-violet region.
922. Phosphorescence.-When fluorescence persists after the

illumination ceases the substance is said to be plwsplwrescent.
By a special contrivance, called a phosphoroscope, Becquerel

found that many substances, including paper, bone, and ivory,
not usually known as phosphorescent, glow for a fraction of a
second after the incident beam is cut off.

The sulphides of calcium, barium, and strontium are strongly
phosphorescent and the color of the phosphorescent light is
greatly influenced by the presence of slight impurities.
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This kind of phosphorescence may be called phyBiool to dis-
tinguish it from the glow of decaying vegetables, of fi.re-By and
glow-worm, and of phospborus itself, in which the ligbt seems
to be due to chemical changes.

923. Theory of Color Sensatlon.-The Young-Helmholtz
theory of color sensation proposed by Thomas Young and
modified by Helmholtz assumes that light falling on any point
in the central region of the retina where it is sensitive to colors,
excites in general three primary color sensations, red, green, and
blue, the resulting color sensation depending on the relative
intensities of these three primary sensations.

The sensation of red is found to be excited more or less by all
wave lengths in the visible spectrum, but most strongly by the
long waves, as shown in the left-band curve of figure 568. So

"" '" Slu.

FlO. S68.-CUfV6lI from Abney. showing variation of color 8CllllBtion with wave
lellll:th, a'lcordillll: to the Young-Holmholu theory.

that if a person possessing only the red color sensibility and lack
ing those of green and blue were to look at a bright spectrum it
would appear to him red Crom one end to the other, but brightest
where the wave lengths are long 88 shown in the curve marked
rw. So, too, the eurve marked green may be taken 88 exhibiting
the relative intensity of the green sensation excited by different
wave lengths of light, while the third curve shows how the
sensation of blue varies with the wave length.

In the normal eye, possessing all three sensibilities, a given
wave length of light excites all three sensations, the red pre
dominating in case of long- waves, green when the waves are
shorter, and blue when they are shorter still, the intensity of
each sensation being proportional to the height of its eurve at
the point corresponding to the given wave length.

The sensation of white reru1ta when all three of the primary
sensations are equally excited.
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What the three primary color sensations are, can be deter-'
mined only by the study of color-blind individuals. By such a
study Koenig finds that the primary sensations are the red, green,
and blue found in the spectrum at wave lengths, 671, 505, and
470~,u. respectively. By combining these three colors in proper
relative intensities any color of the spectrum may be produced.

Helmholtz assumed that there were three kinds of nerve
termini in the retina corresponding to the three primary sensa.
tions of color, while Hering supposes certain substances in the
retina whose transformations under the inB.uen~c of light give
rise to the various primary sensations. For a further discus
sion of theories of color vision the reader may consult" A First
Book in Psychology" by Calkins, or the article "Vision" in
Baldwin's «Dictionary of Philosophy and Psychology."

Ih~ERFERENCE OF LIGHT

924. Introductlon.-Up to this point in our study the theory
that light is a wave motion has been supported by the fact that
the velocity of light is the same as that of electric waves and by
the simple explanation which that theory a1Jords of thc phe
nomena of reflcction and refraction. But we have not yet found
any direct evidence of the existence in a beam of light of a regular
periodic oscillatory motion such as is characteristic of all kinds
of waves. We now come to some phenomena which point
unmistakably to just such a periodicity.

025. Interference or Waves.-Pcrhaps the most distinctive
evidence of wave motion is a1Jorded by the phenomena of
interference.

When two trains of waves come together having the same
wave length and amplitude and traveling in nearly the same
direction, there will be found poinl3 of rest or of very Blight motion
wheTe the two 81Istem8 of waves are in opposite phiue8 and neutraliu
each other, and other points where the waves coming together in
the same phase cause an amplitude of motion equal to the sum of
the amplitudes of the component waves.

The interference of watcr waves and sound waves has already
been discussed (§319).

926. Young's ExperLment.-The interference of light waves
was fiJst sh'lwn by Thomas Young in 1S01 by the method iIlus-
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trated in the diagram. In the path of a beam of sunlight shining
through a minute pinhole at S, is placed a screen of tinfoil having
two very small holes a and b close together. If light is now
allowed to pass through only one of the openings, a round bright
spot surrounded by faint dark and bright rings is formed on a
·screen at C. .But if light passes through both openings, there

-I I:,...,
'3'"

FlO. MO.-Young'" experiment showing interference.

is seen between the two bright spots and at right angles"to their
line of centers, a series of bright and dark bands, as shown in the
lower part of figure 569.

The explanation of these bands will be understood by the aid
of figure 570. Waves from S set up waves at a and b which
start out simultaneously in the same phase, the two sets of
waves spreading out in the medium beyond, one set from a and

\
, ) \)\ I!l))))))

. ! I
I

FlO. 570.-Diagram of interferenco of wavOS. Young'B experiment.

one from b, as shown in the diagram. The central point c is
equidistant from a and b, so that waves leaving a and b at the
same instant meet at c in the same phase, reenforcing each other
and making c a bright spot. But d is a half wave length farther

'from b than from a, and consequently waves from a and breach
there in opposite phases and ne"utralize each other, making d
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a dark spot. In this way those points on the screen which are
equidistant from a and b, or which are one, two, or more whole
wave lengths farther from one opening than from the other will
be bright, while points which are farther from one opening than
the other by U or 172" or 2}1, etc., wave lengths, will be dark.

927.' Fresnel's Interference El:perlment.-In order to show'
that the above explanation of the dark bands obtained by
Young was correct and that they were really due to interference
of waves, Fresnel devised a most ingenious modification of the
experiment, by which he avoided any disturbance of the light
that might be imagined to result from its passing through the
small openings a and b.

Waves of light from a Darrow slit shown in section at S (figure
571) fell on two mirrors },f'M''. inclined to each other at a small

J; II I 1 I
l~lj/llll!I:1
I ! I~ ,V !I II "
[II/-'J..,II

....- .... -'- L 'I, -J' f-- ,

1, g
j\ \ \" ,
", ,

\I \I ,' ",",I I
" I" ,I

,
'I I',, ,',

8
FIG. 571.-FresneJ'" interference experimcnt with mirrors.

angle so that light after reflection from M' diverged as if from
S', while that reflected from },f" came as if from S". In this
way two trains of waves were produced which gave bright bands
at c, f, and g where the waves of the two sets were in thc
same phase, and intermediate dark bands, just as in Young's
experiment.

928. Newton's Rings and Colors or Thin Films.-When a lens
having a convex surface of very slight curvature is placed in con
tact with a flat glass plate a thin film of air is enclosed between
the two plates which increases in thickness from the central
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point of contact outward. If this film is examined in white
light, holding the eye so as to receive light reflected from its
surface, a. number of colored rings are seen surrounding the central
point of contact of the lens and
plate, each colored ring correspond
ing to a definite thickness of the air
film.

If illuminated with light of one
wave length, 88 sodium light, the
whole surface of the film is seen to be
covered with alternate dark and
bright rings. When red light is
used each ring is larger than the

Flo. 672.-Nllwton'. rinp in
corresponding ring in case of blue eodium lill:ht.
ligh t.

The colored rings observed in white light are due to the super
position of the sets of rings of different sizes due to different
wave lengths of light.

These bands are known as Newton's rings, for the experiment
was devised by him to determine the thickness of film correspond
ing to a given color; for if the curvature of the lens surface is
known, it is easy to calculate the thickness of the air film for a
ring of aoy giveo radius. The following table shows somc results:

TAicknui 01 Film. ill Nt!IIJto,,'1 RilllJl

1st ring,
2d ring,
3d ring,

&d ligIU

0.00017 mm.
0.00051 mm.
O. ()()()M mm.

18t rinK,
2d ring,
3d ring,

Bl,u ligIU

0.00012 mm.
0.00036 mm.
0.()()()(j0 mm.

Difference, 0.00034 mm. Difference, 0.00024 mm.

In a similar way, if two perfectly flat pieces of glass are laid
one upon the other, touching at one edge and separated at the
other by a thin strip of tinfoil, the wedge-shaped film of air
formed between them shows alternate dark and bright bands
in homogeneous light. These bands are straight and parallel
to the edge of the wedge it the plates are 8at, and the straightness
of the bands affords a sensitive t.est of the 8atness of the plates.
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FlO. 573.-Interference In
reflection from a film.
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The English physicist, Thomas Young, first showed that
Newton's rings could be explained easily by the interference of
light waves as follows:

Let a train of waves advance upon a transparent fi::lm, and·
for simplicity suppose the incidence to be nearly perpendicular,
as shown by the arrow (figure 073). Each wave on meeting
the surface is partly reflected and partly refracted. An advanc
ing wave meeting the surface at a is in part reflected along ac.
Another part of the same wave passes into the film at d, meets the
second surface at b, and is in part reflected to a, where it emerges
along-the direction nc. This portion of the wave will have had
to cr088 the fUm twice and will therefore have fallen behind the
part which was reflected directly at a, 00 that if the thickness of
the film is one-quarter of the wave length of the light waves in
the film, waves from d will reach a one-haIf wave length behind

the corresponding waves reflected at
a, and may therefore be expected to
interfere, causing the film to appear
dark at a to an observer looking in
the direction ca. At points where
the thickness of the film is one-half
a wave length each wave from d
reflected at b will be a whole wave
length behind the corresponding wave
reflected at a and may therefore be
expected to reenforce the next suc
ceeding wave, and 50 the film should

appear bright at such points. But experiment shows that
nadly the reverse is true, for the central point of contact in
Newton's rings is dark by reflected light instead of being bright.

Thomas Young showed that this discrepancy is due to a
chOnge of phase whidt lakes place in the very act of rejledion; for at
one surface of the film, waves in a less refracting medium are
reflected where they meet the more refracting one, while at the
other surface, waves in the more refracting medium are reflected
on meeting the less refracting one. These two reflections are
opposite in kind, just as reflection in a stopped organ pipe is
opposite to that in an open pipe (§336), and one changes the
phase of the reflected light while the other does not.
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This opJX)Sition of phase brought about in reflection exactly
reverses the conclusions reached above where merely the effect
of the thickness of the film was considered, and consequently
those parts of the film where the lhick1lU8 U an odd number of
quarter wave lengllui appear brighl by refteded light.

To teat whether this explQ.nll.tion Wall correct, Dr. Young reflected light
from a thin fiLm of oil of eaesafras between a lens of crown gla&l 011 one side,
and a. flint glalll!l plate on the other. Theindexof refraction of the oil of 88.llSa

fraa is more than that of CroWD gbes, but Iellfl than that of flint gl.B.8ll, 80 that
the change in phase due to reflection was the eame at each lJUrface. It Wall

found in this CMe that 1M cenlralllpol wlwe tJujU".. 1Da8 tAinnut WlU bright
by reRected light, while dark bandJl were ob&erved where the thickoe&8 of the
film WII one-quarter of a wave length, threc-quarlefll of 8 wave length, etc.,
thUI confirming Young'. idea II to the ca.uae of the reversal.

The thickness of the film for red and blue rings given on page
635 therefore leads to the conclusion that the average wave length
of the red light used was about 0.00068 mm., while that of the
blue light was 0.00048 mm.

The colors of soap bubbles and of thin films of oil or tur
pentine on water are also explained in the same way. For in
stance, where the thickne8S of the film is equal to a half wave
length of red light it will be nearly equal to three-quartcrs of
a wave length of blue light. The former will therefore be
destroyed by interference, while the latter will be reflected and
the film will appear blue.

A 80lIp bubble does not show color unl_ it iI very thin; for when the
thickness of the film ii, say, 0.0028 mm., it will be equal to 4, WIIove lengtha of
extreme red light. and 6 wave lengths of extreme blue; th_ waves will be
Il.baent from the ftfteeted beam because of interference. and all!O the waves
whoee lengths are such that in the thickneas of the film there are included just
>lU.5, and 5M wave lengths, respectively; while light having wave lengths
intermediate to these will be reflected from the film. The film in such a case
appeal'8 white because the reflected light contains 80 many different wave
lengths that the average effect is whito.

The inten.sely black spots seen in thin soap-bubble films by reflected light
have been found by Reinold and Rucker to have a thickness DE only about
one-fiftieth of the wave length of !!Odium ligh~ and appear black for the same
re&800 that the ceotralspot is black in Newton', rinp.
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514.-Micllelsoo'll interferometer.
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929. Interference with Grea~nUference of Path.-ln case of thin
filml the interfering WIVe!! differ in path by only a few wave length&. There
are aome ca-. however, in which interference has been obtained when
the difference in path is very great..

A useful form of inkTjDVmd.r:r, as it ill called, is that. of Michelson; a
diagra.m of which is shown in the figure.

A plate of glus A, having plane parallel surfaeelJ, is mounted in {ront of
the mirror},f in an oblique position ItO that light from the ItOUI'(lC L"on meeting
the second lJUrfa.ce at S is partly reflected to the mirror M and in part trans
mitted to a second mirror N which is at right angles to the first. The eyl;!
at E will therefore receive light from S which has been reflected at M, and
a1Io light from the same point which has been reftected at N, and when the
adjustment of the inatrument is correct, these two rays will interfere when
they come together if the light in going from 8 to M and back, has to pa88

over a distance which differs by an
odd number of half wave lengths
from the distance from S to N and
back &gain.

In order t.ha~ the interference"
may be complete, the reflecting
surfaee at S hMavery thin coating
of silver, just sufficient. to make
the reflected and transmitted
beams of light equally intense.

The mirror M is usually mounted
80 that its distance from S can be
varied by meana of a. micrometer
screw. The plate of glll8B B of the
8a.me thickness M A is mounted
parallel to it, 80 that waves
reflected at. N have to p8llB

through the aame thickness of glll8B M those reflected at M. The interfer
ence bandll in this case are circles, whieh eJ;pAJld and are succeeded by others,
M the mirror M is moved away from S. A motion of M through one-hall of
a wave length will cause a ehift in the position of the interference bands
equal to the dist&nee between two successive banda.

Using this method and employing light of one wave length from a Plil.eker
tube (§903) containing mercury vapor, Michelson obtained interference
bands when one path was longer than the other by 540,00CI wsve lengths;
that is, the luminous atomll made 54.0,00CI vibrations after giving out a wave
of the first set before the interfering wave WM sent out, and yet the waves
had changed 80 slightly that interference could still be observed; a result
which indieates Il. remarkable steadineNJ of vibration in the 8Ouree.

By counting the bandll that pass when the mirror M is moved backward a
certain dilltance by the screw, the number of wave lengths of light contained
in that. d.iIItanee may be euctly determined. By a very ingenious extension
o( th.i3 method, which the Itudent will find described in detail by Profell8Or



DIFFRACTION 639

M.ichelson in Light Walla and Their U_,· t.he length of tbe standard meter
WM determined by him in lennI of wave lengths of light. The results ob
tained were

!1,553,163.5 waves of the red radiation from cadmium.
1 meter = 1,966,249.7 waves of the green radiation from .cadmium.

l2,083,372.1 waves of the blue radiation from cadmium.

all in air at ISoC. and normal pressure.
or these resulta Micbelson says: "It is worth noting that the fmetioflll of a

wave are important, becaWMl, while the absolute accuracy of this measure
ment may be roughly stated as about one part in two millions, the relative
accuracy is much greater, and is probably about one part in twenty millions."

930. Nodes and Loops with Light Waves.-When light wtIoV(!ll

are reflected directly back, we have in front of the mirror two &eta or waveJ,
the returning waves and the advancing ones, moving in opposite directions.
Under these conditions, as we have already seen (l324), standing WtlVl!S with
nodca and loops arc formed.

The existence of these nodes and loops in case of light WAVes was first
demonstrated by Wiener in 1889, by placing a photographic plAte having a
very thin transparent film in a slightly oblique position in front of a mirror
illuminated with homogeneous light. On development it was found that
where the plate erossed the loops it had been acted on by the li!ht. while it
was unaffected in the nodes.

The strati6eation of a photographic plate by these nodes and loope in front
of a mirror is the basis of the color photographs of Lippmann, as the striae
are closer together with short waves than with long.

lUjerence,

A. A. MICHELSON: Light WaVl!s and Their U,e,.
EDWIN EDSI!;R: Light JOT Students.

DtFFRACTION

931. Diffraction Bancb Around ShadowlI.-The observation
of shadows suggests that light is propagated in straight lines.
The form which the shadow of an obstacle would have if this
were the case is called the gwmelricalshadow; it is the projection
of the obstacle upon the screen by straight lines radiating from
the luminous source as a center.

Ordinary shadows are blurred at the edges because the angular
magnitude of the source causes a penumbra. Hence to make an
accurate comparison of a real shadow with the geometrical
shadow the source of light should be a mere point. But when the

• U..i ... of Chi~"'IO Pre-.
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FlO. 5i5.-DifJraction banm.
at the edlle of a shfldo.... The
vertical line i. edge of the
(1fOOfUItricoJ &hilda••

experiment is tried, as, for example, when we examine closely
the· shadows cast by a moderately distant arc lamp, instead of
finding a clear-cut boundary, the entire edge of the shadmo is
observed w be surrounded by a 8erie8 of oIternau dark and bright
bands, parallel w the edge, very distinct next the shadow and
gradually fading out into the fully illuminated region.

These bands were known at the
time of Newton and were called
diffraction bands or fringes, because to
explain them on the emission theory
it was supposed that the luminous
corpuscles were bent aside from
their straight course as they shot by
the edge of the obstacle:

In the year 1816 a young French
artillery officer, Joseph Fresnel, then
less than thirty years of age, pre
sented to the French Academy a
memoir which marked an epoch in
the science of optics, for in it he
showed that the varied phenomena
of diffraction are readily explained
in every detail by the interference of
light waves taken in connection
with Huygens' principle, and with

out recourse to any additional hypothesis.
932. Bunens' Prlnclple.-Let there be a train of waves

advancing in the direction OP whose crests are represented by
the parallel lines on the left of figure 576, and let AB be a row of
particles parallel to the wave front; then as the waves sweep by
AB the particles are aU set vibrating simultaneously and in the
same phase. Now, each of these vibrating particles may be
considered as a center of disturbance from which spherical waves
spread out into the region beyond. Thus, if we choose, we may
consider the vibration that is produced at the point P as due to
the combined effect of all these little elementary waves or
wavelets whose centers lie in the line AB. just as though the
line of particles AB was the actual source from which waves
spread out. This is known as Huygens' principle.
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8
FIG. 57(l.-Huygens' principle.

933. Dllfractlon by a. Narrow sut.-If sunlight shining through
a narrow slit falls on a second narrow slit parallel with the first,
there will be seen on a white screen held back of it, a central
bright band and on each side alternate bright and dark bands,
which widen out when the second slit is made narrower. The
wave theory affords a simple A
explanation; for let S be the I:/~
slit (looked down upon end
wise) which is very narrow
compared with its distance from
the screen at bi (Fig. 577),
and let AB represent the
greatly magnified cross-section
of the slit in the plane of the
paper. Then the ether par
ticles lying in ACB are kept
in vibration by the successive
waves passing through the slit,
and by Huygens' principle these
particles may be considered as
the centers of wavelets which spread out in aU directions and
produce the effects which arc observed. Now, on account of the
extreme narrowness of the slit, b1 is practically equally distant

A

D
C
E

8

FIG. 577.-DifIrnction through narrow alit perpendicular to the plana of the
paper.

fram all points along the line AB, and therefore the wavelets
starting simultaneously at all points along AB reach bi in the
same phase and so reenforce each other and make it a bright
spot.

Just below b1 there will be a point dl which is a whole wave
length farther from A than from B. Then d l is a half wave
length farther from C than from B, and for every point between
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Band C there is another between C and A which is just a half
wave length farther from d,. Therefore the wavelets going to d,
from one-half of the slit will be exactly neutralized by wavelets
from the other half, and d l will therefore be a dark spot in con
sequence of this interference. In the same way the dark spot
d l above bl is explained.

But a little beyond d l there will be a point b, which is 1%
wave lengths farther from A than B. In that case the wave
front in the slit may be conceived as divided into three equal
parts AD, DE, "lod EB, such that wavelets coming to bt from
AD have a half wave length farther to travel than from the
corresponding point in DE. Therefore waves from these seg~

ments interfere at b, while waves from the third segment will
be effective and mako bl a bright spot, though mw* leS8 bright
than bl , since only one-third of the width of the slit is effective.
OC course DE might be regarded as opposing EB, and in that
case AD is effective.

The same reasoning shows that there will be a dark spOt
where the difference in path Cram A and B amounts to 2 wave
lengths and again a bright spot where the difference amounts to
2J.i wave lengths. There will thereCore be 8. series oC alternate
dark and bright spots on each side oC bi as experiment shows.

It the slit is made narrower the line AB is shorter, and con
sequently the point dl , which is one wave length farther Crom
A than Crom B is Carther away Crom bi than: before. Therefore
the bands spread out as the slit is made narrower, and if it had
8. toidlh of only one tI.IQVf; length or less, light would go out from
it in every direction, though the intensity would be less in o~lique

directions in consequence oC partial interference.
934. Shadow or a Circular Obstacle.-Wben Fresnel's memoir

was presented to the Freneh Academy it was objected by
Poisson that if his views were correct there should be a bright
spot in the center of the shadow cast by a circular disc. Fresnel
at once acknowledged the justness of the criticism and, making
the experiment, found the bright 6pot, thus obtaining a triumph
for the new theory.

The experiment may be made by fastening to 110 pie<:e of plate glass a
bicycle ball about X inch in diameter and observing itfl ahllodow aa caat by a
distant are light lit II dilltanee of 8 or 10 ft. back of the obstacle; the central
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bright spot may be readily soon either by receiving the shadow on flo card or
by looking \.Qward the object and viewing the shadow directly with II> small
pocket magnifier. Or the Ilhadow may be received upon a Benl!i.tive film a.nd
photographed.

"The central spot i;; bright because it is equally distant from
every part or the edge of the obstacle, and therefore wavelets

Fto. 578.-Sluu1ow east by small balls fastened to a filHl wire.

coming from points just outside the edge around its whole cir
cumference come together in the same phau at that point.

Similarly a bright line is found in the center of the shadow of
a wire, since the central line is equidistant from the two edges
and waves coming around the wire on both sides reach the
central line in the same phase and therefore reenforce each
other. (See figure 578.)

The student should observe through a pocket magnifier the diff~tion

ba.nda fonned by the wires of a mosquito netting or screen of thin silk, stand·
ing a few feet. from the screen and looking through it toward a distant arc
light.

A B C
I,

• I

• I

--- • --.-
I •

I •
I •

FIG. 579.

935. Miscellaneous Diffraction Pbenomena.-In figure 579
are shown at A the diffraction bands in the shadow or the pointed
end of a needle. It will be observed that there is a central
bright band, broadest near the very point, while where the needle
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is thicker many fine interference bands are seen in the shadow.
This is shown in B which is the shadow of a somewhat thicker
wire showing the many fine bands due to the interference of
the waves coming around the two sides of the wire. At C.is
shown the diffraction pattern which may be seen by looking
through the cloth of a silk umbrella toward an electric arc lamp.

A small round obstacle givC8 rise to a series of diffraction
rings, and where the rings due to a great number of fine particles
arc all of the same size and arc superposed the effect may be
very intense. This is the explanation of the CQrona.B seen so ofLen
around the moon. They are brightest when the light from the
moon comes through a region full of minute water particles
nearly uniform in size. These coronal rings are larger the smaller
tbe particles that cause them, and the average diameter of the
water drops can be immediately calculated from the angular
radiu8 of the rings.

Beautiful coronas may be seen on looking at an electric light or gas flame
through a piece of glass coated with. lycopodium powder, which is made up of
minute di~ of nearly uniform &ire. Fint breathe upon the glass, then pour
some of the powder upon it and shake off the loose dust.

936. Dllrradlon In Case of a. LeDs.-In our study of lenses we saw
that a lens transforms a wave of light coming Crom a distant point into a coo-

" ,

B' B

F

P

FlO. 580.

eave spherical wave which has its center at the focw toward which it con
vergCll. Thus the wave A'B' beeol1lCll concave, as at AB, and if tM laUer ~
"P'rjeclly 8pherical the iel'l8 i8 perfect. The geometrical theory of optics
would lead us to infer that in that ease the light would all converge rigorously
to the point 1', but the wave theory shows that this cannot be 10.

To determine the effect at l' of the wave AOB we must again have rooourse
to Huygens' principle and consider the rCllultant effect as due to wavelets
having their centel'!! in the concave surface AOE. Clearly all will reach l'
in the eame phase, since it is equidistant from all, hence F must be a point of
maximum brightn-. A little below Ii' there must be 90me potnt p which is
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p

Fla. 58t.

D

on the average II half-wave length farther off from the upper hair of the llur
face AOB than it is from the lower half. At that point waves from one half
of the surface wit! interfere witll those from the other half and produce com
plete darknC5ll. But between p and }' the interference is only partial and
consequently the light intensity must shade off from F to p. Since tbe light
is !Symmetrical about OF, there must be a
litUe 3pol of light formed at the focus, hav
ing the distsnce Fp as its radius. The
curve in figure 581 shows by its heigM how
the intensity of the light in the focalllpot
varies from P to p.

937. Resolving Power or Optical
JDstruments.-The fact. that the focal
spot has an appreciable size h.11.8 II moo im
portant bearing on the resolDing power of optical instruments, ror when a
lOllS forms an image of any objeet ea.eh painl in the object is represented by
a little $poI in the image, and the sharpness of definition in thc image depends
on the $mallnU$ of the focal spotl:l.

Now, it may be proved that the tJJed~ diameter of the fooa! spot, or

"diJJraction image 0/ a poim, as it is called, is equal to D' where). is the wave

lell3th of light, D is the diameter of the lellB, &nd P is ita foeallength. Hence
for a givcn foeallength the foealspot will be smaller the b.rgcr the lens.

The 4nplar diamder of the focal spot is ~ which is equal to 4.5" of are

when D - 1 inch. Therefore a telescope having a perfcet object.-gIMS one
inch in diameter will be just capable of rCllOlving a double star whoee com
ponentl:lare 4.5" apart. }o'or in that case the star imag~ formed in the tele
scope will be two SpDta of light just touching each other. If the objcct-gllUlS
is 2 in. in diameter it may then be capable of resolving starll only 2.3"
apart. EvidenUy no magnification by the eye-pioee will increa.se the fCllOlv
ing power lIS it will simply show two larger lJJ)OlIJ o( light touching each other
instead of two smaller onC$. Helmholtz hall shown that in consequence of
the size of the foealspot it is impoesible to have a microllCOpe that will enable
the eye to dilJlinguish separate lines which are lCllll than M 33,000 of an inch
apart, &nd even this limit can be reached only by oil*immcrsion lenaea.

938. Diffraction Gratlng.-One of the most useful instru
ments for the formation of spectra and for the measurement of
the length of light waves is the diffraction grating, so called be
cause the first gratings mnde by Fraunhofer were veritable
gratings made of fine parallel wires spaced at equal intervals.
Morc accurate gratings are made by ruling with & diamond on
glass or on a polished mirror surface of speculum metal an im
mense number of parallel equidistant straight lines, and copies
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or replicas of these ruled gratings are made by photography or by
direct impression on a plate of celluloid.

The effect of such a grating, of the transparent sort, is shown
in the figure opposite. At S is placed a narrow slit upon which is
concentrated a beam of sunlight, the slit is supposed perpen
dicular to the plane of the-paper so that its section is shown at
S. In front of the slit is placed a lens L which forms a sharply
defined image of the slit on the distant screen at O. If the grat
~ng is now interposed as shown, with its bars or rulings parallel
with the slit, there are seen upon the screen several spectra on
each sKle of the central image, which are said to be of the first,

t "'-Srating
Lens

\

'\:ndord~1'

-------= f ,f"d"
'0 white
: Image

;:,stordu,
, V

/ !lndorder
,R

FlO. 582.-Speetra formed by diffract]"" grating.

second, or third order, etc., according to their distances from the
center. These spectra have their violet ends toward the center
and their lengths are nearly proportional to the numbers express
ing their orders.

If the grating has only two or three bars to the millimeter
the spectra will be very narrow, forming a group of bright bands
on each side of the central image. But as the rulings are made
closer together the spectra are longer and more spread out.

Very perfect gratings were made by Professor Rowland, of
Baltimore, on a ruling engine devised by him. In many of these
gratings 14,438 lines are ruled to the inch, or about 568 lines per
millimeter.

939. How Gratings Produce Spectra.-Let the grating consist
of a set of opaque bars, which are represented in cross-scction,
greatly magnified, by the heavy lines in figure 583.

When a series of flat waves comes from the left, as shown by
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the arrows, the ether particles in the openings abc, etc., are simul
taneously set in vibration, and by Huygens' principle each par
ticle is a center from which wavelets spread out in all directions
into the region beyond.

Now, if a convergent lens is placed in front of the grating as
shown at L, a flat wave parallel with the grating will be converted
by the lens into a concave wave converging upon its principal
focus at 0, the lens retarding the middle portion of the wave
more than the edges, so that all parts reach 0 at the same instant.
Therefore wavelets starting simultaneously from all the grating

FIG. 583.

openings will by the effect of the lens reach 0 at the same time
and in the same phase. The point 0 will therefore be bright
whatever may be the wave length of the, light.

In the same way by the effect of the lens an oblique wave
parallel to DEl is brought to focus at P l on the line through the
center of the lens and perpendicular to DEI. Therefore, in
consequence of the lens it takes light equally long to reach P l

from any point whatever on DE" and consequently wavelets
from the grating that agree in phase on reaching DEI, will also
agree in phase at Pl.

Suppose that DEI is drawn through the edge of one grating
space in such a direction that it is distant exactly one wave
length from the corresponding edge of the next grating space, as
shown in figure 584 where fe is supposed just equal to a wave
length. Then a wavelet starting from a point in the opening a
will reach DEI at the same instant as the wavelet which started

\
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from the corresponding point in b just one complete period belOTe,
and the two wavelets will therefore reach DEI in the same phase.
So also the wavelet reaching DEI fro.m the corresponding point
in c will agree in phase with those from a and b, and thus as
wavelets from aU the openings reach DEI in the same phase they

D D

,
I ~~,.

tl~ I-

11',1
I~j
f\n~"

FIG. 584. FIO. 585.

will agree in phase at Ph which will therefore be bright, and may
be called the first order bright spot.

Let us now consider a line DE2 (Fig. 585) so oblique that Ie
is equal to two whole wave lengths. Then again wavelets from
corresponding points in all the openings will agree in phase on
reaching DE2 and consequently the point P2 to which they are

1r;-=-~=IrI ~=~fu.relfolV-=r!!~=-=rf2
E'2 I_~~-=JR!l~ -===_ ~-Red--=-=-l ~,_=-_-=c-_IR2'firs:-rv;::-IYr ---ry-Violet-lY,"""T:-TV;--rv;r :, ..--_-.1.~~ ...... -~---~:......--_l::.-+_.._____I_~ __ .._~,

'1iIIIi I 1iIlIllI ...
ft VRV White VRV R

2nd order 1st order 1st order 2nd order
FIG. 586.-Formation of diffraction spectra.

converged by the lens is a bright point. Thus on each side of
the central spot at 0 there will be bright spots of the first, second,
etc., orders.

If the light were homogeneous or all of one wave length there
would- be only these bright spots, all of the same color; for in-
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stance, it the grating is illuminated with sodium light there
will appear a central yellow band with narrow yellow bands on
each side somewhat as shown in the upper row in figure 586.
With a source giving out longer waves, as of red light, the bands
would be farther apart; for the distance Ie in figure 584 would
be greater and hence the line DEI would be more inclined, making
the point PI farther from the center. While if the waves were
shorter the bands would be closer together, as shown at V1V'I
in the third row of figure 586. Consequently when white light
shines upon the grating, having all wave lengths present, each
wave length produces So bright band at the appropriate dis
tance from the center, and therefore there results the spectra
of the different orders represented in the lower part of the figure,
the violet end of each order being toward the center, showing
that wave lengths increase from the violet toward the red end of
the spectrum.

940. Etrec.t of Removing Gratlng.-If the grating is removed
the side spectra all vanish, leaving only the central image at O.
For the wavelets which were cut out by the bars
of the grating now interfere with the wavelets
which formed the side spectra. This is easily
seen by a consideration of figure 587. Let ae be
drawn from the edge of one grating space so that
be, its distance from the corresponding edge of the ig
next space, is one wave length, then be will be /I:""",
the direction in which the first order spectrum is
formed. Imagine the grating bar between a and
b removed so that light may now proceed from all FIa. 587.
points between a and b. Let e be a point half-
way between a and b, then ef is one-half a wave length, and
corresponding to any point h between a and e there is a point
g between e and b which is just a half wave length farther
from ac. Waves therefore which start in the same phase
from hand g must reach ac in opposite phases, and consequently
light going out in the direction bc from points between e and
b will be exactly interfered with and neutralized by light from
points between e and a, and there will there/we be no first order
8pectrum. In a similar way it may be shown that if the grating
bars are removed there will be no side spectra of any order.
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941. Resolvlo& Power of Grating.-A grating should hAve a large
number of b&ra a.nd spaces for two reuons. Firs~ the brigbtnes8 of the
dillraction spectf'l. will be greater the larger the number of grating spaces
And, second, the power of III grating to give & sharply defined spectrum ill pI'O""
porlioDal to the total number of grating BPUell, other things being equaL
For let AB, figure 588, represent III grating of 1000 spaces, and Jet AD be l:IO

drawn that ita distance from the first grating space next to A is onc wave
length, from the second space its distance is 2 wave lengtbll, etc., from the
SOOth 8Pa.ce at C ita distance is 500 wave lengths represented by CE, and

from the tOOOth space at B its distance BD is 1000
wave lengths. Wavelets from all the openings of the
grating therefore reach AD in the same phase and
therefore oollJlpire to fonn the bright first order Il:pee.

trom in the direction BF. But now suppose the di
rection of AD to be slightly changed 110 that BD 
1001 wave lengths, then CE will equal SOO.J.i' wave
lengths, and light from B a.nd C will therefore reach
A D in oppoaiU phaaes; 80 also light from the next;
opening above B will reach AD in opposite phase to
that from the next above C, and 80 on, light from the
openings between B and C oppoaing that from the
corresponding openings between C and A. There
will therefore be no light of the given wave length in
that dire<ltion.

It thus appears that when BD is 1000 wave lengths
there is a bright band of the first order in the dire<l
tion EF, but this bright ba'nd must be excoodingly

narrow, for 80 alight a change in direction of EF &8 will change BD to
1001 or to 999 wave lengtha will take uS beyond its limita. Hem~ t~ more
l,,,," lhere ar~ in the grating the narrou:>a will k the bright image dIU to any 07U
_ kngUl and 1M cW«r Iogdher tlDO apectrum 'ina mQY ~ and JId ~ upa
ralel" d~ingvUMfJh.

942. Measurement ot Wave Length ot lJa:bt.-Diffraction
gratings afford one of the most convenient means oC measurin°g
the wave length oC light. The grating may be mounted on a
$pedrometer, as shown in figure 589, so that light Crom the slit S
passes through the lens of the collimator and falls upon the
grating at G in plane waves. The observer adjusts the telescope
T so that the image of some line in the first order spectrum falls
on the cross·hairs in the telescope. The telescope may then be
moved into the position T' shown by the dotted lines, so that the
central bright image (Fig. 582) comes on the cross-hairs, then
the angle between ·these two positions oC the telescope, which is
read Crom the graduated circle, is the angle dee O'T z in the small

'.
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diagram and this is equal to the angle bac. But the triangle acb
is right-angled at b, and be is equal to the wave length Xwhich is
to be determined, while ac is known from the measurement of
the grating and is called the grating space. Representing ac by
8 we have cb = oc. sin x, or

).=,ssinx.

l~roin this formula the wave length may be determined when

~I(I. S89.-Mea31.Irement of Wave leoa:ih!l.

::r:: has been measured as above described; since 8 is known from

the relation 8 "" ~,where n is the number of lines per millimeter

in the grating.
943. lVave Lengths of Some Spectrum Llnes.-

Extreme limit of visible red.
Deep red.
Red hydrogen line.

Sodium lines.

Blue hydrogen line.

Nearly limit of visible violet rays.

Fraunhofer's
Fraunhofer'l
Fnt.unhofer'l

fuunhofer'a

Fraunhofer'a

Fl'aunhofer'B

A .
B .
C .

{
D, .
D•....
F .

(
H .
K .

759.4
.... 7
.... 3
....•
589.0
486.1
396.9
393.4

9-14. Concave Gratlngs.-It was discovered by Rowland that
when a grating is ruled on a polished concave mirror surface
i05tead of on a Oat one very perfect diffraction spectra may be
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formed without the intervention of any lenses whatever. This
was 8. capital discovery, for it was thus made possible to focus
the spectra directly on a sensitive plate, and so obtain a photo
graphic map of the lines in the spectrum free [rom the errol'lJ
and absorption that lenses introduce. The most perfect maps
of the solar spectrum are those made in this way by Rowland.

The mode of mounting a concave grating is shown in figure
590. Two rails AS and sa arc fixed at right angles to each

\
\
\
\
I
I
I
I
I

I
I

I
I

I S

~/-----
Flo. 500.-CoaCBve p-atiDa: lpectrolocopl'l.

other and & diagonal bar AG, having a length just equal to the
radius of curvature of the grating, is mounted on carriages at
A and G so that G may be moved toward or away from S along
one rail while A moves along the other. The grating is
mounted on the diagonal bar at G (acing toward the eye-piece
or photographic plate holder which is attached to the other end
of the bar at A. At S is the slit through which light falls on
the grating G. The central bright image of the slit will be
found in focus at O. on the circle of which AG is the diameter,
and on each side of 0 the various orders of spectra are formed
in focus on the·8ame circle. In the diagram it will be seen that
the instrument is in position for examining the second order

•
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FIG. 591.-eto_d
tourmalin(llj.

spectrum. By sliding A toward S the first order spectrum may
be brought in front of the eye-piece.

An important advantage of the spectrum photographs made
with this apparatus is that the distances between spectrum
lines are proportional to the differences in their wave lengths, so
that a scale of equal parts may be made, which when applied to
the photograph will give the wave length of every line on the
plate.

Problems

1. Two flat pieces of glass touching at onc edge and separated at the other
by a thin piece of tinfoil show 30 bright interference bands when exam~

lucd in sodium light reflected perpendicularly from the thin air film.
What is the thickness of the tinfoil?

2. A narrow slit illuminated by light of wave length 6OO}ol}ol gives rise to
diffraction bands on a Bcreen 2 meters behind the slit. The two dark
bands, one on each side of the central bright band and nearest to it, are
just 1 em. apart. Find the width of the slit.,

3. A glass transmission diffraction grating has 50 lines to the millimeter.
How far will the first order spe<ltra of sodium light be from the central
line when the screen is 6 meters distant?

4. What orders of diffraction spectra will be absent in the spectra produced
by a transmission grating in which the bars are exactly equal in width to
the spaces between them? See §940.

POLARIZED LIGHT

945. Polarization by Tourmallne.-If two plates of tour
maline, cut parallel to the axis of the
crystal and of suitable th1ckness, are
placed one upon the other with their axes
parallel, light will be transmitted through
both plates; but if one is gradually turned
on the other the transmitted beam will
become fainter until when the two are
crossed at right angles there is complete
extinction. It is thus seen that light after
coming through the first plate of tour
maline is different from ordinary light; for the second plate
must have its axis in a particular direction in order to transmit
the beam, while in case of ordinary light the transmitted beam
is equally intense whatever may be the direction of the crystal
aXIs.
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A beam of light ha.ving this characteristic is said to be polor
ized and the first plate of tourmaline, which impresses this
peculiarity on the light is called the polarizer. The second
plate of tourma.line, which reveals the fact that the beam is
polarized, is known as the analyzer.

946. Direction or VlbratloDs.-l( the vibrations in waves of
light, like those in sound waves, were perpendicular to the
wave front or in tM Tay diredron, rotating the tourmaline plate
about the ray as an axis would not change its relation to the
direction of vibration and consequently the vibrations could Dot
be extinguished in that way, but would pass through both
polarizer and analyzer even when they were crossed. We
must therefore conclude that in light waves the vibrations arl!l
wholly at right angles to the ray direction. The French physicist
Fresnel was the first to draw this conclusion.

947. Nature of Polarized Lllht.-In homogeneous light, or
light of one wave length, the vibrations must be in circles or in

some form o£. ellipse or straight line,
b but in white light they are douhtless

very complicated and irregular. But
however complicated they may be,
each may be conceived 88 the resultant
of two rectilinear vibrations at right

If angles to each other. For instance, let
the path of an ether particle during a
short interval be represented by the con
voluted line in the diagram, the beam

of light being perpendicular to the paper: It is clear that its
actual motion at any instant may be considered 88 made up of an
up and down motion in the direction of the1ine ab combined with
a sidewise motion in the direction of cd. Any circumstancew~~
would cause one of these component vibrations to be suppressed
without affecting the other would leave the particle oscillating
along a straight line. It is precisely this which is believed to be
effected by the tourmaline plate. Suppose that it absorbs all
vibrations at right angles to its axis, while it transmits those
which are in the direction of the axis, then the light tranAmitted
through the first tourmaline will all be vibrating in one direction,
and if the &Xis of the second tourmaline is at right angles to the
first, no light will get through.
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A beam of plane polarized light is therefore beliend to be
ODe in which the vibrations all take place in some one direction
perpendicular to the ray.

948. Meebanlcal lIJustratlon.-How it is possible for tour
maline to absorb one component of vibration and transmit the
other may be seen from the following mechanical illustration.
Let a weight of a pound or so be hung as a pendulum from the
end of a light strut of wood which reaches out, say, 4 ft.
fl'om the wall and is stayed in
position by cords a, b, and c, as
shown in figure 593. The cords
band c are somewhat slack and
tied into a loop of cord 3 or 4
in. long, which can slip across
the end of the strut and is kept
in position by three small nails
one above, one below, and onc
passing through it and limiting
the amount of sidewise slip.

When properly adjusted if the
weight is set swinging in the
direction de, it gives up motion
to the strut and soon comes to
rest, while if it swings in the
direction J'1 the strut is not dis
turbed and the motion of the pendulum persists. If we now
set the weight swinging diagonally or around in a circle, the
sidewise component of the vibration is soon suppressed and the
weight is left swinging in the direction Jf}.

Just so. if there is any frictional resistance to the light vibra
tions in one direction in the tourmaline. the energy of vibrations
taking place in that direction will be dissipated in heat and they
will be absorbed, while those components of vibration at right
angles to that direction may be freely transmitted.

049. Polarization by ReDection and Refractlon.-When a
beam of light falls obliquely on a piece of flat unsilvered glass
80 that the angle of incidence is about 57J1°, the reflected beam
is polarized, as may be ascertained by examining the light with
a tourmaline plate. It is found that when the axis of the tour-
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maline is parallel to the plane of incidence the beam is absorbed
by the tourmaline, while if the axis of the tourmaline is perpen
dicular to the plane of incidence the reflected beam is largely
transmitted. And so in general, when light is reflected at the
surface of any transparent substance it is found that for a cer
tain angle of incidence the reflected beam is almost completely
polarized. This angle is known as the polarizing angle.

In this case it is found that the refracted beam is also polarized
in a direction at right angles to that of tbe reflected beam. For
a crystal of tourmaline having its axis parallel to the plane of

"incidence absorbs the re8ected rays, while it must be held with
its axis at right angles to the plane of incidence to absorb most
completely the refracted beam.

•
If the reflooted beam contained all those componellt vibrations of the inci~

dent light which are alright angles to the plane of incidence while the refracted
beam contained all the vibrations parallel to the plane of incidence, each
beam would be oompleldy polarized and they would be equally intense, each
having half the energy of the incident beam. But the reflooted beam is
=lly much less intense than the refracted one, and consequently the
refracted beam cannot be oompletely polarized, but must contain some of both
components of vibration,

In case of glass the beam reflected at the polarizing angle
contains only about '9 per cent. of the energy of the incident

! beam. To increase the ef!Ict it is common to make usc of a pile
of thin plates of glass ins.tead of a single reflecting surface. By
this device the reflected beam is brighter and the light refracted
through the plates is more completely polarized.

Light is polarized in this way also at the surface of opaque
substances, such as black glass, which absorb the refracted beam
and do not have metallic luster.

Metals and substances having metallic luster reflect both com
ponents oj vibration and cannot be used to polarize by reflection.
Consequently light cannot be polarized by reflection jrom an ordi
nary silvered mirror•.

950. Brewster's Law. Itwas discovered by Sir David Brewster
that the polarizing angle for any substance is that angle of
incidence at which the refiected and retracted rays are at right
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angles to each other. This is known as Brewster's law of the
polarizing angle; it leads at once to the relation

tanp = n

where p is the polarizing angle and n is the index of refraction of
the substance. For

smp
n~~.

smT (see figure 594)

FIG. .'i94.-Polll.d~ing angle.

but if the angle between the reflected and refracted rays is 90°,
p and r must be complementary and sin r = cosp. Therefore

•amp
n~-~=tanp.
. cosp

By the use of this relation the index of refraction of opaque
substances, such as dense black glass, may be approximately
determined from a measurement of
the polarizing angle. I

951. Plane of Polarlzatton.-Light
polarized in the manner that has
been described is said to be plane
polarized to distinguish it from circu
larly and elliptically polarized light,
which will be discussed later.

By common consent a beam of
light polarized by reflection is said
to be polarized in the plane of in
cidence or its plane of polarization is said to be 'parallel to the
plane of incidence, while the plane of polarization of the re
fracted beam is at right angles to the plane of incidence. It
is to be understood that this is simply a conventioD.

, To find the plane of polarization of any beam of plane polar
ized light it is only necessary to let it fall on a plate of glass
at the polarizing angle and then turn the reflecting plate about
the incident beam as an axis until the reflected ray has maxi
mum brightness. The plane of incidence is then the plane of
polarization of the incident beam. In this way it may be found
that the plane of polarization of a beam of light transmitted
through tourmaline is at rightangles to the axis of the tourmaline.

The direction of vibration in plane polarized light is belined
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to be at right angles to its plane of polarization. This may· be
inferred from the following case of polarization.

952. Polarization by Fine Partlcles.-When a beam of light
shines through a cloud of fine particles it is scattered or diffuSed
to SQme extent and it is found that the light sent out at right· '
angles to the direction of the original beam is plane polariz.ed.
This is easily shown by reflecting a beam of sunlight down into a
tall glass jar filled with water made slightly soapy so that it
shows a delicate bluish tint. Light is scattered sidewise in all

directions so that the path of
the beam appears bright, and
by means of a tourmaline plate
it is found that light coming
out in such a direction as CD
(Fig. 595) is plane polarized,
its plane of polarizati<m being
tke vertical plane through CD and
AB.

In this case it seems easy to
see that on whatever side of AB
the light may come out, the vi
brations in the scattered light
must be in a horizontal direction./
For in the incident beam AS;
the wave fronts are horizontal

and consequently all the vibrations are in horizontal planes, .
and therefore' the vibrations in the scattered light may also be
expected to be horizontal, for the particles which scatter the light
are too small to cause an actual turning of the wave front such as
takes place in ordinary reflection from an oblique surface.

The above experiment therefore points to the conclusion that
the direction of vibration in a plane polarized beam is at right
angles to the plane of polarization, as stated in the previous
paragraph.

953. Color of the, Sky.-When the particles are small com
pared with the wave length of light the shorter waves are most
strongly scattered, so that the diffused light is bluish, while the
transmitted beam has a larger proportion of the long wave
lengths, /d therefore appears yellowish. or even red.
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FlO. 596,-Double ",frae
tioD.

Thus when we look toward the sun through a. thick iayer
of air filled with fine particles, as at sunset, we see the familiar
red and yellow tints; but looking at right angles to the direction
of the sun, the diffused light from the sky is bluish and is also
found to be polarized.

954. Polarl7.at1on by Double Refraetlon.-When 8. crystal of
Iceland spar is laid on a printed page, the letters are all seen
double. A single black dot on the
papt'r appears as two, and if the crystal
while lying on the paper: is slowly
rotated about a vertical axis, one ima.ge
of the dot is seen to revolve about the
other. The paths of the rays of light
in this ca.se are shown in figure 596.
Light from the black dot at P passes
to the eye at E in two beams, one of
which PAE is refracted at the surface
according to the ordinary law, while the
other is bent in an unusual way at B.
The first is known as the ordinary ray
and the otheras the extraordinary. These two beams are found to
be oppo8i:tely polarized. This may be shown by meaDS of a tour
maline placed on the Iceland spar. If the axis of the tourmaline
is in the direction of the line joining the two images P and p t ,

the extraordinary ray PBE is transmitted
while PAE is extinguished, while the reverse
is true if the axis of the tourmaline is at right
angles to the line joining A and B.

When a narrow beam of sunlight'falls per
pendicularly on one face of a crystal of Ico

FlO. 697,-Double land spar it is divided into two beams, one
refradiono(anarrow of which, the ordiM"' beam, na_ straight
pencil of licht.. ' IS ~

through, while the other is refracted in an
oblique direction in the crystal but emerges parallel to the
first at the second face of the crystal, as shown in figure 597.
If th,e incident beam is sufficiently narrow the emergent beams
will be separate, otherwise they will overlap. On testing the
two beams with the tourmaline plate they are found to be
oppositely polarized. The polarization in this case is complete,
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each beam transmitting only one component of vibration, so that
if the incident light is unpolarized, each of the two beams will
have just one-half the intensity of the original beam.

96.5. The Double-image PrIsm of Fresnel.-In order to sepa
rate a beam of ordinary light of the full size of the crystal plate
into two oppositely polariz.ed beams Fresnel cut the seoond

Caceor the crystal obliquely, forming
a prism, from which the two beams
emerged in slightly divergent direc
tions, 88 shown in the upper part oC
figure 598. By placing a suitable
prism of glass in the reverse position
against the prism of spar, both
beams may be bent upward enough
to restore one of them to its original
direction, as shown in the lower dia
gram. At 8. little distance from the

Fla. .598.-DoubIorimageprism. prism the two beams become quite
separate in consequence of their di

vergence. On looking through such a prism all objects are seen
double. This is one of the best means ofobtaining polarized light
where it is desired to transmit both of the two component beams.

956. Nicol's Prtsm.-When we wish to obtain only one beam
of polarized light, 8. Nicol's prism may be used. To make such
a prism a long crystal of spar is taken having the form shown in

F
·8

figure 599, where ABCD represents a side view and A'G'B'H' an
end view. New end faces AF and EC are cut, inclined about 30

more than the natural faces, and the crystal is then divided by an
oblique cut FE which is perpendicular to the plane ABCD and
also perpendicular to the new end faces. The two surfaces of the
cut FE are ground and polished and cemented together with CII.~

nada balsam, and the prism is then mounted in II. protecting case
which permits light to pass through it endwise.
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The incident beam I on entering such a prism is doubly
refracted, the ordinary ray in the crystal travels with less velocity
.. in Canada balsam, and meeting the surface FE at an angle

--""':ter than the critical angle, is totally reflected (§843) off to one
side, Il8 shown at O. But the extraordinary ray travels in the
crystal with a greater velocity than in Canada balsam and there
fore cannot be totally reflected and so passes through the prism

FIG. 600.

and emerges as a plane polarized beam in which the direction of
vibration is perpendicular to G'H', the longer axis of the rhombus
which forms the end of the prism.

A Nicol's prism, or Nicol as it is often called, appears perfectly
transparent like clear glass, but the transmitted beam has only
half the intensity of the incident one when the latter is not
polarized.

957. Double-Image Prism as Anaiyzer.-Let a lens L (Fig. 601)
be placed In front of an opening at 0, through which a beam of

FIG. 601.

sunlight passes, so as to form a bright image of the opening on a
screen at S. On interposing a double-image prism D two images
Sand S' are formed. Let us suppose the vibrations in the lower
beam to be in the direction of the line SS' joining the centers of
the two spots, while in the other they are at right angles to that
direction.

Now interpose a Nicol at N so that the light is polarized before
reaching D. Then if the Nicol is in the position shown in the
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cut, in which it transmits only vibrations in the direction 88',
there will be seen on the screen only the spot 8', If the Nicol is
slowly rotated about the beam as an axis, the spot 8 appears, at
first faint but growing brighter, while S' grows dimmer, until,
when the Nicol has been turned through 90°, S' has vanished and
S receives all the light.

To understand these changes let the student in looking at the
diagram (Fig. 602) imagine himself looking along the beam of

light from 0 toward the screen, and let N re~

resent the direction of the vibrations trans
rpitted by the Nicol. The double-image prism
resolves the vibrations into the two components
Sand S' which have different velocities in the
crystal and are therefore separated, one going
to the spot 8 and the other to 8',

The lines Sand 8' represent by their lengths
the amplitudes of the vibrations in the two
beams; and it is evident that as the angle a is

increased, the amplitude of 8 increases and that of 8' di
minishes until when a is 45°, Sand 8' will be equal and the
two beams of light will be equally bright. Turning the Nicol
further causes 8 to become brighter than 8' and when a is 90°,
all the light will be transmitted in S, and 8' will have vanished.

958. The Wave Surface in Iceland Sllar.-The Dutch physicist
Huygens as early as 1690, to explain the double refraction of
Iceland spar, advanced the very ingenious idea that a wave of
light in such a crystal, instead of spreading out from a center as a
spherical wave, divides into two waves, one of which advances as
a spherical wave, just as in glass or water, and gives rise to the
ordinary ray, while the other wave spreads out as an ellipsoid of .
revolution and gives rise to the extraordinary ray. He showed
that this assumption explained the double refraction of Iceland
spar, but he could not explain the polarization of the two beams.
This was accomplished by Fresnel, who, in 1821, not only showed
that polarization may be explained by the assumption that the
vibrations in light waves are transverse, but also explained how
to account for the separation of the wave in Iceland spar into the
spherical and ellipsoidal surfaces conccivsd by Huygens.

,
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Aceording to Fresnel, the cause of this separatioD is the fact tbat the
't'eloeity of light in a crystaJ depends On the direction of the 't'ihrationa in the
",...e front. In a crystal. there is a certain direction called the optic axis, and
in Iceland spar, ",aves in which the 't'ibrationa ue at right angles to the optic
a:ria ad't'Ulce through the crystal ",ith less 't'elocity than "'....es in ",hich the
't'ibrationa ue puallel to the uis, while if the vibrations are neither pua1le1
nor at right angles to the axis the velocity is intennediat.e.

In the wave surface shOWD in figure 603 AB is the direction of the optic
axis. Vibrat.Wn.s on ilie surface of the spherical 'W!Lve Ilheet are everywhere
in the direction of paralkh of laliluM about A and B B3 polCl!l, and are th~
fore everywhere at right angles to the di- A
rection AB. This wave therefore advances
with the sa.me velocity in all directions and
must be spherical in fonn. On the el
lipsoidal surface the vibration.s Bre in the
direction of the meridiamt consequently at
D and at all pointB on what may be called
the equatorial belt of the ellipllOid the vi
brations are parallel to AB, at C they are
inclined. to the axis, while at A they are
perpendicular to it, hence the velocity is
greatest in directions such as OD, lees in the
direction DC, and in the direction OA it is the 8aIIle 89 for the IIpherica1
lIheet, for the vibrations in both are perpendicular to the axis.

9,5:9. Esplanatlon of Double Re.fractlon.-Let a beam of light fall
perpendicularly upon the llUrface of a crystal of Iceland spar, meeting the
IJUrface at AB (F"Ig. 6(4), which shows a vertical section through the lpar and
beam), and let A: and BE be in the direction of the optic axis of the cryltal:
Then ",hen a wave meetB the IIUrface at AB it aeta up vibrations at A and B
and all int.ennediate points, which spread out as waveletB in the Crylltal, each
having the fonn of the wave lJIlrface described in the 1Mt PArqraph. Thoee
componentll of vibration which are parallel to tbe line AB go to fonn tbe
elIipsoidaieheeta, while those which are perpendicular to the plane of the dis-
gram fonn the lIpherical sheeta. The original wave front will thUII be aepa
rated into two, one of wbich, CD, is the resultant of the Ipherical waves and
contains vibrations at right angl6fl to the diagram (indicated by dotll in the
figure), while the other, BF, is the relultllnt of the ellipsoidal waveletl and has
its vibrations parallel to AB (indicated by dashCl!l in the figure). The former
is the ordinary ray and the latter the extraordinary. It will be observed
that the extraordinary wave BF hu greater velocity in the crystal than the
ordinary ray, and it moves obliquely, for it muet be the envelope of all the

- empllOidal waveletB from A and Band intennediate pointe.
If the lleOOnd aurfaee of the cryetal is parallel to the wave fronts CD and

EFt both beame will emerge perpendicular to the surface, for all pointB in the
wave front BF reach the refracting surface at the aame instant, and giving
rise to epherical waveletB in the outer medium must advance perpendicula..
to the surface.
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960. Most Crystal!J Double Relractlng.-All cryst.&la except those
belonging to the llO-Q1led regulAr or eubieeJ. system are more or letRI
dQUble refracting. Crystals of the hexagonal and tetrahednlllJ)'stemJI have II

lIingle optic axis, as in csae of Iceland lIpar and quarts, aDd are said to be URi.
a.rial. While those of the three remaining crystal systems have two opti.
axes and are c&1led biazial.

FlO. 004.-Doubl.o refraction.
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961. Rotation of Plane of Polarlzatlon.-When a beam of
plane polarized light is sent through a crystal of quartz in the
direction of its optic axis the plane of polarization is rotated

A V" through an angle which depends on
the thickness of the quartz and the
wave length of the light. Suppose

C" the diagram (Fig. 6(5) represents

~~~i the croSs-section of a crystal of
" quartz through which light is coming

R' up toward the observer. Let AC be
the direction of vibration in the inci
dent beam, then red light may be
rotated through the angle AVE and
come out vibrating alorig the direc

tJon RR' and violet light being atill more strongly rotated may
emerge vibrating along VV', with intermediate wave lengths
between. If the incident beam is of white light then the emergent
beam is also white, as all the lightistransmitted, but if an analyzer
such as a Nicol's prism, is used, in such a position as to transmit
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vibrations in the direction RR', the transmitted light will be red,
for vibrations at right angles to RB' will be completely cut out,
and those in other intermediate directions only partially trans
mitted. As the analyzer is rotated the tint of the light changes
becoming bluish or violet when vibrations in the direction VV' are
transmitted while those in the direction RR' are extinguished.

If a double-image prism (§955) is used as analyzer the two
beams of oppositely polarized light coming from the prism will be
of complementary colors when the original incident beam is
white, for one will transmit all the component vibrations which
are excluded from the other.

Some crystals of quartz rotate the plane of polarization to thc
right and somc to the left, the form of the crystal itself showing to
which class a given specimen belongs.

962. Rotation by L1qulds.-8till more remarkable is the rota.
tion of the plane of polarization by certain liquids, among which

FlO. 606.----sa.::~harimeter.

may be mentioned turpentine, and solutions in water of tartaric
acid, malic acid, and sugar. Both right and left varieties of tar
taric and malic acids are known, and a solution containing equal
amounts of the two varieties is neutral.

Cane sugar, or sucrose, rotates to the right, but by treatment
with acid it may be broken up into a mixture of dextrose which
rotates to the right, and of levulose which rotates to the left.
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The proportion of cane sugar in a mixture of cane sugar and
glucose may be determined by measuring the rot.ation of the
solution both before and after the acid treatment, since the rota
tion due to glucose is not altered by the process.

An apparatus designed (or the exact measurement of the rota
tion of the plane of polari:r.a.tion by sugar solutions is known as a
saccharimeter.

963. Colors from Cr7stal Plates In Polarized Ltght.-When
polarizer and analyzer are cr088ed, or so placed that the analyzer
transmits only vibrations at right angles to those coming from
the. polarizer, no light will pass through the combination. But
if a thin plate of mica or other crystal of suitable thickness is
interposed between polarizer and analyzer, as at C in figure 607,

•

Fla. 007.

it may flppear vividly colored lis seen through the analyzer if
the incide"nt light is white. When the crystal plate is slowly
rotated, keeping its plane perpendicular to the beam of light, the
color is seen to be most intense when the optic axis in the crystal

. plate makes an angle of 450 with the plane of polarization of the
beam, and fades out into darkness when the optic axis of the
crystal is either parallel or perpendicular to that plane. The
color depends on the thickness of the cl'}'Btal, and a variety of
beautiful colors may often be observed in mica. plates in which
some parts are thicker than others.

If an ordinary plate of glass is interposed between polarizer and
analyzer no effect is observed, the light remains entirely cut off
by the analyzer. But if the glass is in a state of 8train, it acts
like a crystal plate and appears bright to the eye at E. For
instance, if a rod of plate glass is held across the beam at C so
that its length makes an angle of 450 with the plane of polariza
tion of the incident beam, on slightly bending the rod, it appears
bright along the edges but dark in the center, for one edge is
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FIG. 608.-8train fil(Uu
in a trian&Je of templ'lred
&1_ by polariled Li&ht.

stretched and the other compressed by the bending, but the center
remains uDetrained.

So when a piece of glass is heated in a. flame and examined
between the crossed Nicols, bright regions are seen, due to the
strains resulting from unequal heating,
but as the heat gradually diffuses
through the plate it loses ita double
reCracting power and becomes dark.

Pieces of glass that have been heated
and suddenly cooled remain in a
strained or tempered state, and when
examined with polarized light in the
above manner show chara.cteristic pat
terns 88 in figure 608.

In this way it may be determined whether the glaas for a tele
scope le08 has been thoroughly annealed.

964. Circular and Elliptical Polarized Ltcht.-To understand
the production of colora in the c8.lIe just discuesed it will be n6Cell8ary to
consider first what happens when flo beam of plane polarized light of 01U'

WIJIIe length pa86e8 through a. crystal pla.te. In figure 609 the beam ofpola.rised
light is 8Uppoaed to be coming up toward the eye of the reader. To a.void
confUl!iOD, ~he crystal plate and analyser, instead of being shown 8Uperpoeed

pp/ar;ztl'

p B

Fro. 609.
•

on the polariser as they would actua.iJy appear to one looking along the beam,
are represented as shifted. to one aide 80 that each may be seen IIepara.tely.
The incident light is suppolled to be vibrating in the direction ehown hy the
lines at P, with simple harmonic motion, since it is supposed homogeneous.
On meeting the cryst&1 it sets up vibrations in the same direction in the face
where it enters as repreeented by the line AB.

But le~ ue suppose that the crystal plate is pla.eed wiUl. ita axis in the direc
tion D.~ or BC, at 4.5- to the direction of vibration in the incident beam.
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Then the inoment vibration, represented in amplitude and direction by AB,
may be I"ellOlved into tbe two equal components AC and BC, ODC of which
Be is parallel to the optic axis in the plate while AC iJs at right angles to the
axis. These two components are tratlllmitted with different velocities, and
consequently the relation between their pha8es changes as they advance
through the crystal.

As the difference in phase of the two components increases the resultant
vibration passes successively through the forms shown in figure 610.

When the thickness of the plate is such that one component is retarded ODC
eighth of a period on the other, the light emerge! elliptically polarised, as
shown in the second figure in the above di.gram. In lhat Cll!le the analYler

o l<. 1

FIG. G10.-ReIlultant forme of vibration when equal simple harmonic compo.
nCutt have the dillerenec in phll8(l indicalad in fractionS of a wave lenath.

reaolVe!! it into vertical and horizontal components and transmits only the
hOrU:onbl component, as shown in figure 609 at N.

II the erynal plate is of such a thickness that the difference in phMe
between the two components is a quarter of a complete period, the :resultant
vibration u it emeJ1!;CB is circular. The emergent beam in this case II
circularly polariud, and will be resolved by the analyzer into two components
of equal intensity, one of which will be IUppressed and the other transmitted,
and there will be no change in the intensity of the transmittro light as the
analyzer is rotated.

When the retardation of one component or the other amounlll to a half
wave length, the emergent light is plane polarized at right angles to the
direction of the incident beam and is completely transmitted by the analyzer;
while if the relative retardation amounla to a whole wave length the light
emerge!! vibrating ju.st as it entered and is entirely aupp. ed by the
aIlaly:ter.

965. Production of Colors by Polarized Llgbt.-Whentheinci
dent be&m of polarized light cont&ins a1llOrta of wave lengths, as in white
light, the crystal plate may appear colored when seen through the analyser.
For, suppose one eompooent of the loog waves of red light is retarded a.1wl/
WIllIe kngth bellind the other in traversing the crystal plate, the emergent
light will be vibrating at right angles to the incident beam, as shown io figure
610, and will be wholly transmitted by the analyzer.

But in traversing the same crystal plate the shorter wavCB of violet light
may have one component retarded a wholt woo 1m.gtA behind the other; in
this CMe the relation of phase is the same in the emergent as in the entering
beam, lind the beam coming from the crystal i.sSUPPI ~t1 by the analyzer.

For eome intennedillle wave length the relative retardation will be ~ of a
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wave length, and the emergent beam will be circularly polarised and 80 h&ll
transmitted by the analyzer.

On the whole, therefore. the crystal in this ease would appear red or orange
through the analyzer. But from a crystal plate of twice the thickneea both
the red and violet waves would emergc vibrating 80S in the incident beam and
would be euppreeeed by the analyzer, while &Orne intermediate wave length.
would be oomplet.ely transmitted and the crystal would appear green.

r

Polarizer

966. PolarJ.z.atlon FI~.s with Convercenf, Light.-When a thin
plate of eryst.al is cnmjned in an instrument ealled • polariscope, uaing So

strongly convergent beam of polarised ligh~ So polariaatiOD figure is obt&ined

Flo. 612.-Polariution 6cure for
uniuial eryltal., perpeDdicu1u to axil,
Nie0J3 el' ed.

F.o. 613.-Pol.ri....t.ioD. fi&ure of
bia:rial eryeW.

which is of gree't U8e to the mineralogis1. in revealing the optical properties
of the crylJtal.

The OptJeall)'ltern of the polariscope is shown in figure 611. The beam of
light coming from the polari~cr is Converged on the crystal by tbe lens B.
On the opposite !ide of the crystal plate C is a second short-focus lens D.
beyond which is the eye lens E a.nd a.nalyzer A.

If the crylJt8J is a plate cut from a uma.xial crystal perpendicular to its axis
and if the analyzer 8Ild pola.rizer a.re cl'OllSed. a figu", oonsiating of colored
rings intenteeted by a black CI'08S, &8 shown in figure 612, ill seen at F'UG' by
the obeerver.
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It is clear that rays coming to 0 in the center of the figure are those that
have paseed perpendicularly through the crystal section, while raya coming
to other points of the figure have pasaed more or less obliquely through the
crystal. Now, the more oblique the raya the greater the thickness of crystal
traversed, hence the color seen at any point in the figure depends on the dis

.bnce of that point from the center at O.
All points on I. rinR equidiat&nt from 0 ,how tho same color, beeause the

rays.t these pointll have tmvened equal thickness of crystal at &n equal in
clination to the optic uis.

Rays paaring through the crystal in certein directioRll, however, have
their vibrations in 8uch relation to the optic axis of the crystal that they are
transmitted without any change in their polarization. All such aTC cut out
by the analyzer and form the black crolllJ.
. In figure 613 is shown a more complicated polarization Siure produced. by
a biaxial crylftal, such 88 mica.

JU/~e OIL PoiarnoUolL

EDWIN EDlU:R: UgJu lor St~.

ELECTRICITY AND LIGHT

967. Magnetle Rotation Or Llght.-When a transparent sub
stance is in a powerful magnetic field a beam of plane polarized
light sent through it in the direction of the lines of force, has its
plane of polarization rotated. This discovery was made by
Faraday in 1845 and was the first evidence of a relation between
light and electricity and magnetism.

The rotation is usually in the direction of the magnetizing eur
rent, or clockwise looking in the direetion of the Jines of force,
though it is opposite in a. solution of feme chloride in water.
The amount of the rotation is greatest in substances having a
large index of refraction, and in a given substance is proportional
to the length of the column and to the strength of the magnetic
field.

If the light is reflected back again through the tube the rota
tion is doubled; that is, the rotation of the plane of polarization
produced in this way is the same whether the light passes through
the field in the positive direction of the lines of force or the
reverse.
. This last fact can be explaip.ed only by supposing an actual
rolalmy motion of some 8Q1't taking place in the magnetic fie~d.

In this respect the magnetic rotation of the plane of polariza.
tion is different from that produced by quartz.



ELECTRICITY AND LIGHT 671

968. The Kerr Efrect.-elosely related to the rotation dis
covered by Faraday is the fact. discovered by Kerr, that when a
beam of polarized Ught is reflected from the polished pole of a
magnet the plane of polarization is rotated.

009. MaxweU's Electromagnetic Theory of LlEbt.-In the
year 1862 Maxwell advanced the theory that light waves are
very short electromagnetic waves. Some of the chief arguments
for the theory may be thus summarized:

1. The velocity of electromagnetic waves in air is the same
as that of light waves. The velocity of a. wave depends on the
medium in which the disturbance is set up and the kind of dis
turbance. It is therefore reasonable to suppose that electric
waves are the same kind of disturbance as light waves and com
municated by the same medium-the luminiferom ether.

2. The velocity of light in other media than air bas in many
cases been found to be equal to the velocity of electric waves in
those media.

3. Maxwell showed that electromagnetic waves could not pa88

through conductors, hence it was to be expected that conductor&
tIJO'Uld also be opaque to light. This is strikingly confirmed in the
case of metals, for they are the best conductors of electricity
and also the most opaque substances known.

4. The electric currents and displacements in the medium
transmitting electric waves are parallel to the wave front and at
right angles to the direction in which the wave is advancing; and
in light waves also the vibrations are parallel to the wave front.

970. Zeeman Elfect.-A very interesting relation between
electricity and light which seems to offer direct confirmation of
:Maxwell's theory that light waves are electromagnetic was dis
covered by Zeeman, of Holland, in 1896. He found that when
A. m.ium flame or other luminous gas giving out light of definite
wave lengum, as shown by lines in its spectrum, is placed in the
powerful magnetic field between the poles of an electromagnet,
each single line in its ordinary spectrum is transformed into a
group of lines. The peculiarities of these groups have been ex
plained by the Dutch physicist, Lorentz of Leyden, on the as
sumption that light waves are electromagnetic waves originating
in little vibrating negatively charged electrons having the same
mass and charge as the electrons in cathode rays.
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For a. fuller discussion of the Zeeman effect see Modern Thecrv
of PhyBical Pherwmena by Righi.

971. Pressure of L1ght.-It was shown by Maxwell in 1873
that if light waves are electromagnetic they must exert a. pres
sure against any surface on which they fall; and that the pressure
against a reBecting surface must be twice as great as against an
absorbing one. But the amount of this force is 80 small that
for many years no one succeeded in proving its existence; for in
full sunlight, according to Maxwell's theory, the pressure against
a re6ecting mirror one meter square is only one dyne, or less than
the weight of one milligram.

But in 1900 Lebedew in Russia, and in 1901 Nichols and Hull
in this country, were able to show that there is such a pressure,
and in later experiments to prove that its amount is just what
Maxwell's theory indicates.

The pressure of light has been shown by Fitzgerald and Arr·
benius to be the probable cause or comet's tails, and Arrhenius
h.a.s also proposed a very interesting explanation of the Aurora.
Borealis which depend! in part on this same pressure.
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CARNOT'S THEOREM AND THE ABsoLUTE ScALE OF TEMl'ERATURl;

r-.,.,C,-_1 ~~p=
---,W = plJ.

1. Work or Compression or Espanslon.-When steam is s.d.
mitted to a cylinder C and the piston P is pushed back through
8. distance %, the force exerted by the steam against the piston
is pA, where p represents the pressure of the steam and A
is the area of the piston head, and the work done is pAz, or

W=pAx.

But as the piston moves through a distance :t the volume of the
cylinder is enlarged by the amount :tA,
80 that representing the increase in
volume by v, we have

A R 8
0

0
0

0

C
0

That is, when any substance while a- Fw.614.
erting a pre88UTe p expands in volume by an amount I), it does an
amount 0/ work equal to the product pu.

P 2. Work on the Pressure-

.€" volume ~lagram.-T~e w~rk of
,;: compressIon or expans10n 15 con·
'8I veniently represented by an area
~ :J() on the preuure--volume diagram.
.!: For let volumes be represented
~ 1 by ab8ci8s<u, or distances meas-
l urad to the right of the line OP

1 2 3 4 6 V according to the scale at the bot-
l'o/u",.11I Cubic fur tom, and let pressures be mea&-

Flo. 615. ured by ordinates, or distances
measured upward from the base line OV according to the
scale' at the side; then if the pressure r:emains constant
at say 40 Ibs. to the inch, while the piston moves enlarg
ing the space from zero to 5 cu. ft., the series of states will
be represented by the successive positions of a point R ae it
moves from A to B (Fig. 615). The work against the piston

673
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whieh we ha.ve seen to be equal to the product of the pressure
p by the increase in volume v is represented in the diagram by
the area. ABeD, or the area between the line AB and the base
line, measured in appropriate units. U pressures are measured
in pounds per square foot, and volumes in cubic feet, the work
p" will be given in foot-pounds. In the above case the work
is 5 X 40 X 144 = 28,800 £tAbs., and the area of each small
rectangle in the diagram represents 1440 ft. Ibs. of work.

In case the pressure drops of[ as the volume increa.ses, as in
dicated by the line AD in the diagram (Fig. 615), the work of ex
pansion is represented by the area ADCO between the curve AD

,J..LLllUC O'LllllL

A

DLL.L~

I

o

FlO. GIG.

and the base line OC. For imagine the increase in volume to be
made by a succession of small steps, ODC of which is represented
by II in figure 616. Then, if during the expansion II the pressure
changes {rom PI to ~. the work done will have a value between
PI" and pili, and will be greater than the shaded strip in diagram
I and less than the corresponding strip in diagram II. The total
work done in the expansion from A to D will be greater tban the
sum of all the little shaded strips in diagram I and stili be less
than those strips in diagram 11. But the greater the number of
strips in the expansion, the smaller will be the width of the strips
and the more nearly will the sum of the areas in both cases ap
proach the area ADCO as a limit; that area, therefore, must rep
resent the actual work in the expansion from A to D.

Hence in general the work of an expansion represented by any
line AD in the pressure-volume diagram, is equal to the area
under that line down to the base lintl, or line of zero pressure.
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3. Carnot's Cycle.-In the year 1824 a French engineer, Sadi
Carnat, then only 28 years of age, published a workorextraordi
nary originality on i/ the motive power of heat," in which he
arrived at results of fundamental importance through the con
siderat.ion of the properties of an ideal heat engine, in each com
plete stroke of which the working substance W8.'I conceived to
be put through a special series of four changes known as a Car
not's cycle, by which it was brought again to its original condition.

The working substance S is supposed to be enclosed in a
cylinder having side walls and piston absolutely non-conducting,
88 indicated by heavy lines in the diagram, while the bottom is a
perfect conductor of heat. Three stands are provided upon

p

T,c

~~O' T,

0" __--.=;-__,-,
- '01~"'.

FIG. 618.

I 8

FIa. 617.-cunot'll eoplle.

which the cylinder may be placed, a perfectly conducting hot
stand at temperature T t • a perfectly conducting cold stand at
temperature T1, and a perfectly non-conducting stand N.

Suppose the cylinder has been standing on the cold stand, and
the working substance S, which may be supposed to be steam or
air or any substance whatever, has come to the temperature T 1

and has a pressure and volume repreSented by the point A on the
diagram (Fig. 618).

1. .The cylinder is transferred to the non-condueting stand
N and the substance is compressed until its temperature rises
to T t in consequence of the work expended in its compression,
and comes to the volume and pressure represented by B. In
this operation no heat can flow into o! out of the substance, it is
therefore called an adiabatic operation or change.

2. The cylinder is shifted to the hot stand and the substance
allowed to expand. As it expands it does work and would be
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p

0''-----,
E F G

FIG. 619.

cooled except that heat freely 80ws in from the hot stand keep
ing its temperature constant at T,. Let it expand in this way
by some convenient amount until its volume and pressure may
be represented by C on the diagram. The change from B to C
is called isothermaZ because the temperature has remained
constant.

3. Now place the cylinder again on the non~onductingstand,
and let S expand still further. It will cool in consequence of
the work done in the expansion since no heat is supplied, and
may be oooled in this way to the temperature T1 of the cold
stand. This change is adiabaJ.ic and represented by the line CD
on the diagram..

4. Placing the cylinder on the cold stand the piston is pwhed
down compressing the substance from D to its original volume
at A. During this operation the heat of compression is taken
up by the cold stand as fast as it is developed and the tempera
ture of the substance is thus kept constant at T 1• This change
is i.wUaermol, and while it is taking place heat flows out of the
working substance into the cold stand.

This series of operations in which the working substance is
subjected to two isothermal and two adiabatic changes and
brought again to its original pressure volume and temperature,

is known as a Carnot's Cycle;
its peculia.rity i!,! that no heat
transfer takes place except at two
definite temperatures.

4. Work tn a Carnot's C7cle.
The work done by the working
substance i.iJ. expanding from B

1, . to C is represented by the area
EBCG (Fig. 619), and during the

R V adiabatic expansion from C to D
it does work represented by the
area GCDH, while the work done

upon the substance as it is compressed first from D to A and then
from A to B is measured by the double crossed area EBADH,
below the line DAB. The net amount of work obtained from
the engine in & complete cycle is then represented by the excess
of the work done by the substance in expanding, over the work
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done upon it in the compression, and is given by the area ABeD.
During the isothermal expansion Be at the higher tempera

ture T t heat is taken in from the hot stand, and during the iso
thermal compression DA heat is given out to the cold stand,
while no heat at all is transferred during the two adiabatic
changes. But the engine has done an Rmount of work during
the cycle equal to the area ABeD, and since the working sub
stance is in exactly the same state at the end as it was in the be
ginning, the energy expended in work cannot have come (rom the
substance, but must have come from the energy supplied in the
form of heat, otherwise the law of the conservation of energy
would be violated. Experiment confirms this conclusion and we
find that the heat HI taken in by the substance in ezpaodin&:
from B to C is more than the heat HI given out in the compres
sion from D to A, the difference between the two'being mechan
ically equivalent to the work of the cycle ABCD; so that if work
and heat are measured in the same units, which can be done
since both are forms of energy, we have

W-H, -H1

where W is the work represented by the area ABCD.
5. First Law of Thermodynamics.-Theconclusionjustreached

is based on what is known as the first law of thermodynamic.s.
which is simply the law of the conservation of ellergy as applied
to the relation of heat to work. It asserts that wherever work
ill obtained by any heat procel/8 an equivalent amount of heat
dil/sappear8, and vice versa,

6. Emelency or an Englne.-The efficiency of a heat engine is
the ratio of the work which the engine does to the energy that
has to be supplied to it from the hot stand or boiler. In the
ease just discussed the efficiency E may be expreSsed by the
formulas

E _ lV E=1J,-H.
~ ~ H, or, /1,

7. Reversible and Irreversible OperaUoDs.-Some operations
are in their energy relations reversible and some are irreversible.
For instance when a weight is raised energy is expended, and when
it is lowered again an equal amount is given back. This is a
reversible operation; but when· work is done againllt friction
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p

I"'--T,
i>'\--T,

p

energy is transformed into heat, and when the motion is reversed
energy is not recovered but atiU more is spent in heat, and the
operation is not reversible. So the conduction of heat from
hotter to colder bodies is an irreversible operation, while the
adiabatic heating or cooling of a substance as its volume is
changed without any conduction of heat taking place, is a rever
sible change.

A reversible engine is one in which the operations are all
revers.ible. If an engine working in a Carnat's cycle were to be
made so that during the isothermal expansion in which heat is
taken in from the hot source there were absolutely no difference
of temperature between the working substance and the source,
and if there were a corresponding transfer of heat with no differ
ence of temperature during the isothermal compression while heat
is given out, the"operations would then all be reversible.
. If such an engine were driven backward the working substance
would be put through the oycle of operations represented in
figure 618 in the reverse order. Expanding from A to D it would
take in the same quantity of heat HI at the cold temperature T I

as it had given out at that temperature when direct acting; and
in the compression from C to B it would give out the same
quantity of heat H 2 to the hot body as it had taken in when
direct acting. And in this reversed action the heat given
out would be more than that taken in, by the work of the
cycle W, which would in this case have to be supplied from outside,
for more work would be done upon the working substance in the
comprission than would be done by it in the expansion.

It is evident that no actual
R engine is ever reversible, never-

~
. theless the results obtained by

4ii> T2 oo~sidering the properties of
, T, such engines are of very great

oL " '--- -. importance.
V 0 r 8. Carnot's Theorem. - NoFla, 620.

eng{ne can be more effident than a
relleraible eng{ne working between the same limits 0/ temperature.
For, if possible, let some engine E be more efficient than the
reversible engine R working between the same limits of tempera
ture T1 and T 2, and suppose the strokes of the engines are 80
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adjusted that the work done per cycle is the same by one as by
the other. Then let the more efficient engine E be coupled to the
reversible engine R so as to drive it backward or in the reversed
direction. This it will be able to do for the work required to
drive the reversible engine backward is exactly what it would have
performed if direct acting. In every cycle the engine E takes
in heat H at the upper temperature and gives out heat h at the
lower temperature and the work W which it does is ~quaI to
H - h as we have seen (§4). The reversible engine, on the
other hand, takes in heat hi at the lower temperature and gives
out heat H' at the higher temperature and in this case also
H' - h' = W; and so since W is the same for one as for the other,
we have H - h = H' - h'. But by hypothesis the efficiency of
E is greater than the efficiency of R, that is

W W
H > H" -therefore H < H' and h < h'

That is, the heat H' returned to the boiler is more than the heat
H taken from it, and the heat h' taken out of the cold body is
more than the heat h which is given to it. There results, there
fore, a steady transfer of heat from the cold to the hot body, the
cold body growing colder and the hot body hotter through the
agency of the combined engines working continuouslywithout any
outside assistance. This result is believed to be impossible, for
it contradicts all experience. This conviction when fonnulated
is called the second law of thermodynamics and may be stated
thus: It is impossible by any continuous self-sustaining process
for heat to be transferred from a colder to a hotter body.

We conclude then that rw engine can be ml»"e efficient than a
reversible engine worki1'l{/ between the ,same limits oj temperature,
and consequently, all rever810le enginea worki1'l{/ between the same
limits oj temperature are equally efficient, whatever working sub
stance is used in the engine, whether air, steam, gas, or substance
of any sort.

9. Absolute Temperature Scale.-Let us suppose that the dia
grams in figure 621 are for two different gases or vapors between
the same limits of temperature T1 and T2, then according to the
theorem just given a reversible engine working with one sub
stance in the cycle ABeD will be exactly as efficient as another
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reversible engine using the other substance and working around
the cycle A'B'O'D'. Consequently

W W'
H ~ H'

~
' ,

0'
W' 12

AD'
T,

p

o

FIG. 622.

w

o

where Wand W' are the work areas of the two cycles and H
and H' are the quantities of heat
taken in at the temperature T 2• p

Since the ratio W / H depends
only on the temperatures T1and C T

2
T 2 and not at allan the kind '~'--~&

T,of substance used, Lord Kelvin ~ c-';'
proposed making it the basis of a 0 V 0

I b I I f Ie
Flo. 621.

tru y a so ute sea e 0 mpera-
ture which should be quite independent of the individual peculi
arities of different substances. This scale may be easily under
stood by the aid of figure 622, which is the pressure volume dia
gram of some substance, for which AB and CD are two adiabatic

A curves. Suppose T1 and T z are two
p Hz C standard temperatures used to fix the

Ttl size of the degree of the scale. For
instance T 2 may be the standard
boiling temperature of water, and T I

the freezing point of water, and we
may decide upon a scale in which, as
in the centigrade scale, there shall
be UX)O between the two tempera
tures. Then if isothennal lines for
the substance are drawn between T 1

V and T2 so as to divide the whole area
W into 100 equal parts, these will

Correspond to successive degrees of temperature of the Kelvin
scale, and the area between any two isothermal lines which
are 1° apart will be one one-hundredth of W, or a.

But in passing from the adiabatic line AB to the adiabatic CD
at the temperature T I a quantity of heat energy HI is absorbed
by the substance which is less than H 2, the amount absorbed at
T2, a temperature 100° higher, by an amount equal to W, or lOOa,
and at 1° below T I the heat taken in in passing from one adiabatic
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to the other will be less than H I by a; at 2° below T I it will be less
by 2aj and so on. But if we take as many degrees below T 1 as
a is contained in H 11 we shall reach a temperature at which no
heat at all would be taken in or given out in the isothermal
change from one adiabatic to the other. Now, if this tempera
ture is taken as the lower ODe in a Camot's cycle, and any other
temperature be taken as the higher one, a reversible engine work
ing in the cycle wilt have unit efficiency, that is, all the heat taken
in at the upper temperature will be transformed into mechanical
work, and none will be given out at the lower temperature.

No higher efficiency than this can be possible and the lower
temperature thus defined is taken as the absolute zero.

Experiment shows that HI is nearly 273 times a, so that the
freezing point of water is about 273° above the absolute zero of
the Kelvin scale, or as we may write it 273°.K., and the boiling
point being 100° higher will be 373°.K.

If 1800 had been taken between the freeling and bolling points of water, as
in the ordinary Fahrenheit scale, the freezing temperature of water would
have been found 491 0 and the boiling point 671 0 above the abaolute zero.

It is interesting to note that temperatures measured on the
absolute scale of Lord Kelvin agree very closely with tempera
tures measured from the so-called absolute zero of the air ther
mometer (§394); put whereas the zero of the air thermometer
was based on the behavior of a particular class of substances,
the gases, the zero of the Kelvin scale is independent of the
properties of any particular substance.

10. EfIlciency of a Heat Engine on Kelvin's Scale.-From the
above explanation of the Kelvin scale of temperature it will be
seen that the heat taken in by a 8ub8tance in passing from ane given
adiabatic to arwther given adiabatic at any temperature i8 propor
tional to the number of degrees on the Kelvin 8cale which that tem
perature i8 above the absolute zero; that is

HI H 2
-~- ~a

T1 T 2

and

But we have seen (§6) that the efficiency E of a reversible
engine may be expressed in terms of the heat H 2 taken in at the
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higher temperature and the heat HI given out at the lower tem
perature by the relation

E=H,-H1,

H.
So that substituting the values just given for HI and H, we

have
Efficiency of a reversible engine actingI= T,- T,
between the temperatures T1 and T, T,

where the temperatures are measured on the Kelvin absolute
scale.

But no engine is more efficient than a reversible engine working
between the same limits o( temperature; hence the expression
gives an upper limit to the efficiency of any heat engine what
ever. It will be noted that to secure high efficiency in a steam
engine there must be great difference in temperature between
the steam as it enter! and as it escapes, and the high efficiency
of gas engines is due in part to the high initial temperature of the
exploding mixture.
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PBOOJ' OJ' NEWTON'. WAVIC FOB.MULA.

•

•

•

,

IJ,' •

B

p.

•

•

•

v

• •

FlO. 623.

..

• • •

.. ... .

• ••

• •--:-.--:--r-----

• ••
-",":-~-'-"":----

•

..
· . 'P; .

'.

• ••

• •
· ..~ ..

.. .

: -: P"'2'~'_

..

The lollowin,; proof of Newton 'ala... that. in cue of a compressional wave

)- - -,Jg is due to the <fuItinguished Engliah engineer and phyaicisL, W. M.

Rankine. Let. a BOund wave bemoving forward in a medium in the direction
and with velocity indicated by the arrowY. and let A and B be two parallel
planes, perpendicular to V, which move forward with the 8lUlle velocity as
the wave, and therefore are alwaY8 the 88me distance apart.

Let 101 represent the velocity of a particle due to its OlIcillation relative
to the medium,

p the pressure in the medium.
d the dcIlllity of the medium,

II the volume of unit ma88, II _~;
and let the values of these quantities at the plane A be represented by
,,,p,d,1I1 and at plane B by UtPrdll'l.

Now IUPpoee for definitenetJl!l that the
plane A is at. the point of maximum com
pression or the wave, then v, will be
maximum and in a forward direction aa
indicated in the figure, P, and d l will
both have their maximum values, and
tb_ valUel remain constant as the
plane moves on, for i1; moves 1lIWl t1wl
_. So also the conditions at plane
B, at. lame other poin1; in the wave,
t.bough different. from tboee at. A remain
CODllt.ant as the p1a.ne moves on.

To an observer moving with the planes
A and B the medium will be seen to
fltream through t.hc planes frem right to
left. At B iu velocity relative to the plane will be V -\II and this then
will be the number of cubic oentimetere of the medium t.hat. Pll8ll through
each square centimeter of B in one lIeoood. Let M be the man of t.his
volume, and we have

MUt-V-u, (I)

The mll8ll M paseiog B per eeoond lllust be the same l\.Il the ml\.ll8 p/l.88ing
A in the flame time otherwise there will be a change in the amount of matter
between A and B l\.Il the wave mOVel! on, therefore

(')
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M .. poin~ ....bere the velocity of the particles is iWro Ole medium hae its
",onnal density d, and normal volume per unit ffiMll II, henoe at that point

MII_ V (3)

Now consider a column of the medium reaching from A to B and having
I eq. em. Cl'08I'J I!leetion, the mass M entering this region through B in one
I!lecond has momentum Mut, and the same ffiMlJ leaving at A hu momen·
tum Mu, which we have supposed greater. The column thus experiences
a lo88 of momemum ~r 8~c.. equal w Mill-Mil,. But the conditions in the
column do not cJw.nga all ,the wave moves along, 80 the 1088 must be balanced
by an equal gain in momentum. This is supplied by the difference between
the pressures 'PI and 'PIon the two ends of the column, 'PI urging it toward
the right and PI toward the left. Theoolurnn must, therefore, by Newton's
Second Law of Motion. experience a gain in momentum per 8eoond from
left. to right, equal to p, - PI; and this momentum IDUlIt be equal t.o that
which the column loees in the lllUlle time.

(.)

VI_II(II PI - Pt)-
1>1 II,

We have therefore M(u, - u.) - p, - Po
But subtracting (2) from (1)

(u, - u.) - M(.. - IIJ
MI(pt - 11,) - p, - Powhence

And by equation (3)

V'_ 1'1 - po
0'III I7J III

But by H 240 and 242,
p, - Pt

E - II therefore, V' - vE.
VI II,

And since II - ~ we have finally Y - ~.



TABLES OF CONSTANTS

FiguTt!8 refer Ie page3

Absorption of gases in water, 161.
Acceleration of gravity at places,

108.
Atomic heats and atomic weights,

267.
Boiling points, 291, 292, 307.
Critical-point data, 303.
Densities, 123, 148.
Dielectric constants, 382.
DispeI'llive powers, 590.
Elasticity, eoefficienta, 156, 157.
Electric units, 492.
Electrochemical equivalents, 411.
Expansion coefficient6, '248, 254,

. 256.
Fraunhofer lines, 651.
Heat conductivities, 281,
Heats of combustion, 269.
Indices of refraction, 570, 591.
Latent heats of fusioD, 285.

Latent heats of vaporization, 295.
Magnetic intensity at places, 334.
Melting pointa, 282, 307.
Molecular magnitudes, 175, 176.
Moment of Inertia. formula.s, 95, 96.
Resistivities or specific resista.nc('J>,

430, 431.
Rigidity eoefficienta, 157.
Spark potentials, 525.
Specific gravities, 148.
Specific heata, 261, 262, 266, 267.
Specific inductive capacities, 382.
Surface tensions, 165.
Vapor pressures, 290, 291.
Velocity of iOllil, 413.
Velocities of sound, 188.
Volume elasticity ILlld comprelll:!l~

bility, 156.
Wave lengths of light, 539, 651.
Young's modulus, 157.

...
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Balancea., 37.
Ball on jet, 146
Balloons, 128.
Barkl«, 531.
Barlow's wheel, 461.
Barometer, 125; correctiora for, 125,

126.
Battery, cells, 417; voltaic, 402;

primary, 418--420; IIeCOndary,
418, 420-422; modCfJ of connect,..
ing, 423.

Beam&, stiffne8ll of, 157.
Beata, 210; Helmholta theory of,

233.
Becquerel, 630.
Bells, 228; electric, 471.
Binoculars, prism, 610.
Bohr, theory of radiation, 619.
Boiling, 292; boiling points of con·

densed gases, 307.
Boltwood, 537.
Boltzmann, 317.
Boucha, 187....

Aberration of light, 549.
Aberration, spherical, 566, 587;

chromatic, 592.
Abeolute IJCtI,le of temperature, 256,

679.
Abeorbing power for radiation, 313,

315.
Absorption, of gases, 161; spectra,

617; caU8e of, 621; mechanical,
600.

Acceleration, linoor, 16, 17, 18; in
S. H. M., 83; in circle, 75, 76;
angular, 89, 90; of gravity, 62,
108; of moon, 104.

Accommodation of the eye, 602.
Accumulators, 421.
Achromatic, prism, 592; len.eea, m.
Action and reaction, 23.
Ada",,_ 2, 8-
Air pumps, 133-135.
Alloy, magnetic, 346. .
Alternating currents, 505; curve 0(,

507; motonJ, 511-515.
Am.Q9Gl. 131.
Amici priam, 59!.
Ammeter, 467, 469.
Am~407.

Am~re. defined, 407, 492, 493;
virtual, roT.

Analy..er and polarirer, 654.
Angle of repose, 46.
Angular momentum, 93 j conserva·

tion of, 100; of projectiles, 100.
Angular velocity, 89.
AnilJotropic, ISO.
Anode, 410.
Arago'l disc, 484.
Are, electric, 440.

Arehimooes' principle, 118, 127.
Annature, drum, 499; ring, 491;

electromotive force of, 500.
AMumptioD..8 of physical acience, 3.
Astigms.tism, 602.
AtmOllphere, potentis.l, 397; pres

sure, 127; convective tempers.
ture, 274.

Atomic heatIJ, 267; numbel'll, .531.
Atoms, internal energy, 538; of

electricity, 364, 414; theory of
structure of, 539.

Atwood's machine, 55.
Avogadro's law, 175.
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Boyle'! law, 130; by kinetic theory,
175; variatione from, 131.

BOl/_, 106, radiomicrometer, 447.
Bradley, 049.
Br01Xl. W. H. and W.L., 531.
BreWllter'slaw, 656.
Bridge ItT ~lS, 27.
Brownian movement, 176.
Bunsen photomc~r, 545.
BuoylUlcy, law of, 117; of gB8C8, 127.

Ca1kndor, 434..
Calorie, 261.
Calorimeter, 263-275; ioo, 286, 2S6j

steam, 295; electrical, 438.
Calorimetry, 260, 262.
C&nal rays, 531.
Capacity, electrieal, 378, 382; of

aphere, 392.
Capillarity, 163.
CarlUle and Nidwlstm, 410.
Camot, cycle, 675; theorem, 67B.
Carleaian diver, lIB.
Cathode or Kathode, 410; rays, 521.
Cavendish, 105.
Cells, battery or voltaic, 417.
Center, of ID.aI!8 or gravit.y, 34, 35;

of PT'('.:8lJUre. 113.
Centimeter, 7.
Centripetal and centrifugal force, 77.
Change of atate, 281.
Chapman exhaust pump, 146.
Charge, electric, dilltribution, 354;

indueed, 357; energy, 383;
ionic, 413; unit, 353.

Chiadni'll figures. 227.
Circuit, ·electric, 405.
Claimut.'s fennu1&, 108
G10ek pendulums, 87.
Coherer, 622.
Colloid! and crystalloids, 162.
Color disc, Maxwella', 628. j

Color vision, 631.
Colors, of bodiee. 62!.i; of aoap films,

637; or sky, 658; by polarized
light, 666; primary, 632.

Compensated, pendulum, 249; bal
ance wheel, 250.

Compre83ibility, of liquids, 1M;
table, 156; of gases, 130, 131.

Condellllers, electrical, 378-381.
Conduction, of electricity, 348; of

heat, 277; electric in ga......, 531.
Conductivity for heat, 277-281;

table, 281.
CoIl8ervation of energy, 43; in

thermoelectricity, 446; in indue-
lion, 482.

Coll8Crvation of matter, 5.
Contact angle, 167.
Contact potentials in voltaic cell,

4<13,
Convection, 277.
Cooling, byexP&DJrion, m; law of,

317.
Cords, vibrations of, 211-216.
Coronu, diffraction, &14.
Coulomb, tbe, 407, 493, 494.
Coulomb'lIlaw, 352.
Coulomb-meter or voltameter, 415.
Couple, 33.
Crank and axle, SO.
Critical-point data, 300, 303.
Crooku, 314.
Crystals, 150.
Cumming, 444.
Cum, Mme., 532, 533.
Current, electric, 399; unit, 407;

convection, 4,5(); energy, 435;
heat. of, 437; magnetic effect,
405,447; in magnetic field, 459.

Curved pitching, 73.

Dalton'. law, 291.
1Javv, Sir Humphrv, 135, 410, 440.
Dew, 319; point, 298.
Dewar, liquefied hydrogen, 306.
Density, 109, table oC, 148.
Diamagnetism, 344, 345.
Dielectric COll8tanta, 382.
Differential pulley, 52.
Diffraction, 639-651; grating, 64&

651; of X-rays, 530.

.~
" .•
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Diffusion, 159.
Direct vision prism, 591.
Discharge, electric, 394; oscillatory,

395, 516; in gases, 525.
Dispersion, regular, 589; anomalous,

594.
Dispersive power, 590.
Displacements, 11; compounded and

resolved, 12, 13.
Doppler's principle, 200; in spec-

troscopy, 622.
Double refraction, 659, 660.
Double weighing, 38.
Drops, formation of, 112.
DuFay, 350.
Dulong and Petit's law, 267.
DylULmic8, 10, 18.
Dynamo electric machines, 495;

direct current, 495; alternating
current, 505.

Dyne, 59.

Ear, 231; trumpet, 196.
Earth, ffilLllll of, 106; magnetism,

330-336; potential, 390, 497.
Eddy currents, 500.
Edison storage cell, 422.
Efficiency of heat engines, 311, 677,

681.
Efflux of liquid and gaaeB, 143, 144.
E1saticity, 153; of gases, 155; vol

ume, 153.
Electricity, 349; theories of, 374;

atom of, 364, 414.
Electrification, 348.
Electrochemical equivalenbl, 411.
Electrodynamometer, 456.
Electrolysis, 409-413.
Electrolytic interrupter, 488.
Electromagnet, 454.
Electromagnetic, theory, 671; in-

duction, 475, 481; unibl, 407,
492.

Electromet.er, 372. 373: capillar.v.
416.

Electromotive force, 403; of induc
tion, 479; roles for, 484.

Electron theory, 539, 619.
Electrophorus, 361.
Electroplating, 415.
Electroscope, 351, 400.
Energy, 40; potential, 41; kinetic,

41, 66; conservation, 43; avail
ability, 44; in magnetic field,
486; in fluid stream, 144; in in
terference, 200.

Equilibrium, of particle, 24, 25; of
rigid body, 29, 36.

Equipotential, surface, 369, 390;
region, 370.

Erg, 60.
Ether, the luminiferous, M5.
Evaporation, 288, 291; cooling due

to, 296.
Ewing, 454.
Exchanges, law of, 315.
Expansion, solids, 246; liquids, 250;

gases, 255, 258.
coefficients of, 248, 254, 2.56.

Experiment, nature of, 3.
Extra current, 486.
Eye and vision, 600.
Eye-pieces, or oculars, 605.

Falling bodies, 62.
Farad, the, 493.
Faraday, 303, 326, 345, 346, 362,

407,410, 461, 475, 670.
Faraday's, disc, 478; laws, 410;

magnetic stresses, 326.
Fedder8en, 516.
Field magnets, series and shunt, 501.
Fuoo:", vel. of light, 550.
Flicker photometer, 546.
Floating, bodies, 119; coil, 460.
Fluorescence, 629; fluorescent screen,

530.
Focus, principal, 561; conjugate, 560.
Foot-pound, 39.
Foot-poundal, 60.
Force, 4, 21, 22, 57; compounded and

resolved, 23; moment of, 30;
ullit, 59, 64; in cireular motion,
77~ in S. H. M'I 84.
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Force, electric, law of, 353.
Foucault, curnnt8, 500; pendulum,

99; vel. of light., 552.
Fourier's analysill, 205.
Frankli", 350, 375, 396.
Fraunhofer lines, 613, 620, 651.
Free&ing, mixtures, 287.
Fremtl, 662, 634, 654.
Friction, 44-47; in 8.uidll, 145.
Furnace, electric, 441.
FUsion, 281-287.

Go«k, 133, 134..
Goliho, 55.
Gawani, 399. J
Gu1vanometers, 406, 462-465.
Gas engines, 310; thormometer, 243,

244.
Gases, density, 123; formula, 258;

liquefaction of, 303--306; elec
tric conduction in, 525.

Gauu, 336.
Geisaler tubes, 526.
Geysers, BulUleIl's theory of, m.
Gilbc1, Dr., 336, 348. .
GlasrJ, Jena nonnd, 242; strained,

tempered, 676.
GoldIUiIl,. canal rays, 53l.
OraAam, 161, 162.
Gram, 8.
Gravitation, aooeleration of, 62, 107,

108; unitA, Mj constant, l05.
OroV, 348.
Grove's gas battery, 420.
Clverick, ]24.
Gyroeoope, J02.

Harmonics, 203-206; of a cord, 215.
Hearing, 231.
Heat, effecta of, 238; sources, 268;

transmission of, 276; mechan
ical equivalent, 270; nature of,
274; unit, 261.

Heat engines, 307.
Heights by barometer, 132.
HelmholU, theory of dissonance, 235;

reeonators, 203.

Helium, 537.
HtnrJI,J~ 516, 493.
Henry, unit.' inductance, 493.
Heu.sler's alloy, 346.
Him, 272.
Holta machine, 365.
Hooke's law, 153. •
Horse-power, 40, 436.
Bot. wire current meters, 470.
Humidity, 299.
Buygens', wave theory, 554; prinei·

pie, 640; wa.ve surface, 662.
Hydraulic, press, 112; ram, 142.

analogies, 383, 386, 404.
Hydraulica, 139.
Hydrometer, 121.
Hygrometry, 298.
Hysteresis, 344, 453.

Ice pail experiments, 362.
Illumination, inten.llity, 543, 547.
Images by mirrors, virtual and real,

558-562; construction, 561.
ImagES by lenaea, 584-588.
Impact, 68.
Impedance, 503.
Impulse,57.
Inclined plane, 50, 65.
Index, of refraction, 570.
Induction, electric, 356, 377, 391,

476, 482; coil, 487; magnetic,
3·41,452; machines, 364; motor,
512; electromotive force of, 479.

Inertia, 4, 19.
Insulators, 349.
Interference of Wa.VES, 208, 209;

light, 632, 634.
Interferometer, Micheb:m's, 638.
Ionic charges, 413.
Ions, kations and anions, 410.
Irreversible process, 677.
Isotropic, 150.

Jet of fluid, velocity, 142.
Jouu, meeh. equiv., 270; free ex·

pansion, 273.
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Ksthode or Cathode, 410; rays, 527.
Kelvin, LoTd, 159, 176,372, 373, 516.
Kelvin's absolute temperature scale,

679,
Kepler's laws, 103.
Kerr effect, 671.
Kinematics, 10.
Kinetic energy. 41, 66; of rotation,

94.
Kinetic theory, 173.
Kinetics, 10; of partiele, 54; of rota

tion, 88.
Kirchhoff, Srewart-Kirchhoff law,

315; ab80rption spectra, 617,
620.

Koenig resonators, 207.
Koonio, A., primary 00101'8, 632.
KUndl, tube experiment, 219; anoma-

lous dispersion, 594.

Lag, alternating current, 508.
Lamps, eleetric, 438-440.
Langley, 312, 318, 615.
Laplace, 188.
Laue, diffraction of X-mY8, 530.
Lebedew, 672.
Le Chatclier pyrometer, 447.
Length, units of, 7.
1.enaeIl, forms of, 577; thick, 586;

achromatic, 592; formula, 579,
581,583.

Lenz' law, 483.
Leve18urface, 114
Lever, 49.
Leverrier, 2.
Leyden jar, 379; dissected, 384;

analogy, 383; battery, 384.
Light, rectilinear propagation, 542;

intensity, 543; standards, 547;
theories of, 554.
vibrations in, 654.

Lightning, 396-398.
Linde, liquid air, 305.
Lines of force, electric, 377; mag

netic, 325; number of, 337.
Lippman, electro,meter, 416.
Liquefaction of gll./les, 303-306.

Local action, 417.
Lockyer, 537.
Lodestone, 320.
Lorenz, 540, 671.
Lubricants, 47.
Lummer, 317, 318.
Lummer-Brodhun photometer, 546.

McLeod gauge, 135.
Mach, 66.
Machines, 48; electric, 355, 364.
Madgeburg hemisplLeres, 124.
Magnetic needle, declination, dip,

331.
Magnetomotive force, 455.
Magnets, shape, 340; by induction,

342; power, 347.
Magnifying glllSll, 603.
Manometric flames, 207.
Marconi, 621.
Mariner's compass, 320.
Mariotte's law, 128; experiment,

130.
MlI8S, 21; and weight, 63; earth, 106;

planets, 106.
Matter, 4; states of,S; conservation

of, 6.
Maxwell, 175, 326, 375, 519, 524,

671.
Maxwell's theory of light, 524, 556,

671.
Measurement, 6.
Mechanics, 10.
Megaphone, H17.
Melting points, 282, 307.
Metallic luster, 629.
Meter, 7; in wave lengths, 639.
Michelson, 553, 638, 639.
Microfarad, 493.
Micl'OBCOpe, 604; objective, 606.
MiUikan, elementp,ry electric charge,

364.
Minimum deviation, 576.
Mirage, 575.
Mirror, plane, 558; concave, 560;

convex, 564; parnbolic, 567.
Modulus-of eltt.l~ticity, Young's, 157.

•
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Mohr's balance, 121.
Molecular f01"OO8, 148; equilibrium,

149; magnitudes, 176.
Moll aM Van Buk. 186.
Moment, of force, 31; of inen.ia, 92-

96; magnetic, 327.
Momentum, 58. 68.
Mwdey, atomic numbel'B, 531.
Motion, laws of, 18, 23, 58; velocity

constant, 60; acceleration con
stant, 60: aimple harmonic,
81-85.

Motors, electric, 502; D. C., 502
50'; A. C., lilI; three-phaee,
513.

Muuchenbrook, 379.
Musical, intervals, 229; lICalea, 230.

Neptune, discovery of, 2.
NeTJJtfm, Sir Itt:IIM; 19, 23, 103, 182,

188, 554, 589, 628, 634.
Newton's color wheel, 628; rings,

634.; wave formula, 188, 683.
NidwU and HvU., 672.
Ni.chtJU, E. F., 312.
Nicol's prism, 660.
Node. and loopa, 212; in cord, 212;

organ pipes, 218, 219; light, 639.
in electric waves, 520.

Noi8e, 195.
Numerical aperture, 606.

Ocular, Bee eye-piece. 605.
OtTllfed'lI, piezometer, 154:discovery,

405, 447.
Ohm, the, 409, 492, 493.
Ohm', law, 409, 427.
01attDali, 304.
On,,",306.
Optical in.lltmmenf4, 596; reeolvins

power, 64.5•.
Optica, geometrical and phyBical,

557. .
Organ pipes, 217-224.
Oscillation, center of, 97; period of

magnet, 32i.
Oecillatory dieeh&lJfl, 396, li1e.

•

Osmotic pressure, 162.

Parallel forces, 33, 34.
Paramagnetic, 345.
Pa.scal's principle, 111.
Pa~hll of « and fJ partielell., 534.
Peltier effect, 445..
Pendulum, simple, 85; clock, 87;

conical, 79; physical, 96.
Penumbra, 543.
PercU88ion, center of, 97.
Permeability, magnetic, 341, 4.52;

diamagnetic, 34.5.
Pt:rrin, Brownian movement, 177.
Phue of wavell., 179; elJeet on BOund,

233.
Phosphorescence, 630.
Photographic camera, 597.
Photometry, 544-54.6.
Physical sciences, 1; aim of, 1.
~,623.

Pigment&, eolor of mixed, 628.
Planck, quantum theory, 319.
Plane of polari.-tion, 657.
PlanM storage cell, 4.21.
Polarization, electrolytic, 414, 417.,
Polarization, of light, 653-661; fig--

urea, 669; angle or, 656.
Polarised light, plane, 653; elliptical,

667; vibration direction, 658.
Polarizer and analyser, 654.
PolC6, magnet, 321; unit, 326;

earth's magnetic, 332.
Potential, elootric, 368-371; unit,

371, 407; formula., 389; drop in
circuit, 425, inatromenta, 372,
373, (68, 4.69.

Pound,8.
Poundal, 59.
Power, 40, 436.
Preeession, WI, 102.
PrC8llure, fluid, 110; gauges, 135,

136; in gall, 174; of light, 672.
Prft103l, 315.
Pring3heim, 318.
Priam, 575; deviation, 576; disper

sion, 689; polarWng, 660.



692 INDEX

Prism binoculars, 610.
Projectiles, 100: path 0(, 72.
Projecting lantem~599.
Pumps, 137.
Pyrometers, 245.

Quality of sound, Of timbre, 201,
205; of etrinp, 217.

Quantum thec.7. 319.

Radiating and absorbing powers, 315.
Radiation, 277, 312; black.body,

316; laws of, 316, 317; Bohr's
theory of, 619.

RadiolLCtivity, 532.
Radiometer, Crookes', 314.
Radiomicrometer, Boys', 447.
Rainbow, 594-5!l6.
RaYIl, 556; alpha, beta, gamma, 533.
~flection, of waves, 190: of sound,

193; of light, 557, 558; total,
572.

Refraction, 192; of light, 568, 670.
Refrigerating machines, 297.
Regnault, 186-
Reluctance, 455.
Re6istance, electrical, 408; unit of,

409: specific. 429; thermometer.
434.

Resistivity, 430.
Resonance, electrical, 516, 511.
Resonators, 202, 203.
Reversible operation, 677.
Righi, 521.
Rigidity, 156.
Ripples, 181.
Rods, vibration of, 225.
ROntgen roys,529; charncteristic,53l.
Ramer, velocity of light, 548.
Rood;-Whitman, flicker photom£'ter,

546.
Rope and pulley, 48.
Rotary magnetic field, 511.
Rotating magnet, 461.
Rotation of polarization, 664; by

magnet, 670.
Rotation of rigid body, 10, 87.

•

I

Rowland, 271, 450, 651.
Ruhmkorff coil, 487.
Rum/ord, 269; photometer, 544.
RU88eU, 624.
Rutherford, 536; theory of atomic

structure, 539; and Soddy, 537.

•
Savart's wheel, 197.
Screw, 51.
Seilond, mean solar, 8.
Seebeck, 442.
Seibt, resonance expt., 51S.
Self-induction, 485; coefficient, 485;

unit, 493.
Sensitive flames, 208.
Series, electric, 351.
Shadow, 543.
Shunt, galvanometer, 429.
Simple harmonic motion, 81-85.
Siphon, 137.
Siren, 197.
Slide wire bridge, 433.
Snell's \.a.w, 569.
Soap films, 167, 171.
Solenoid, 450; ring, 451.
Solution, 160, 16l.
Sound, analysis of, 204; synthesis of,

204; waves, 183, 185; velocity
of, 186, 188.

Spark potentials, 525.
Speaking, tubes, 196; trumpet, 197.
Specific gravity, 120; bottle, 122.
Specific heat, 261; table, 262, 267;

of gases, 266, 274.
Specific inductive capacity, 353, 382.
Spedaeles, 602.
Spectra, kinds, 617; produced, 618;

fluted, 61B.
Spectrophotometer, 626.
Spectroscope, 613; absorption m,

616.
Spectroscopy, astronomical, 621.
Spectrum analysis, 618.
Spectrnm, 612; energy, 616; visible,

615; complete, 615.
Spirit level, 116.
Standing waves, 212, 213•
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Statics, 10,24.
Steam, gauge, 136; engine, 307; tur-

bine,309.
Stefan, 316.
&ewort, Balfour, 316.
Stewart-Kirchhoff law of radiation.

315.
Sl6ku, fluorescence, 630; law, 630.
Storage cells, 421.
Stonm, magnetic, 335.
Strain ellipsoid, 151.
StretlS and Itrain, 151; stretlS, 22.
Strings, vibrations of, 211-217.
Sublimation, 297.
Sun temperature, 318-
Surface of rotating liquid, 114.
Surface teJl8ion, 163; table, 165;

prellSure, 166; ellergy, 166.
• Svmmer, 375.

Telegraph,472
Telephone, 489.
Telesoopee, 607-610.
Temperament, 230.
Temperature, 238-240; absolute

seale, 256; and IUnetic energy,
275.

Terrestrial magnetism, 33(}-336.
Thermodynamics, laws of, 677, 670.
Thermo electricity, 442-447.
Thennopile, 443.
Thermometers, 239-245.
TboUl.8OD, thennoeleclrie effect, 446.
TlIollUOft, J. J., 528, 529, 539, 540.
Timbre, or quality of BOund, 201,

205.
Time, mean BOlar, 8.
Toepler.Holtz: electrical machine,

365.
Tones, simple and complex, 203;

differential, 234.
Top, motion of, 100.

. Torque, 33,

Torricelli'll, experiment, 123; theo
rem, 143.

Trall8formcre, 5OD, 510.
Translation, 11, 88.

Trall8lucent, 541.
Trall8misaion of power, 504.
Triple point, 300.

Tubes of loree, magnetic, 337;
electric, 371.

Tuning Cork, 226.
Turbine, water wheel, 140; steam,

309.

Umbra, 543.
Units, C. G. S., 7; electromagnetic,

492-493; electroetatic, 353, 371;
heat, 261; magnet pole, 326.

Vacua, 135.
Vall dn WaaU, 131.
Vapor, prC88ure or tell8ion, 289-294;

saturat-ed, 289.
VaporiutioD, 288; hea.t of, 294.
Vectors, II, 13.
Velocity, 13-15;'angular, 89.
Velocity of light, 548; in water, 553;

in CS" 570.
Velocity of lIOund, 186-188.
Velocity of water waves, 181; waves

in cord, 213.
Vena contracta, 143.
Vibration8, reeorded, 199; combined,

206, 216; aympathetic, 202; of
8imila.c Systemll, m.

Vibratory motion, 81.
Viseosity, 109, 158.
Vision, 541, 600.
Volt, 408, 492, 493; defined, 408;

virtual, 507.
Volta, 400.
Voltaic pile, 401; cell, 402.
VoltH.meter, 415.
Voltmeter; 468; elecl.l'Olltatie, 469.
V08lI-Holtl, electrical mach.ine, 365.

Water, waves, 178; whecl.s, 140.
WaU, .35.
Watt meter, 470.
Wave lengths of light, 651; mea

sured,650.
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Wave, motion, 178; formula de
rived, 683; surface, 671.

Waves, surface, 178; compressional,
182; in cord, 211; electric, 516
524.

Wehnelt interrnpter, 488.
Weight, 4, 21, 63; in vacuo, 127.
Wheatstone's bridge, 432.
Wien, displacement law, 318.
Wiener, 639.
Wilson, C. T. R., paths of a par

ticles, 534.
Wiroshurst electrical machine, 366.
Wind, instruments, 224; sound in,

194.

•

Work, 39; against friction, 42;
principle of, 49; unit, 60; of
compression, 673 j in cycle, 676.

Wroblew8ki, 304.

X-rays, 529; chameteristie, 531;
diffraction of, 531.

Young, Dr. TIunrnu, 157, 216, 631,
632, 636.

Young-Helmholtz color theory, 631.
Young's interference experiment,

632.
law, 216; modulus, 157.

Zeeman effect, MO, 671.
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