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FROM THE PREFACE TO THE FIRST EDITION

THERE is a diversity of opinion as to the value of text-books
in the teaching of Science, and of practice as to their use.
Prof. Armstrong has urged that ““ each child should write its
own text-book and be taught to regard it as a holy possession "’ ;
and in a few schools this exalted doctrine is accepted in theory
if not in fact. The principle is sound enough when applied
by the private tutor (and the authors have no desire to belittle
it) but it cannot be adapted satisfactorily to the work-a-day
conditions of science teaching in schools where a large number
of pupils of varying capacity and limited resource are receiving
instruction in classes. In most cases, the time available for a
science course will not permit the go-as-you-please pace
postulated by some educational reformers as essential to good
work, even if it be assumed that each pupil not only realises the
necessity of working out his own intellectual salvation but is
capable also of constructing his own road to it. How few
pupils there are who possess the motive and purpose required
for successful scientific study without assistance from a text-
book is known only to the practical teacher.

Text-books may not be essential in the early work in science,
but after pupils have acquired some familiarity with the
scientific method it is desirable to fix ideas by more systematic
study. Without practical experience there is no real scientific
knowledge ; but, on the other hand, unless ldboratory work is
accompanied by descriptive reading or lectures, it usually ends
in a nebulous state of mind equally dispiriting to the teacher
and pupil. The study of science is best encouraged by a right
combination of experiment, discussion, and reading, and the
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Vi PREFACE

only limit to the amount of either is that of time. The
exigencies of the school time-table do not permit the pursuit of
an indefinite course of practical work or the leisurely consulta-
tion of authoritative treatises upon the subjects under con-
sideration. For this reason books are demanded which present
more or less concisely the essential principles of a branch of
science and weave the scattered threads of thought into a
fabric of definite pattern and reasonable dimensions.

It is not pretended that this volume is other than a text-book
designed to facilitate the work of the teacher and concentrate
the attention of the pupil: its purpose is not so much to
inspire as to instruct. Between the prolix popular work, the
treatise for reference, and the students’ manual there are sharp
lines of distinction ; and though each has a place in scientific
literature their respective merits must be judged by different
standards. A text-book should be concise in description and
precise 1n instructions for practical work : it should provide
not only substance and guidance for study, but also exercises to
test the increase of effective mental equipment and to cultivate
the art of clear expression. In class teaching it is not sufficient
to prescribe topics for reading or experiment : there must be
some means of determining whether the work has been per-
formed. A well kept record of laboratory experiments is
doubtless an excellent index of progress made, but unless it is
supplemented by exercises intended to test the ability to apply
the results and conclusions arrived at to the solution of related
problems, and the interpretation of wider experience, it may
prove to be a vain thing. Such a record is a measure of the
kinetic energy of a pupil’s laboratory performances but not of
the extent to which the energy has been transformed into
potential power. It is good discipline and helpful teaching,
therefore, by oral or written questions to make a periodic
valuation of the capacity of students to comprehend the full
meaning of the work done.

Considerations of time and space determine the scope of a
science course and of a text-book ; and in neither case should
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sins of omission be judged so severely as those of commission.
In most British schools the chief work in science consists of
the subjects of fundamental physical measurements and heat
included in Parts I., II., and IIIL. of the complete volume.
Practical 'acquaintance with these aspects of Physics is a
necessary preliminary or accompaniment to the successful
study of physical or chemical science ; and this must be the
excuse for the apparently excessive amount of space devoted
to them. Light, Sound, Magnetism and Electricity are
regarded now as special subjects to be taken up selectively
after a foundation has been laid in physical principles. Local
circumstances and the requirements of examining bodies
decide which of these subjects shall be studied, but in any case
it is hoped that a satisfactory first course of systematic work
will be found in the following pages.

In almost every case the exercises at the end of the chapters
are from papers set at various examinations. It will be
noticed that these questions are frequently of the nature of
problems to be solved—either practically or otherwise—and
cannot be answered by the mere repetition of the substance

of the text preceding them.
R. A. GREGORY.

H. E. HADLEY.

PREFACE TO SECOND EDITION

WaeN the Indian edition of our Class-book of Physics was
first published in 1912, the opportunity was taken to make a
few changes and additions which seemed to be required in
certain sections of the book. The chief differences between
the English and the Indian editions were, however, in Parts
VI., VII. and VIII., devoted to magnetism and electricity.
These Parts were greatly expanded for the Indian edition,
and typical examination papers set at some of the chief
Universities of India were added.
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Since that time very remarkable developments have been
made in physical science, and it became necessary almost to
rewrite Parts VI.-VIII. of the English edition in order to
make them represent more closely modern conceptions of
magnetic and electrical phenomena and their applications.
These revised Parts have now been introduced into the
Indian edition, and it will be noticed that they include such
subjects as electrons, structure of atoms, radio telegraphy
and telephony, and many others which have almost become
part of everyday life and thought.

The system of School Leaving Certificate Examinations now
largely determines the scope of the work done in Secondary
Schools in Great Britain as well as in India. The exercises
at the ends of chapters are, therefore, mostly selected from
papers set at such examinations. In order to bring the book
into touch with requirements in India, a large number of
questions of this standard has been added at the end of this
book in groups of subjects ; and also questions from Inter-
mediate papers, as well as several typical papers set at Inter-
mediate examinations of Indian Universities. Answers are
given to questions in which numerical results are required ;
and where any points raised are not sufficiently covered by the
text, supplementary explanations are provided with the
answers. It is hoped that the new chapters, and the additional
questions and answers, will increase the value of the book to
students preparing for School Leaving Certificate Examinations

and for Intermediate Examinations.
R. A. GREGORY.
H. E. HADLEY.
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PART 1.
FUNDAMENTAL MEASUREMENTS.

CHAPTER L
MEASUREMENT OF LENGTH, ANGLE, AND TIME.

Units.—The science of physics is based largely upon exact
measurement ; and to render such measurements intelligible
they must be stated in terms of convenient or conventional
standards. Thus, to express the magnitude of any measurable
quantity by a number, it is necessary to decide upon a unit,
such as a unit of length, surface, volume, weight, or time, us
the case may be, with which the measurement obtained may be
compared. What are known as fundamental quantities are
length, mass and time, and from units based upon these other
physical units are derived.

MEASUREMENT OF LENGTH.

The British and Metric systems of length.—In the British
Empire the standard of length adopted is the length between
two marks on a certain bronze bar deposited with the Board of
Trade, the bar being at a certain fixed temperature when the
measurement is made. This length is quite arbitrary and is
called a yard (yd.). The yard is subdivided into three equal
parts, each of which is a foot (ft.). The foot is divided in its
turn into twelve equal parts, called inches (in.).

In France and many other countries, and for scientific work
generally, what are known as metric measures are used. The
standard length in this system is the metre, or the distance at

G.H. P. A ¢



2 FUNDAMENTAL MEASUREMENTS

a particular temperature between the ends of a certain platinum
rod deposited in the national archives at Sévres. This standard
is equal in length to 39-37079 inches. The metre is subdivided
into ten equal parts, each of which is called a decimetre, the tenth
part of the decimetre is called a centimetre, and the tenth part
of the centimetre is known as a millimetre. Thus we get
10 millimetres (mm.) = 1 centimetre (cm.).
10 centimetres
100 millimetres}
1o decimetres l
100 centumnetres
1,000 millimetresJ
The multiples of the metre are named deka-, hekto-, and kilo-
metres, Their value is seen from the following table :
10 metres = 1 dekametre.
100 metres = 1 hektometre.
1,000 metres = 1 kilometre.
(V.B.—Dekametre and Hektometre are spelt Decametre and
Hectometre frequently.)
The kilometre is equal to about five-eighths of a mile.

= 1 decimetre (dm.).

= 1 metre (m.).

%ﬁﬁ?ﬁé sﬁﬁ%é I

F1G. 1.—British and metric scales.

Exact relations between measures in the British and Metric
systems of units are shown in the following tables, and also
in Fig. 1:

METRIC TO BRITISH. BrITISH TO METRIC.
1 centimetre

©0-394 inch. 1 inch = 2.54 centimetres.

1 metre = 39:370 inches 1 yard = o-914 metre.
. = 1.094 yards. 1 mile = 1609-00 metres
1 kilometre = 0-621 mile. = 1.609 kilometres.
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METHODS OF MEASURING LENGTH.

Measurement of straight lines.—As an example we may
consider the measurement of the dimensions of a rectangular

wooden block by means
of an ordinary wooden
scale divided into inches
and tenths or into centi-
metres and millimetres.
The following precautions
must be observed :

(a) The scale must be
keld so that the divisions
are actually in contact with
the line o be measured
(Fig. 3). This precau-
tion is necessary in order
to avoid errors due to
parallax, which can be
understood by reference to
Fig. 2, where the scale

F1G. 3.—Correct way to use a scale.

reading of the point a evidently depends upon the position of

the observer’s eye.

(6) The zero end of the scale must not be used, since the end
is frequently more or less worn away: some definite division,
other than the zero, of the scale should be used (Fig. 3).

(¢) Since the position of the point under observation may not
coincide with any one division of the scale, 7# 75 necessary fo

F1G. 4.—Method of measuring the diameter of a sphere.

estimate fractions of a
scale division ; thus the
scale reading of the point
6 (Fig. 3) is between
2:6 and 2.7, and by re-
garding each division as
divided into 10 equal
parts, it is evident that
the reading is expressed
more accurately by the
number 2-63.

Fig. 4 indicates a
method of using a rigid

scale for the measurement of the diameter of a sphere.
Measurement of curved lines.—All curved lines can be re-
garded as made up of a very large number of straight lines. If
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an infinite number of such small straight lines could be taken,
there would be no difference between the sum of their lengths
and the length of the curved line (Fig. 5). The procedure is
as follows :

EXPT. 1.—By dividers. Open the dividers until the points are about
5 mm. apart ; make a fine pencil-mark on the curve and place one

ARVAR VAR

FiG. 5.—Curved lines produced by many short lines.

point of the dividers on the pencil-mark, place the second leg on
the curve, raise the first leg and rotate the dividers on the second leg
until it is on the curve and beyond the second leg; repeat this
process, while counting the number of lengths measured by the
dividers, until the end of the curve is reached. Any portion of the
curve, less than 5§ mm., which remains, must be measured separately
by readjusting the dividers. The length of the curve is given Ly
the product of the distance between the divider points and the number
of lengths measured by the divider.

EXPT. 2.—By cotton thread. Cut one end of a piece of cotton thread
cleanly with scissors, and place the end in contact with a pencil-mark
on the curve (Fig. 6). Make
the thread coincideas nearly
as you can with a small
part of the curve, and place
the nail of the first finger
of your right hand upon it.
Now release your left-hand

F1G. 6.—Measurement of a curved line. finger and carefully place

it at the point where your

right-hand finger is held ; then, using your right hand, go on to make

some more of the thread exactly coincide with another small length

of curve. Repeat this until you have completed the whole curve.
Measure the length of thread with a mm. scale.

EXPT. 3.—By a strip of paper. Wrap a strip of paper closely round
a wooden cylinder (Fig. 7), and make a small hole with a pin at a
place where the paper overlaps. Unroll the paper and measure the
distance between the two holes. This gives the distance round the
cylinder, that is, its circumference.

EXPT. 4.—Circumference and diameter of a circle. Cut out from a
sheet of thin cardboard two discs of 4 cm. and 6 cm. radius. Make
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a pencil mark near to the edge of each disc; place one of the
discs in a vertical position with its pencﬂ mark touching an
observed division of a milli-
metre scale; roll the disc
along the scale until the
mark again touches the
scale. The difference be-
tween the two scale read-
ings gives the length of
the circumference of the
disc. Determine the cir- F1G. 7.—Measurement of the circumference of a
cumference of the other cylinder.

disc in the same manner. Tabulate your results, thus:

Circumnference

Diameter. Circumference. Pt
Diameter.

I.
2

The ratio, in the last column, should be a constant quantity :
it is usually denoted by the Greek letter . Hence

length of circumference =1 x diameter =2 x radius.

The vernier.—This device enables lengths to be measured
accurately to a given fraction of the shortest division on the
scale used. The method was devised by Paul Vernier in 1630:
it consists in the addition of a second scale, the divisions of
which bear a simple relationship to those of the standard scale
with which it is used. The simplest vernier scale is one which
enables lengths to be read to
1o of a scale division; and,
in this case, the vernier scale
is constructed either by divid-

FiG. 8.—Use of a No. 1 vernier. ing ¢ divisions of the standard

scale into 1o equal parts, or

by dividing 11 divisions of the standard scale into 10 equal

parts. The former, which is more usually adopted, is termed
a No. 1 vernier, and the latter a No. 2 vernier.

Fig. & represents the method of using a No. 1 vernier for
measuring the length of an object A: M is an inch scale divided
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into tenths, and V is the vernier scale. The length of A is
evidently between 1 inch and 1-1 inch; and the vernier scale
enables the amount by which the length exceeds 1 inch to be
measured accurately. It will be noticed that the divisions of the
two scales coincide at one point only, which is, approximately, the
4th of the vernier scale. Since 1 division of scale V is equal to
+5 of one division of scale M, ze. to o-09 inch, the 3rd division
of V is o-o1 inch in advance of the division 1- 3 on scale M, and
the 2nd division of V is o-02 inch in advance of the division
1-2 on scale M,
the 1st division of V is o-03 inch in advance of the division
1-1 on scale M,
the zero division of V is 0-04 inch in advance of the division
1-0 on scale M.
The last quantity, o-04 inch, is the fraction of a division which
had to be measured. Hence, the length of A is 1-04 inches.
An alternative method of reasoning is as follows:
The length of A +the length of 4 vernier divisions = 1-4 inches.
Hence, the length of A=1-4— (4 x 0-09)
= 1-04 inches.

It is evident that the following rule may be adopted in using
such a vernier scale: Note where divisions on the two scales
comncide [ the number attached to the division of the vernier scale
which coincides gives the
numeral in the second place
of decimals.

It may be desired to
use a vernier reading to a

F1G. 9.—Use of a No. 2z vernier. smaller fraction than 1/10

of a scale division ; in this

case, 19 scale divisions may be divided into 2o equal parts, giving

a vernier-scale reading to 1/20 of a scale division. Generally

speaking, in order to read to 1/z of a scale division, (#-1)
divisions must be divided into # parts.

Fig. ¢ represents a No. 2 vernier, in which each division of
the vernier scale is equal to 1-1 divisions of the standard scale
M. It will be noticed that the divisions on the scale V are
numbered from right to left. If the 4th division on scale V
coincides with a division on scale M, then

the length of A + the length of 6 vernier divisions = 1.7 inches.

Hence, the length of A=1-7-(6xo0-11)

= 1-04 inches.
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The same rule, therefore, as given above when using a No. 1
vernier, may be adopted in the case of a No. 2 vernier, providing
that the scale divisions are numbered in the reverse direction.

The slide calipers.—Fig. 10 represents a simple form of slide
calipers. The calipers consist of a thin steel rod with a jaw A

F16. 10.—Slide calipers.

fixed at one end; B is a movable jaw with a vernier scale V
which traverses a scale etched on the steel rod. The movable
jaw can be fixed by means of the screw T. When the faces of
the jaws are in contact, the zero division of the vernier scale
should coincide with the zero division of the fixed scale. The
dimensions of an object are measured by noting how far the
zero division of the vernier scale has moved along the fixed scale
when the jaws have been separated until the object is jwsz touched
by the faces of the two jaws. Before taking a measurement, it
is necessary to note whether the fixed scale is divided into
millimetres or into parts of an inch, and to what fraction of a
scale division the vernier is intended to read. The instrument
shown in Fig. 10 has both metric and British scales.

The screw-gauge.—The screw-gauge (Fig. 11) furmshes a very
accurate means for mea-
suring the dimensions of m‘
small objects. It con- |&
sists of a fixed frame F,

attached to which is a
hollow cylinder C. A

screw thread is cut on
the inside surface of C. FiG. x1.—Screw-gauge.
The shaft Sis the continuation of a screw which travels along the
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threads cut within C; and a sleeve S, is attached to the head H
of the screw. The edge S, of the sleeve is divided into a definite
number, usually 50 or 100, of equal parts. The end of the shaft
S is a truly planed surface Q, and a similar surface P is obtained
on the end of a fixed screw f carried by the other limb B of the
fixed frame. The screw f is adjusted, once for all, so that, when
the edge of S, coincides with the zero division of the scale on C
and when the zero division of the scale S, coincides with the
base line of the scale on C, the two plane faces P and Q are in
contact.

Before taking a measurement, it is necessary to observe
whether the scale on C is divided into millimetres or into tenths
of an inch. The pitch of the screw S—i.e. the distance through
which Q advances or recedes by one complete rotation of H—
must then be determined. This is obtained by observing whethet
one division, or only 4a/f a division, of the scale on C is un-
covered when H is rotated backwards by one complete revolution.
Finally, the scale-value of one division of the scale S, is required.

As a general rule, the pitch of the screw S is o-5 mm., and S,
is divided into 50 equal parts; hence 1 division of

S, =% X 0-5=0-01 mm.
The object to be measured is placed between the faces P and Q,
and the milled head H is rotated until the object is Zgkt/y gripped
between the faces. The readings of the scales on C and on the
sleeve at S, enable the size of the object to be measured.

The spherometer.—The principle of this instrument closely
resembles that of the micrometer screw-gauge. The instrument
consists of a tripod, the legs of which are of equal length and
are adjusted relatively to each other so that the three points
occupy the corners of an equilateral triangle. A fine screw,
which works through the centre of the tripod, terminates above
in a milled head and a large circular disc, the edge of which is
divided into 100 equal parts. A vertical scale, usually divided
into millimetres, is fixed to one arm of the tripod, and with its
divisions close to the edge of the disc.

Before using the instrument, it is necessary to determine the
pitch of the screw: this may be equal to 1 mm. or to o-5 mm.
This is done by reading the position of the disc’s edge on the
vertical scale, and then rotating the disc through an observed
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number of complete turns; the difference in the scale-reading
divided by the number of turns gives the pitch of the screw. If
the pitch of the screw is o-5 mm., and if the disc is divided into
00 equal parts, then 1 division of the disc is equal to o-o05 mm.

F1G6. 12.—Use of a spherometer.

In measuring the thickness of an object, the following pro-
cedure is adopted: Place the instrument on a truly horizontal
surface, e.g. a sheet of plate glass, and rotate the screw downwards
until its point sust touches the surface (Fig. 12); this is deter-
mined most accurately by placing the thumb and first finger
against opposite sides of one leg of the tripod, and endeavouring
to make the instrument rotate round the centre leg; if the latter
projects downwards too far the instrument readily rotates, but
if contact is not complete there is an unmistakable sense of
resistance to rotation. Having made this adjustment, take the
reading of the scale and disc. Now raise the screw considerably,
place the object underneath the screw point, and rotate the screw
downwards until contact is just made again. The difference
between the two sets of readings gives the thickness of the object.

The wedge.—The wedge gauge is useful in order to deter-
mine the internal diameter of a tube with a circular bore. A

H
0

F1G. 13.—Construction of a measuring wedge.

simple form may be made by cutting, from squared paper or
thin sheet metal, a right-angled triangle with a base 10 cm. long



10 FUNDAMENTAL MEASUREMENTS

and a perpendicular 1 cm. long, as indicated in Fig. 13. 1If the
acute angle is pressed into the tube until it occupies a diameter
of the bore, the diameter is given by % of the length of that
part of the base which has been introduced within the tube.

MEASUREMENT OF ANGLES.

Unit of angular measurement.—The general plan adopted in
measuring angles is to divide a circle into 360 equal parts, and
to call each part a degree (1°). Thus, a movable hand pivoted
at the centre of a circle has traced out an angle of one degree
when it has gone round yisth part of a complete revolution.
When it has performed one quarter of its journey round, it has
made an angle of ninety degrees, or a right angle, as it is called.

L

i

!

! ’

Plrvrty sy, 7)) Z
’ / d
lalrte /s s 7 7\,

3] rr i r - =
-~ [ ST A N SO T S | C i DI - -
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F1G. 14.—Semi-circular and rectangular forms of protractor, used for the
measurement of angles.

The minute hand of a watch or clock moves through 360
degrees in an hour, or ninety degrees in every quarter of an
hour, and this is true whatever the size of the timepiece. This
illustrates the important fact that the size of an angle is quite
independent of the length of the lines between which it is con-
tained. All circles contain 360 degrees. All right angles contain
ninety degrees, so there are four right angles to every circle.
In accurate measurement, parts of a degree are required, and
the sub-divisions used are that one degree (1°) equals sixty minutes,
and one minute (1') equal sixty seconds (60").
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The magnitude of an angle can be found by means of a pro-
tractor, two forms of which are shown in Fig. 14. The simplest
form is a semi-circle divided into degrees, but a more common
form is oblong in shape. The marks upon the edge of a pro-
tractor of this kind are obtained from the corresponding divisions
on a semi-ircle in the manner represented in the illustration.

MEASUREMENT OF TIME.

The earth’s rotation.—The apparent daily motion of the sun
and stars across the sky is a direct consequence of the earth’s
rotation on its axis. The sun appears regularly to go through
certain periodic changes of position. It rises, travels higher and
higher into the sky, reaches its highest position, sinks lower and
lower, and finally sets. When the sun is at its highest altitude
on any day it is over the meridian of the place of observation, and
lies in a true north and south direction. The interval of time
between the sun’s highest position on any one day and its corre-
sponding position on the next succeeding day is an apparent solar day.

Mean solar day.—The length of days measured by the sun
varies throughout the year, hence no single one of these days will
do for a convenient standard of time. But if the lengths of all
the days in the year be added together, or the length of a year
measured by the sun be divided by the number of days in the
year, we obtain an interval of time which is always the same.
Such a day, which is of course an imaginary one, is called a
mean solar day. Sometimes the mean solar day is longer than the
solar day, sometimes it is shorter, and occasionally both days are
exactly the same length. Solar time is known as apparent time,
and clock time as mean time.

Sidereal day.—As in the case of the sun, so it is with most
of the stars ; they rise, cross the meridian, and set. But whereas
with the sun the interval between two successive meridian passages
at the same place varies throughout the year, it is found that the
time which elapses between two succeeding transits of a star at
any season of the year is always the same. This interval con-
stitutes a star or sidereal day.

Period of rotation of the earth. —As the apparent motions of
stars across the sky are produced by the rotation of the earth,
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it is evident that the exact time of rotation can be determined by
finding the interval which clapses between two successive returns
of any particular star to the same point of the sky. A star may,
indeed, be regarded as a fixed reference mark under which the
earth turns ; so that by observation of it we are able to determine
the time taken by the earth to spin round once. The interval
between two successive transits of the same star, that is, a
sidereal day, is the time of such rotation. No matter which star
is selected for observation the interval is the same, thus showing
that the earth is a rigid body, and that all parts of its surface
have the same angular velocity.

Units of time.—The sidereal day, like the mean solar day, is
subdivided into hours, minutes, and seconds, but as the latter is
four minutes longer than the former, the units are not of the
same value. We may take either the mean solar second as the
unit of time or the sidereal second. In the former case, the unit
is founded on the average length of the solar day, and in the
latter upon the length of the invariable star day, or the time
of rotation of the earth upon its axis. But in either case the
second, that is, the unit of time, is the 86,400th part of the
day used.

In physical measurements the unit of time adopted is the
mean solar second, that is, it is the 86,400th part of the
average time required by the earth to make one complete rota-
tion on its axis relatively to the sun considered as a fixed
point of reference.

Instruments for measuring time.—We need only concern our-
selves with the modern contrivances for measuring time, viz.,
clocks and watches. It will be sufficient to regard these as in-
struments for measuring intervals of time in terms of the mean
solar day to which attention has been directed. In a clock the
rate is regulated usually by means of the pendulum, the properties
of which can be best understood by an experiment.

The simple pendulum.—A simple pendulum may be defined as a
heavy particle suspended by a weightless thread. An approximation
to this ideal is obtained by suspending a small metal sphere by
a very thin thread. In the arrangement represented in Fig. 15,
stoat cotton is zkreaded along the axis of a cork, which serves
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as the carrier for the pendulum. The éob consists of a truly
turned solid brass sphere through which a very narrow hole
is bored along a diameter ; this hole is bored out to larger size
for a short distance from one end. In fitting up the pendulum
the cotton is threaded through the bob, held with the wide end
of the bore downwards ; the cotton is knotted sufficiently for the
knot to pass sust within the wide end of the bore. The use of
a cork, as suggested, allows the more accurate
determination of the point of support; and the
length of the pendulum is varied readily by pulling
more or less of the cotton through the cork. The
diagram indicates how the length of the pendulum
may be measured by means of a metre scale and
a wooden cube. The true length of the pendulum

[rel}

is approximately the distance from the point of :
support to the centre of the bob; and this length 3
is best obtained by measuring the distance to the &

bottom of the bob and subtracting from this the
radius of the bob. In the following experiment a
cheap stop-watch is desirable.

EXPT. 5.—Length and rate of swing of a pendulum.
Support immediately behind the thread of the pen-
dulum a piece of cardboard on which a vertical pencil
line is drawn. Sit down in front of the pendulum,
and, using ome eye only, adjust the position of the
cardboard so that the thread exactly covers the
pencil line. Keep the eye in this' same position
during the following observation. Set the pendulum
swinging through a small angle not exceeding 15’
A single swing from side to side is termed usually a
vibration, and a swing-swang, or complete movement
to and fro, is an oscillation. The extent of a swing is
termed the amplitude of vibration. Note the time indi-
cated by the stop-watch, and start the watch just as ;
the thread is passing in front of the pencil line. F'¢, 1508 simple
Count the number of subsequent passages of the
thread until at least 50 vibrations have been completed, and stop the
watch at an instant when the pendulum is passing the pencil line.
Read the watch, and calculate the time interval between two consecu-
tive passages of the pendulum in front of the pencil line. Repeat
the experiment; and if this result differs from the first determina-
tion by more than o-o1 second, take a third observation. Measure
the length of the pendulum. Alter the length of the pendulum.
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and determine the time of vibration again in the same manner.
Repeat this for different lengths, varying from 20 cm. to 120 cm.
Tabulate the results thus:

Length. Time of vibration. 4 Length. - Le_ggt_h___‘
Time of vibration

Plot on squared paper the lengéh and the #ime of vibration,
taking the latter as ordinates. Similarly plot the ~/ZengZ% and the
time of vibration, or length and time:. From the curves obtained
deduce the relationship between the time of vibration and the length
of the pendulum.

The following readings were obtained with a simple pendulum
constructed in the manner described above :

Length. Time of vibration. Length. Time of vibration.
20 cm. 045 sec. 88 cm. 0-94 sec.
30 5, 055 5 95 » 098

42 0'65 ” 10z 1-01

55 » 074 115 o 107

70 » 0835 4 130 1-14

Fig. 16 represents how these readings may be plotted on
squared paper. Two axes, OX and OY, are drawn at right angles
to each other, with the point O near to the left-hand bottom
corner of the paper. The line OX is called the axis of abacissae,
and OY the axis of ordinates. For the purpose of the present
experiment, the horizontal scale along OX is taken to represent
the Zength of the pendulum, and the scale along OY is taken to
represent the time of vibration.

In the diagram, each division of OX represents 2z cm., and
each division of OY represents o-02 sec. In general, the value
attached to each scale division should be chosen so that the
lengths of the two scales utilised for plotting the observations
are nearly equal, and so that the lengths are as great as the
paper will allow.

Bearing in mind the simplicity of the apparatus, the liable
error of observation, and the possibility of irregularity in the
squared paper, it cannot be expected that all the plotted readings
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may coincide with the curve (or straight line) which represents
a theoretically accurate result. Having plotted the points
which indicate the observations taken, a line should be drawn
which, as nearly as possible, passes through each point.
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F1G. 16.—Graphical representation of the relation between the length and time of
vibration of a simple pendulum.

ExPT. 6.—Amplitude of swing. Draw the pendulum ball aside, say
ten inches from the vertical, and find the times required to complete
twenty swings. Then draw it only three inches aside and again
find the time of twenty vibrations. Hence determine whether the
time is independent of the amplitude.

ExpT. 7.—Mass of pendulum bob. Determine the time required for
a certain number of swings when balls of the same size and shape,
but different masses, are suspended from the same length of thread
It will be found that within certain limits the mass of the bob does
not affect the rate of swing.
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EXERCISES ON CHAPTER 1.

1. Convert 1 kilometre to yards, feet, and inches.

2. Mont Blanc is 15,780 ft. high. Express this in metres (to 1
place of decimals).

3. How many pieces of string, each 2-8 metres long, can be cut
from a length of 6780 cm. ? What length would be left over ?

4. If the height of a column of mercury is 760 mm., what 1s it
in inches ?

5. What fraction is () 1 mm. of 1 inch, (b) 1 decimetre of 1 foot,
(¢) 1 centimetre of 1 inch ?

6. Measure the length of this page in inches and centimetres,
and use the results to find the number of centimetres equal to one
inch

7. What is meant by a unit of length, and why is it necessary to
have such a unit ?

8. Measure the length of three straight lines in inches and in
centimetres, and calculate the mean value of oneinch in centimetres.

9. Draw a circle and measure the lengths of the circumference
and the diameter. How many times does the circumference con-
tain the diameter ?

10. Measure the diameter and circumference of a cylinder, and
calculate the ratio of the diameter to the circumference.

11. Construct a vernier to read to one-tenth of a scale division.

12. Construct a graduated wedge to measure the diameter of a
small tube.

13. Draw a triangle and measure the value of each of its angles
1n degrees. Find the sum of the three angles.

14. Draw two lines crossing one another at any angle. Measure
the four angles thus obtained and find their sum.

15. What is the difference between an apparent solar day and a
mean solar day ?

16. What is the unit of time and how is it related to the period
of the earth’s rotation ?

17. Describe a simple pendulum, and state the relationship
between its length and the rate at which it swings.

18. What is sidereal and what is mean time ?

19. What do you understand by ‘ amplitude ’ and time of swing
or oscillation as applied to a pendulum ? What relation exists
between time of oscillation and (a) the amplitude, (b) the length
of the pendulum ?

If the time of oscillation of a pendulum 100 cm. long is ¢ sec.,
state the time of oscillation when (1) the amplitude is doubled,
(2) the weight of the bob is doubled. What must be the length of
pendulum whose time of oscillation is ¢/2 sec. ?
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MEASUREMENT OF AREA.

Area.—In order to express an area (or, extent of surface) i
is not sufficient to measure one length only; two lengths must
be considered, viz. length and width. We may select any
unit of surface, ¢.g. a sheet of foolscap paper; and the area of a
surface, such as a table-top, might be measured by determining
how many similar sheets were necessary in order to cover com-
pletely the top of the table: the number of such units required
would be given by multiplying the number of sheets in each
row by the number of rows. In practice, instead of using such
an arbitrary unit, we use units derived from the standard units
of length, viz. the square foot or the square centimetre, according to
whether the British or metric system is used.

EXPT. 8.— British and Metric Measures of Area. Draw a square deci-
metre and divide it into square centimetres. Prove, by counting, that
the area of the square is equal to its length multiplied by its height.
Now draw two or three oblongs and determine their areas by means
of this rule. Determine the areas of the square and oblongs both in
square inches and square centimetres, and use your results to find the
number of square centimetres in one square inch, thus :

Area of a given rectangle | Area of same rectangle in Square Cf’“ﬂﬁ‘ﬁ
in square inches. square centimetres. Square inches

Verify your results by calculation from the relation 1 inch=2:54 cm.

Errors of observation.—The student should bear in mind that

the unavoidable errors in measuring a length are augmented
G.H. P, B
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considerably when two such observed lengths are multiplied
together, and that the product of the lengths may be greatly
in error. Thus, in using a millimetre scale for measuring a
straight line 1 inch long, it may be judged to be 2-54 cm. long;
but the last digit is es#imafted only, and a second reading of
2-55 cm. might appear to be equally trustworthy. The Zabl
error of observation would be 1 in 250, or 0:4 9. The area of
a square inch, calculated from such readings, would be either
6-4516 sq. cm. or 6-5025 sq. cm., and the liable error would be
about 5 in 650, or 0-75%. Hence the liable error is increased
very much, and it is evident that any figures beyond the third
significant digit are ltotally untrust-
worthy, and therefore they should not
be written when stating the resull of
an experiment.

Measurement of irregular areas. —
The following exercise will explain
the method of using squared paper :

EXPT. g.—Areas by squared paper.

v Trace out an irregular figure, as shown
.4 in Fig. 17, on squared paper. Observe
4R carefully the area of each small square:

paper divided mto 35 sq. inch is used
most frequently. Count the number of
) L complete small squares enclosed within
FiG. 17—Determination of the area .
of an irregular figure. the figure ; if more than half of a square
is inside the boundary count it as one
square, but neglect it if less than half is inside the figure.

If the student is familiar with the use of a balance, the result
may be verified by cutting out in thin cardboard (i) the same
area, and (ii) a 2-inch square from the same material. These
two areas are weighed, and the areas will be found proportional to
their weights (see p. 37).

MENSURATION OF GEOMETRICAL FIGURES.

EXPT. 10.—The parallelogram. Cut out two cardboard parallelo-
grams ABCD, EFGH (Fig. 18) and draw a line from D perpendicular
to BC, and from G perpendicular to EF. Cut off the two triangles
DCL, GMF, and place them so as to convert each parallelogram into
a rectangle.



MENSURATION OF GEOMETRICAL FIGURES 19

Evidently the area of each complete figure is the same whether
the triangle is in one position or the other. In other words, a
parallelogram has the same area as a rectangle on the same base
and having the same altitude, or perpendicular height.

D

F1G. 18.—Every parallelogram can be .considered as a rectangle.

The area of a rectangle (p. 17) is equal to the base multiplied
by the height ; hence,
area of a parallelogram =base x perpendicular height.
This statement may be tested by the following exercise :

EXPT. 11.—Draw any parallelogram, such as ABCD (Fig. 19), on
squared paper. Count the number of squares, and state its area in
sq. cm.

%

~B

N A i

Fi1G. 19.—Measurement of the area FiG. 20.—A parallelogram can be cut
of a parallelogram. into two equal triangles.

Verify this result by calculating the area from measurements of the
base and the perpendicular height, taking (i) DA as base, (ii) CD as
base.

EXPT. 12.—The triangle. Draw a parallelogram on paper or thin
card, and then cut it in two from corner to corner. You have now
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two triangles, and by laying one on the other it will be’ found that
they fit or are equal in area (Fig. 20). Repeat the exercise with a
parallelogram of different form.

It has been seen that
Area of parallelogram = base x altitude.
But a triangle is half a parallelogram.

Therefore, area of triangle = 230X ;mmue'

EXPT. 13.—Draw any triangle ABC on squared paper, and deter-
mine its area by counting squares.

Verify this result by calculating the area from measurements of the
base and the perpendicular height, taking (i) BC as base, (ii) AC as
base, (iii) AB as base.

EXPT. 14.—Any four-sided figure. Draw any irregular four-sided

figure on squared paper, and determine its area by counting squares.

A Divide the figure into two triangles by
’

joining either pair of opposite corners, and

calculate from its dimensions the area of each

triangle. The sum of these areas should equal

the total area as determined by squared paper.

EXPT. 15.—The hexagon. Divide up a regular

hexagon into six equal triangles (Fig. 21).

Find the area of one of these triangles, viz.

OAB; it is equal to Orx4AB; similarly,

the area of OBC is equal to Orx3BC. Hence, the area of the
hexagon is equal to

<>y

F1G. 21.—Area of a hexagon.

sum of the bases
Or X ““—“_T—— )
length of perimeter

or, area of hexagon= 07 x 2

This rule applies to any regular many-sided figure. When the
number of sides is infinitely great, the figure becomes a circle, in
which Or is the radius, and the perimeter is the araumference
(Expt. 4).

Hence, area of a circle —radius x circumference

This may be demonstrated in the following manner :

EXPT. 16.—The circle. Cut out a circular disc of cardboard about
four inches in diameter. Divide it into small triangles as in Fig. 22.
The area of the circle could be found by determining the areas of
all these triangles.
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Cut out the triangles and arrange them as in Fig. 23.
Find the area of this figure, regarding it as a parallelogram.

BD is the length of the radius of the circle, and AB is half
the length of the circumference. Therefore, since the area of

Fi1G. 22.—Circle divided into FiG. 23.—Figure formed bv triangles cut
triangles. from a circular disc.

the figure equals that of the original circle, the area of a circle is
equal to the radius multiplied by half the circumference. It should
be understood that this rule is proved only approximately by the
method adopted.

Since the circumference = 27 x radius, then
. 2T X rads;
area of circle=7radzus x ‘r_';_a_‘thus
=radius x (r x radius)
= x (radius)?.

EXPT. 17.—S8quare on radius. Draw a circle of about § ¢m. radius
on squared paper, and describe a square on a radius. Determine
the area of the circle by counting squares in one half of the circle
and muitiplying the total by 2. Similarly determine the area of the
square described on the radius.

Repeat the measurements for a circle of larger radius. Tabulate
the results thus :

Area of circle
Area of circle. Area of (radius)®. R%—tﬁr;z;.l—s)’

The ratio, in the last column, should be a constant quantity, and
be identical with that obtained in Expt. 4.
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AREAS OF SURFACES OF SOLIDS.

Pyramid.—Let A (Fig. 24) be the apex, and BCDEF... the

base, of any pyramid. It is required to find the total area of

A the sides ABC, ACD, ADE, ... etc. Draw

AM perpendicular to BC, and calculate

the area of the triangle ABC (from the

product 3AM x BC). Proceed similarly

with each of the triangular faces, and

finally add together the areas thus obtained.

8 The line AM is called the slant keight of

v p the face ABC,

c In the case of a regular pyramid all the

Fi. a—lateral suface triangles forming the lateral surface are

equal in all respects; and, therefore, all

the perpendiculars similar to AM are equal. Hence, the total
surface is equal to $AM(BC+CD+...); or

the lateral surface of a regular pyramid=4% x slant height
x perimeter of base.

Curved surface of a cone.—Let DE (Fig. 25) be a small
element of the circumference of the base BDEC of a cone with
apex A. Let M be the middle point of DE. A
If DE is very small, it may be considered as ‘
approximately straight, and ADE is then a
plane isosceles triangle with AM as its
vertical height. The area of the triangle
ADE is coincident, when DE is very small,
with the curved surface of the cone between
the lines AD and AE and the arc DE.

Suppose the whole of the circular base to
be split up into elements like DE, and the
surface into triangles corresponding to ADE ; Frc.25.—Curved surface
then the /Aeight of each triangle will be '
equal to AM (which is the slant keight of the cone). Therefore,

the sum of these triangles =3AM x sum of the bases.
When each of the bases is very small, the sum of the bases
is equal to the total perimeter of the base of the cone. Hence,

the lateral surface of the cone =}AM x perimeter of the base of the cone
=4 slant height x circumference of base.

Sphere.—Fig. 26 represents a sphere surrounded by a cylinder,
of which both the diameter and the height are equal to the
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diameter of the sphere. It can be proved that the surface
of the sphere is equal to the curved surface of the cylinder.
The dotted lines indicate two horizontal cross-sections; and it
can be shown that the area of the zone, of which aé is a section,
cut off from the surface of the sphere, is equal to the area of the

e (REEEED LRSS

F1G. 26.—Sphere and circumscribing cylinder.

corresponding band m#z cut off from the cylinder’s surface. If
the cross-sections are very near together, then

ab is approximately a straight line,
therefore, ab is approximately coincident with the tangent at 4,

hence, the angle Oda is a right angle ;
therefore, the angle Ode = angle adc. }
But, angle ach =a right angle =angle O¢é;
wherefore, the triangles aéc and Qeé are equiangular, and
06 _ab
e o
or Ob.be=ab . eb.
Since, in the limit when the sections are very close, fa=e¢b,
area of zone of sphere =ab. (27 . eb)
=bc. (2w . Ob)
=mn . (27 . en)
=area of band of cylinder,

This result holds good for all such cross-sections which may
be drawn. Therefore, the whole area of the sphere's surface is equal
to that of the curved surface of the circumscribing cylinder.
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If # is the radius of the sphere, the area of the curved surface
of the cylinder is equal to 277 x 27, or 4772. Hence,
the area of the surface of a sphere of radius r=4nr2

That the surface area of a sphere is four times the area of a
circle of the same diameter as the sphere can also be demon
strated by weighing hemispherical shells of sheet brass and
circular discs of sheet brass of the same thickness and of the
same diameter as the sphere.* If the hemispheres are fairly
large, say three inches in diameter, two of them together weigh,
within a fair degree of accuracy, four times as much as a disc.
Here is an actual result:

Mass of disc, - - - - - 22.1 grams.
Mass of two hemispheres, - - - 88.8 grams.

EXERCISES ON CHAPTER II.

1. Calculate the areas of the following rectangles : 1-2 metres
by 75 cm.; 1 25 ft. by 10 inches ; 2-04 metres by 4-4 metres.

2. Tind the length of the other side 1n the following rectangles :
Area 3-54 sq. metres, length 59 c:in.; 225 sq ft, length 5 yd.

3. Calculate the surface area of (i) a 4 cm. cube, and (1) four
separate cubic centimetres.

4. Describe a triangle with sides 5, 6, and 7 cm. long. Measure
the angles with a protractor, and also calculate (without using squared
paper) the area of the triangle.

5. The parallel sides of a trapezium are 54 ft. and 36 ft., and the
perpendicular distance between them 1s 10 ft. Find the area.

6. If the metre is equivalent to 39-371 inches, and corresponds
to the ten-millionth part of the distance from the pole of the earth to
the equator, find the circumference of the earth in miiles.

7. A well is 100 ft. deep. How many coils of rope, rolled in one
layer, will be required to reach to the bottom, the roller on which they
are wrapped being 8 inches in diameter?

8. How many trees at a consecutive distance of 8 yd. can be
planted round the edge of a circular field of radius 100 yd.?

9. If the pressure of steam in a boiler is 100 lb. per sq. in., find
the total pressure on a circular valve 3 inches diameter.

10. A circular bowling-green, of which the diameter is 125 ft., is
surrounded on the outside by a gravel path 74 ft. wide. Find the area
of the path in square yards.

11. Find the whole surface of a square pyramid, a side of the
base being 12 ft., and the slant height 25 ft.

* Brass hemispheres and discs can be obtained from Messrs. Griftin & Sons,
Ltd., Kingsway, London.
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12. The diameter of the base of a cone is 1 ft., and the slant
height 1s 8 iIn.  Find the whole surface of the solid.

13. How many sq. 1n. of tin foil are required to cover a sphere
18 mches in diameter ?

14. A round tower is 5o ft. in diameter and 120 ft. high. It is
surmounted by a conical top 30 ft. high. Find the whole exterior
su face.

15. Construct a square with side 2 in. in length upon paper divided
into millimetre squares. Find from this figure the number of (a)
square millimetres, (§) square centimetres in one square inch.

16. Construct a square with side 3cm. u]l:on paper divided into y% in.
squares. Use the figure to calculate what fraction 1 sq. cm. is of
1 sq. in.

17. Construct a triangle upon squared paper. Determine its area
by means of the formula area =4 (base x altitude), and also by counting
the squares.

18. Draw upon squared paper two different parallelograms upon

the same base and with the same altitude. Find the area of each
by counting the squares.
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MEASUREMENT OF VOLUME.

Measurement of volume.—Each edge of a cubic foot (IFig. 27)
is measured as a /length.  Each of the faces of the cube has an
area, which can be obtained by multiplying together the lengths

a5=

9
8
7

bl koAl 2

F1G. 27.—To explain why 1728 cubic inches
make 1 cubic foot.

of two of the edges which meet
at a corner. The size of the
cube, or the amount of room
it takes up, or the space it
occupies, is called its volume.
A cubic inch, such as is re-
presented upon a small scale
on the right hand of Fig. 27,
has each edge 1 inch in length
and each face 1 sq. inch in
area. Twelve of these cubes
placed in a row have a total

length of 1 foot; and 12 of these rods laid one upon the
other will build up a slab containing 12 x 12 =144 cubic inches.
Consider this layer of 144 cubic inches, or little cubes each
edge of which is an inch, and each face of which is a square
inch. Evidently there are twelve such layers in the whole

cubic foot.

Consequently, in the whole cube we have 144 x 12 =1728 little
cubes the edges of which are one inch long and the faces of
which are each one square inch. Or, one cubic foot contains

1728 cubic inches.

Byreasoning in the same way the number of cubic feet required
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to build up a cubic yard can be found. We may write, therefore,
1728 (=12 x 12 x 12) cubic inches make 1 cubic foot.
27(= 3% 3% 3) , feet ”» 1, Yyard.

Units of volume and capacity.—The unit of volume in the
metric system is also derived from the unit of length. A block
built up with cubes representing cubic centimetres is shown in
Fig. 28. This cube measures 10 centimetres each way, and its
volume is therefore a cubic decimetre.
There are 10 centimetres in a decimetre,
so the edge of the decimetre cube is 10
centimetres in length; the area of one of
its faces is 10 X 10 = 100 square centimetres ;
and its volume is 10 X 10 X 10= 1000 cubic
centimetres.

If a &ollow cube be made 1 deFimetre long,  Fic. =& Representation

1 decimetre broad, and 1 decimetre deep, cubic decimetre divided
. . . . [ into cubic centimetres.
it will hold 1000 cubic centimetres of liquid.
This capacity is called a litre. All liquids are measured in litres
in countries where the metric system is adopted. Thus in France,
wine, milk, and such liquids, are sold by litres instead of by pints.
A litre is equal to about one and three-quarters English pints.

In the British system an arbitrary unit, the gallon, is the
standard unit of capacity and volume. It is defined as the
volume occupied by 10 1lb. of pure water at a temperature of 62° F.
Since water, like most other substances, expands when heated, it
is necessary to state the temperature in defining the unit.

A cubic foot is equal in volume to about 6} gallons. One cubic
foot of cold water weighs about 1000 0z., or 62-5 1b.

It is important to remember that

1 cubic yard¥ = 33 cubic feet, and
1 cubic foot = 12% cubic inches.

1 cubic metre = 10% cubic decimetres (or /Ztres)
= 10% cubic centimetres ;
1 cubic decimetre (or litre) = 10® cubic centimetres ; and
1 cubic centimetre = 10% cubic millimetres.

* It is usual to write a small 3 on the top right-band side of a number when
the cube of a number has to be used ; so that 8% means the cube of 8, or 8 x 8 x 8.
In a similar manner 4 x4 x4 x4 is written 4%, and 12x12x12x12X12 i
abbreviated to 125,
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EXPT. 18.—British and Metric volumes. Measure the length, breadth,
and thickness of a rectangular block of wood both in inches and in
centimetres. From these measurements calculate the volume of the
block, both in cubic inches and in cubic centimetres. Use the results
to determine how many cubic centimetres are equivalent to I cubic
inch.

Verify your result by calculation from the relation 1 inch=2-54
centimetres.

DETERMINATION OF VOLUMES BY GEOMETRICAL RULES.

Cylinder.—The preceding paragraphs have shown that the
volume of a rectangular solid can be determined by multiplying
the area of the base by the height. Fig. 29 re-
presents a cylinder cut into horizontal slabs,
each 1 cm. thick. The number of cubic centi-
metres (c.c.) in the bottom slab is given by the
number of sq. cm. in the area of the base; and
the total number of c.c. in the whole cylmder
is obtained by multiplying the number of c.c.
in the bottom slab by the number of slabs.
Hence, if the radius of the base of the cylinder
Fi1G. 29.—Volume be 7, and if the height be 4, then area of

of a cylinder. base =772, and the volume of the cylinder = 772/,

Parallelepiped. —Fig. 30 represents how two triangular blocks
or prisms may be placed to-
gether, to form either a cube or
a parallelepiped. The volume,
the base, and the height are
the same in either case. Hence,
since the volume of a cube is
equal to (area of base x height),

volume of parallelepiped
== area of base X height.

Pyramid.—A cube may be F1G. 30.—Cube and parallelepiped.
considered to be made up of
six pyramids as indicated in Fig. 31. Suppose a cube of the
same size be cut into six slabs as in Fig. 31. Then the volume
of one of the pyramids is equal to the volume of one of the slabs,
for each is one-sixth the volume of the cube. The volume of
a slab is equal to the base multiplied by the height of the layer,
which is one-third the height of a pyramid. Therefore, the volume
of a pyramid on a square base is equal to the base multiplied by one-third
the height. This rule applies to every pyramid. In other words,
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a pyramid could be flattened down to a rectangular block having
the same base and one-third the height.

]

FIG. 31.—A cube formed by six pyramids and a cube formed by six slabs.

EXPT. 19.—Volume of pyramid. Find by means of the above rule
the volume of a pyramid on a square base.

Cone.—A cone may be regarded as a pyramid with an infinite
number of sides. The rule for obtaining its volume is, therefore,
the same as for the pyramid. That is,

volume of cone = } x area of bage X height
=ixwrlixh
=3k,

EXPT. 20.—Volume of cone. Measure the height of a cone and also
the diameter of the base, from
which the radius can be deter-
mined. Using the numbers
thus found and the rule just
given, calculate the volume
of the cone.

Sphere.—The surface of
a sphere can be divided
into a large number of small
triangles, each of which may
be considered to form the
base of a pyramid having
a height equal to the radius
of the sphere. Fig. 32
shows such a sphere with a
few of the pyrgmids taken pyﬂg;id%?‘_i‘;:l;rgf{g:";;‘iar:gis%l;:‘:feu:n ts:l‘c:lr}
out. All the bases added °* -
together equal in area the surface of the sphere, and all the
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pyramids added together equal the volume of the sphere.

There-

fore the volume of the sphere can be found by multiplying the
surface by one-third the height of the pyramids, that is, by one-

third the radius.

As has been previously shown :

Surface of a sphere = 4772 (p. 24).

But,

”

”

”

volume of a sphere = surface x 37

r
=477 x —

=4m®

Use oF GRADUATED VESSELS.

Vessels used as metric measures of capacity.—A number of
vessels used in the measurement of capacity are shown in

GBADUATED
JAR

-

BURETTE

=

¥FiG. 33.~—Graduated vessels for measurements of volume.

Fig. 33. The fask
marked 500 c.c. has
a mark upon its neck,
and when filled up to
this mark the number
shows how many-cubic
centimetres of liquid
are in it. The tall
jar (or cylinder) has a
mark atevery 10 cubic
centimetres up to 1000
c.c.; the number of
cubic centimetres of
a liquid may thus be
found by pouring the
liquid into the jar
and reading the scale
division which is on
the same level with
the surface.  Since
the volume indicated
by each scale division

varies according to the diameter of the cylinder, it is necessary,
before using any cylinder, to determine by means of the numbers
attached to the scale the capacity represented by consecutive

scale divisions.
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The graduated tube is a burette, used for measuring out exact
quantities of liquid. At the bottom is a tap or clip for allowing
liquid to flow out of the burette. Supposing that the burette is
filled to the mark 10 c.c,, and that 35 c.c. of liquid are required
from it, the tap would be opened gradually, and when the liquid
had fallen to the mark 45 c.c. it would be closed quickly.
Burettes are graduated always from the top downwards. When
a burette is first filled with the liquid, the tap or clip should be
opened and the liquid allowed to run out until all air has been
expelled from the exit tube: the instrument is then ready for
use.

The narrow tube supported in a beaker is a pipette, by means
of which small quantities of liquid may be conveyed from one
vessel to another.

Fig. 34 indicates the correct method of reading the position
of the liquid surface (or meniscus) in a measuring vessel. The
surface 15 curved downwards (ex-
cept when mercury is used), and
it appears to have an upper and
lower margin: the scale read-
ing of the middle point of the
lower margin should be obtained
always. This 1is observed most
satisfactorily if the meniscus is
illuminated by holding a piece of
white paper horizontally close to ) )
the glass vessel and two or three pFid 34~ Observing the beight of
inches below the meniscus. The
eye must be on a level with the meniscus: the sloping dotted
lines show how incorrect readings are obtained if this precaution
is not taken.

Paper

EXPT. 20A.—Graduation of a cylinder. Clean and dry the inside of a
small glass cylinder (e.g. 100 c.c. capacity). Gum a narrow strip of
mm. squared paper up the outside of the cylinder. Introduce into
it, from a burette, 10 c.c. of distilled water. Mark on the paper
strip the position of the meniscus. Add another 10 c.c., and mark the
position. Repeat this until the cylinder is full By means of the
squared paper, the scale intervals thus obtained may be subdivided
so as to read to smaller volumes than 10 c.c.
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Measurement of volume by displacement.— Graduated vessels
provide a convenient means of determining the volume of a
solid by observing the volume of water it displaces.

EXPT. 21.—Cube. Find the volume of a metal cube by observing the
volume of water which it displaces. Select a measuring cylinder into
which the cube will just pass without friction, and pour in a consider-
able volume of water. Read the position of the meniscus. Gently
lower, by means of thin cotton, the cube into the cylinder until it is
immersed completely, and again read the position of the meniscus.
The difference between the two readings indicates the volume of thc
cube.

Verify this result by calculating the volume of the cube from its
dimensions. Enter your results thus ;

First reading | Second reading Volume, by Average length Volume, by
of meniscus. of meniscus. displacement. || of edge of cube. calculation.

EXPT. 22.—Various geometrical solids. By the method of Expt. 21,
find the volume of (2) a cylinder, (4) a pyramid, (¢) a cone, and (4) a
sphere.

In each case verify your result by calculation from dimensions. If
the solid is of a material which floats in water, it may be forced below
the surface by means of a thin hat-pin.

ExpT.23.—TLargesolids. If nomeasuring vessel of sufficient width
to admit the solid is available, the following procedure may be
adopted : Attach a narrow piece of gummed paper vertically to the
side of a beaker ; and, at a level which will be well above the top
of the immersed solid, make a fine horizontal mark by cutting
through the paper with a penknife. Dry the beaker, and fill the
beaker up to the mark with water measured from a burette. Again
dry the beaker, place the solid inside, and fill the beaker up to the
mark as before. The volume of the solid is represented by the
difference in the volumes of water required.

ExPpT. 24.—Lead shot. Find the average volume of lead shot by
the following method : About half-fill a burette with water, and
read the meniscus. Select a given number (e.g. 20 or 30) of the shot,
and introduce them into the burette—which should be held in a
slanting position. Again read the meniscus. From the volume of
the displaced water calculate the average volume of one shot.
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EXERCISES ON CHAPTER IIL
1. Find the number of litres in one cubic foot.
2. Find the number of gallons in 50 litres, also in one kilolitre.

3. The internal dimensions of a tank are: Length 10-5 m., width
2-25 m., depth 2:75 m. Find the number of litres of water in it when
the tank is full.

4. The internal dimensions of a rectangular tank are 4 ft. 4 in.,
2 ft. 8in,, and 1 ft. 11 1n. TIind its volume in cubic feet, the number
of gallons 1t will hold when full, and the weight of the water.

5. Find the volume of a metal cylinder of which the diameter
1s 12 cm. and the height 20 cm.

6. How many cubic feet of water will be discharged from a pipe
m 24 hours, if the diameter of the pipe is 3.% inches, and 1f the
velocity of the water is 2 feet per second ?

7. Find the whole surface and the volume or a square pyramid,
of which the side of the base is 10 ft. and the height 19-36 ft.

8. The interior of a building is in the form of a cylinder of 4o ft.
radius and 20 ft. in height. A cone surmounts it, having a radius of
40 ft. and height 10 ft. How many cubic feet of air will the building
contain ?

9. A hollow spherical shell has an external diameter of 14 in., and
the thickness of the shell is 1 inch. How many cubic inches of metal
does it contain?

10. A circular disc of lead, 3 in. thick and 12 in. in diameter, is
converted into small shot, each of radius o-05 inch. How many shot
does the disc make ?

11. A sphere just slips into a cubical box, one edge of which
measures 5 cm. How much space is left unoccupied ?

12. A cone, a hemisphere, and a cylinder stand on the same base,
and are of the same height. Find the ratio of their volumes.

13. An ink-bottle consists of a cube of glass, out of which has been
cut an exactly hemispherical hole. What measurements and what
calculations would be necessary to determine the volume of the glass?

How could the previous result be verified or checked, if you had a
beaker of water, a gummed paper strip, and a burette or a measuring
cylinder?

14. A porcelain weight of one pound breaks into two unequal frag-
ments. How could you without using a spring balance or ordinary
balance determine the weight of each fragment?

15. Measure a pint or fraction of a pint in cubic centimetres by
means of a graduated vessel, and so find the number of c.c. equal
to one pint.

16. A sphere just fits into a cylindrical box and is level with the
top of the box 2 inches in diameter. Calculate the volume which the
box will hold, and also the volume of the sphere. Find what frac-
tion the volume of the sphere is of the internal volume of the box.

G.H P. c



CHAPTER IV.
MASS, WEIGHT, AND DENSITY.

Mass. A precise definition of mass must be deferred to a later
stage (p. 100). We here limit ourselves to the statement that
though mass is not weight, masses can be compared by weighing.
When, therefore, two bodies balance one another in a pair of
scales, the quantities of substance or matter in them are equal.
LEqual masses thus measured may, however, have very unequal
volumes ; as, for instance, when a small piece of lead in one pan
of a pair of scales balances a large pile of cotton wool in the other.

Mass is not weight.—When the mass of a pound is dropped
from the hand it falls to the ground. When the same mass is
hung upon the end of a coil of wire, the coil is made longer
by the downward pull of the mass fixed to its end. In the
instrument called a spring balance, the amount by which a steel
spring is lengthened, as the result of such downward pull of
masses attached to its end, is used to measure their weights.
When a delicate balance of this kind is used, the weig/s of a small
piece of iron hung on to the balance may be made to appear
greater by holding a strong magnet beneath it. But, though
the weight may seem to have increased, the quantity of matter is,
of course, the same whether the magnet is under the iron or not.

It is known by common experience that unsupported things
fall to the ground ; a fact which is expressed also by saying that
they are pulled downwards by the earth. Even when they are
supported, as in the case of things upon a table, the earth
attracts them just as much, only the table prevents them from
falling, as they would do if there were no table there. Exactly
why there is this tendency downwards need not at present be
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described. The point from which the attraction may be regarded
as being exerted is the centre of the earth, and the weight of a
body may be considered as a measure of the attractive influence of the
earth upon it.

The weight of a given mass may vary from place to place.—
Bearing the definition of weight in mind, it will be clear that
since a mass is farther away from the earth’s centre when it is
up in a balloon than when at the sea-level, the weight of this
mass ought to be more at the sea-level, for it is there nearer
the earth’s centre than when up in a balloon. This is found
to be the case, but actually to demonstrate the difference, the
weight must be measured by a spring balance.

Similarly, because the earth is not a perfect sphere, but is
flattened in north polar regions, points at the surface of the earth
in the region of the tropics are at a greater distance from the
centre than points further north. Consequently, on this account,
and also because the earth’s rotation causes bodies near the
equator to have a greater tendency to be thrown off the earth
than when they are in higher latitudes, a constant mass suspended
from a spring balance increases in weight when carried toward
the poles. As, however, equal masses balance one another when
weighed in an ordinary pair of scales, the weight of an object
may for all practical purposes be regarded at a given place as a
measure of its mass.

Measurement of mass.—Just as in measuring lengths it is
necessary to have a standard with which to compare, so in
measuring mass there must also be a standard, or unit. In this
country the standard of mass is the amount of matter in a piece
of platinum which is deposited with the Board of Trade. This
lump of platinum is called the imperial standard pound, and from it
all other imperial measures of mass are ascertained.

A mass of 1 1b. avoirdupois is kept at a weights and measures
office in every city, so as to test the 1b. “weights” used by trades-
men, and to see whether they really have the mass of 1 lb. or are
too light.

The kilogram and gram.—The standard of mass adopted in
France, and in other countries where the metric system is used, is
called the kilogram. The kilogram is the amount of matter in
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a lump of platinum which is kept in safety at Sévres. It is
heavier than the British pound ; indeed, it is equal to about two
and one-ifth of these pounds. It is interesting to know how
the mass of a kilogram was derived. The mass of the piece
of platinum was made equal to that of one thousand cubic
centimetres of water, that is, of a litre of water, at a particular
temperature. The names used for the divisions, etc., of the
kilogram are as follows:

METRIC MEASUREMENT OF MASSES.

10 milligrams = 1 centigram. 10 grams = 1 dekagram.
10 centigrams = 1 decigram. 10 dekagrams = 1 hektogram.
10 decigrams = 1 gram. 10 hektograms = 1 kilogram.

The relative values of some of the British and metric measures
of mass are :

METRIC TO BRriITISH. BRITISH To METRIC.
I gram = 15-4323 grains. 1 0z. Av. = 28-35 grams.
1 kilogram = 2:2046 lb. Av. 1 1b. Av. = .453-6 grams.

THE BALANCE AND ITS USE.

The principle of the balance.—The principle of the balance
may be explained by means of a few observations with the simple
arrangement of apparatus
shown in Fig. 35. The
apparatus consists of a
boxwood half-metre scale
: AB; through the middle

FiG. 35.—Principle of the balance. division a hole is bored
(nearer to the divided
edge, and not at the centre). The scale is pivoted, with its
divided edge upwards, by means of a piece of stout iron wire
bent at right angles and clamped between the boss and the
upright of a retort-stand ; a straight knitting-needle may be used
instead of the bent iron wire. Weights are hooked on to loops
of cotton thread by means of thin copper wire bent so as to form
a hook and twisted round the shank of the weight.

EXPT. 25.—Adjustment. If the scale is not in equilibrium in a
horizontal position, suspend a sma// mass from the lighter side,
adjusting the position of the mass so that the scale is balanced



PRINCIPLE OF THE BALANCE 37

correctly ; or, a »ider cut from sheet lead will serve the same pur-
pose. This mass, or rider, must remain in the same position on the
scale throughout the experiment.

EXPT. 26.—Equal distances. Hang a known mass (taken from a
box of weights) at any convenient distance on one side of the pivot,
or fulerum, as it is termed, and balance it with a mass of the same
amount on the other side. 7%e distance of the masses from the
Julcrum will be found the same in each case.

EXPT. 27.—Unequal distances. Suspend a mass of 50 grams from
a point mid-way between the fulcrum and the left-hand end of the
scale, and retain it in this position during the experiment. Suspend
some other mass, e.g. 100 grams, from the right-hand side of the scale,
adjust its position until the scale isin equilibrium, and note its distance
from the fulcrum. Repeat this several times, using different masses
in each case, and suspending more than one mass from the cotton
loop if necessary. Show that, in each case,

Mass on Distance _ Mass on Distance
one side  from fulcrum — other side ” from fulcrum.

From this it is evident that the masses are equal only when the
points of support are equidistant from the fulerum. The ordinary
balance may be described as a beam supported at its middle
point and with pans supported at points equidistant from the
fulcrum, and used for the purpose of counterpoising known
masses with an unknown mass.

It must be remembered carefully that in taking a so-called
weighing of a body by means of a balance, the known mass which
has the same weight as the unknown mass only is found ; exactly
the same result would be obtained if the balance were used at
any other locality on the earth’s surface, though it is known
that the weight varies according to the locality. The wesght
of a mass can only be determined by means of a spring balance ;
in this appliance the extension of the spring is an exact measure
of the weight of the mass attached to the spring.

The balance.—The balance is really another form of the
supported lath in Expt. 26. All the parts are very carefully
made, and every means is taken to have very delicate supports
and accurate adjustments. Fig. 36 shows a simple form of
balance which is suitable for easy experiments, such as are
described in this book, which can all be done accurately by
its means. Instead of the wooden lath used in Expt. 26
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there is a brass beam supported at its middle line by a knife-
edge of hard steel, which, when the balance is in use, rests on
a true surface of similar steel. The hooks to which the pans

Fi6. 36.—A physical balance.

are attached are provided similarly with a V-shaped depression
of hard steel, which also, when the balance is in use, rests upon
knife-edges on the upper parts of the beam. To the middle
of the beam is attached a pointer, the end of which moves over
an ivory scale fixed at the bottom of the upright which carries
the beam. When not in use the beam and hooks are lifted
off the knife-edges by moving the handle C.

EXPT. 28.—Parts of a balance. Uncover the balance and identify
the different parts by reference to Fig. 36. Raise the beam, AB, of
the balance, off the supports by turning the handle C. Notice
whether the pointer F swings equally on both sides of the middle
of the scale G ; if it does the balance is ready for use ; but if not, let
down the beam and turn the small screw at A or B, then try again.
Repeat this adjustment until the swings to right and left are equal.

Set of metric weights.—Sets of metric weights are marked
usually in grams and milligrams, and a complete set will include
the following :

(i) (Brass weights), roo gm., 50 gm., 20 gm., 20 gm,, 10 gm., ‘

5 gm, 2 gm., 2 gm., I gm.



- WEIGHTS AND WEIGHING 39

(i1) (Aluminium weights),

500 mgm. (=o0-5 gm.), 50 mgm. { =0-05 gm.),
200 mgm. (=o0-2 gm.), 20 mgm. (=0-02 gm.),
200 mgm. (=o0-2 gm.), 20 mgm. (=o0-02 gm.),
100 mgm. (=01 gm.), Io mgm. (=o0-01 gm.).

By means of this set any weight which is a multiple of
1o mgm. and does not exceed 211 gm. may be obtained. ‘The
box contains a pair of forceps, which must be used always
when weights are re-
moved from, or replaced
in, the box.

The weights are used
in the following manner :
the object to be weighed
is placed in the left pan,
and such weights as are
estimated as sufficient
to counterbalance the
object are placed in the
right pan. - =

Suppose that 20+ 10 FIG. 37.—Metric weights.
gm. are used, and that,
on slightly releasing the beam, the pointer moves towards the
object : these weightsare evidently toogreat. The 5gm. weight
is substituted for the 10 gm. weight ; if this is now too small, a
2 gm. weight is added ; and, if this is still too small, the second
2 gm. weight is added. The subsequent steps are as follows :

20+ 5+ 2 + 2, too great.

2045+ 2+ 1, too small.

20+5+2+1+0-5, too small.
20+5+2+1+0-5+0-2, too great.
20+5+2+1+0-5+01, too great.

20+ 5+ 2 + 1+ 05+ 0-05, approximately correct.

The weight is thus found to be 28-55 gm.

Special precautions in weighing.—1. See, by means of the
plummet, that the balance is level. '

2. See that the stirrups are not displaced; see also that the
pans are dry and clean.

3. Lower the arrestment to see whether the pointer swings
equally on both sides of the middle point of the scale. If
necessary, adjust the balance by means of the screw-nuts at
cither end of the beam.
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4. Do not stop the swinging of the balance with a jerk, but
stop it gently when the pointer is nearly at its central position.

5. Place the body to be weighed on the left-hand, and the
weights on the right-hand, pan.

6. Lower the arrestment before adding or removing any weight.

7. Manipulate the arrestment with the left hand, and convey
weights with the right hand. On no account touch weights with
the hand, but always use the forceps.

8. Do not weigh a body when hot : the heat causes air currents,
which affect the weighing.

9. Close the balance case when observing the swinging of the
pointer, and keep the case closed when the balance is not in use.

10. Always replace each weight in its proper compartment in
the box.

Sensibility of a balance.—In determining the sufficiency of the
weights on the balance pan it is unnecessary to wait until the
beam ceases to swing; it is sufficient
to observe the extreme positions on
the scale to which the pointer travels,
and from these the final position of
= rest can be calculated. The scale

F1G. 38.—Scale divisions of a divisions should be numbered, as

balance. . ~
shown in Fig. 38. Suppose that con-
secutive turning points are 8 and 14; the true position of rest
14

. 8
will not be far from ti4_ 1n.¥%

The sensibility of a balance may be defined as #%e ckange in the
position téf rest of the pointer due to a given change of weights ; it is
expressed usually as the change of weights necessary to alter the
position of rest through one scale division. The sensibility of
the simple balances generally used in elementary experiments
varies from 2 to 4 milligrams per scale division ; it varies slightly,
according to the load on the balance, becoming less with heavy
loads ; and it is usually a maximum with a load of 20-30 grams.

* Strictly speaking, we ought to allow for the fact that the extent of swing is
gradually becoming less, owing to friction and air resistance. We should take,
therefore, two consecutive readings on ore side and the intervening reading on the
other side. Thus, suppose the readings are 8(left), 14 (right), 84 (left); the
average of the 1st and 3rd gives the reading on the left which would have been
obtained if the vigour of the swing at the moment of taking the right turning point
remained unaltered. Hence, the true turning point on the left is 8——+8'4=B~2;
8-2+14 2

2

and the true position of rest is =1I1.
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Example. Load, 20 gm. in each pan.
. . 8+14
Resting poxnt:—z— =II
Resting point, with 2001 gm. on right pan, =5’52+9=7-25.

Change of resting point, due to 10 mgm.,
=11-7-25=375 divisions ;

. sensibilnty=%=2-7 mgm. per scale division.

EXPT. 29.—Sensibility with and without load. Find the sensibility
of a balance, with (i) no load, (ii) a load of 20 grams in each pan,
(ii) a load of 50 grams in each pan.

When recording the swings, close the front of the balance case,
and allow the pointer to swing to and fro several times before taking
the readings.

Weighing by vibrations.—In weighing an object it is not
necessary to modify the known weights until the resting point
is the same as that obtained when the balance is unloaded,
providing that the sensibility of the balance is determined
previously.

Example. Sensibility of balance=3 mgm. per scale div.

Resting point, with no load, =115

Resting point, with object on left, and 21-55 gm. on right, =g.

The weight 21-55 gm. is evidently /00 greas by an amount equivalent
to 11-5-9=25 div.

But, 1 div. is equivalent to 3 mgm.,
or, 2.5 div. are ” 0w 75 5
Hence, true weight=21-55 —0:0075=21-5425 gm.

If the sensibility is not known with sufficient certainty, the following
procedure may be adopted :

Example. Resting point, with no load, =11-5.
Resting point, with 21-55 gm. on left, =9.

9 ” 21-54 ” =124.
Hence, 10 mgm. are equivalent to 3-4 scale div.

The weight 21-54 gm. is evidently 700 smal/ by an amount equivalent
to (12:4 - 11:5)=0-9 scale div.
But 0.9 scale div. is equivalent to (IO X @)=2-6 mgm. ;

. true weight=21.54400026 =21-5426 gm.
EXPT. 30.—Vibration method. Find, by the method of vibrations.

the weight, in grams, of a 1 oz. weight. Repeat the experiment, usirg
a § oz. weight and a 2 oz. weight.
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EXPT. 31.—Graduation of a measuring flask. Select a glass flask of
such a size that when 5o c.c. (or 100 c.c.) of cold water are poured
into it the meniscus is within the neck of the flask. Carefully dry
the flask and weigh it. Add 50 gm. to the weights already on one
pan of the balance, and pour cold water into the flask until the weights
are nearly counterpoised. Add more water, drop by drop, from a
narrow tube until the weights are counterpoised exactly. If by
chance too much water is added, the excess may be removed by
dipping momentarily a narrow strip of blotting paper into the water.
When the adjustment is complete, remove the flask and make a
horizontal file-mark with a wetted triangular file on the neck, so as
to indicate exactly the position occupied by the lower edge of the
meniscus. The flask has now been graduated to confain exactly
50 c.C.

If the flask were now emptied it would be found that rather less
than so c.c. of water were transferred from the flask, the remainder
of the water being inside the flask and wetting its surface. If the
flask is to be graduated so as to powr out exactly 5o c.c. of water,
the inner surface should be wetted previously to being counterpoised.
The procedure should be as follows: fill the flask with water, pour
out the contents, and hold the flask inverted for a definite period,
¢.g. 5 seconds. Place the flask on the balance pan and weigh it.
Add 50 grams to this weight, and pour water into the flask
until the weights are counterpoised. Mark the position of the
meniscus. If now the flask is emptied and held inverted for the
same period it may be assumed that exactly 50 c.c. of water have
been transferred.

Weighing by substitution.—A balance may be, occasionally,
totally out of adjustment; thus, the arms may be of unequal
length, or the pans of unequal weight. In such a case the
following procedure may be adopted: Place some shot or sand in
a box or dish, on the left-hand pan, using sufficient to have a
greater weight than that of the object to be weighed. Place
known weights () on the right-hand pan until the balance is
counterpoised, and obtain the resting point. Remove the weights,
place the object on the right-hand pan, and add weights (w,) until
the balance is counterpoised again. Obtain the resting point,
and calculate the correction to w, necessary to make the two
resting points coincide. The weight of the object is then equal
to (w, — w,) grams.

ExXPT. 32.—Substitution method. Find, by the method of substitu-
tion, the weight in grams of a 1 oz. weight.
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CALIBRATION.

It is found frequently that graduated vessels, such as the pipette,
burette and cylinder, are not sufficiently correct for use in accurate
experimental work. The process of determining the error, if any,
in the graduations is termed calibration. The following experi-
ments illustrate the principle of an approximate method of
calibrating the above types of measurirg vessel, and provide also
exercises in weighing.

EXPT. 32A.—Calibration of a pipette. Use distilled water which has
been standing in the room for several hours. Note its temperature.
Carefully clean the mnside of a 10 c.c. pipette.* Clean and dry a small
wide-necked flask. Cover the neck with a small watch-glass, and
weigh the flask with the cover. Fill the pipette with the distilled water,
and adjust the meniscus to the graduation mark. Transfer the water
to the flask by holding the point of the pipette against the inside of the
neck ; when empty, blow down it once. Cover the flask with the
watch-glass, and again weigh it. The increase in weight expressed in
grams gives in c.c. the capacity of the pipette ; when the temperature
of the water is not higher than 15° C., the assumption that 1 gm. of
water occupies I c.c. introduces an error of less than 1 in 1000.

If a considerable error is found in the graduation, fix a narrow strip
of gummed paper along the upper stem of the pipette, and find by
trial the position which the meniscus must occupy in order that the
pipette may deliver exactly 10 c.c. Mark this position permanently
by means of a scratch made with a file.

EXPT. 32B.—Calibration of a burette. Clean the inside of the burette,
and fix it vertically in a stand. Fill it with distilled water at the
temperature of the room. Run some of the water out at the tap or jet,
so as to remove all air bubbles. Carefully run more water out until
the meniscus coincides with the zero of the scale; and remove any
drop adhering to the end of the jet. Weigh a flask together with a
small watch-glass to serve as a cover. Run water from the burette
into the flask until the meniscus is at the 10 c.c. mark ; and touch the
inside of the flask with the end of the jet. Replace the watch-glass,
and again weigh the flask. Run water into the flask until the meniscus
is at the 20 c.c. mark, and again weigh. Continue this process of

* The best method of removing grease, and other matter, from a glass vessel is
to rinse it thoroughly with strong sulphuric acid with a little potassium bichromate
added. If possible, leave this liquid in the vessel for an hour; then rinse several
times with tap water, and finally with distilled water.
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weighing successive quantities, of 10 c.c. each, until the 50 c.c. mark
is reached. The total increase in weight (in gms.) of the flask at
each weighing gives the approximate true volume delivered between
the zero and each of the graduated marks used.

Plot on squared paper the total apparent volume of water taken
from the burette, and the total increase in weight of the flask.

EXPT. 32C.—Calibration of a measuring cylinder. Clean and dry a
measuring cylinder. Fix vertically in a stand a burette which has
been previously calibrated, and fill it with water. Transfer an observed
volume of water from the burette into the cylinder: 10-50 c.c. may be
used, according to the capacity of the cylinder. Note the reading of
the cylinder scale. Transfer a second volume, as before, and again
read the cylinder scale. Repeat this process until the cylinder is full.
Plot on squared paper the total volume introduced and the scale
reading of the cylinder.

Cross-section of a mnarrow tube.—The following experiment
tepresents the method usually adopted tfor finding the average
cross-section of a narrow tube, and for finding the variation in
cross-section of a considerable length of the tube.

EXPT. 32D.—Calibration of a capillary tube. Select a length of
thermometer-tubing with circular bore (1-2 mm. diameter) and about
1 metre long. If necessary, chemically clean and dry the inside of the
tube. Make a file-mark about 1 cm. from one end. Attach to one
end a long piece of narrow rubber tubing ; and, by this means, suck
up into the tube a column (about 10 cm. long) of pur¢ mercury. Note
the temperature of the mercury. Lay the tube horizontally on an
accurately divided metre-scale, so that the file-mark coincides with
the zero of the scale. By tilting the tube adjust the position of
the mercury thread so that the centre of the thread is approxi-
mately over the 5 cm. mark of the scale, and carefully measure the
length of the thread. Move the thread along the tube until the centre
is over the 15 cm. mark and again measure the length. Repeat this
measurement with the centre of the thread over the 25 cm., 35 cm,, etc.
divisions of the scale, until the end of the tube is reached. Weigh
accurately a porcelain crucible. Transfer the mercury thread into the
crucible and again weigh. Having given that the density of mercury
at the temperature of the room is approximately 13:56 gm. per c.c.,
calculate the average cross-section of the tube for each position of the

thread in the tube.
Plot on squared paper the positions of the centre of the thread

and the average cross-section in each position.
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Ezxample of Calibration of a Capillary Tube.
Temp. of mercury, 16° C.
Weight of crucible, 7-484 gm.
”» » +mercury, 9-246 gm.
»  Mmercury alone, 1-762 gm.
Cross-section of tube=Weight-(Length x Density)
=1-762 -+ (Length % 13:56)
=o-130+ Length.

P 055‘;}‘;';‘“223?““° Length of thread. Cross-section.
5 10-00 cm. 00130 cm.”
15 995 » 001306
235 977 » 00132
33 990 001313
5 1006 001292 ,,
55 1002 0-01297
65 992 O0I31
75 992 O-0I3l
85 990 5 001313
8.0132 . pmas sampaaseas:
¥ 1 in s HHHHHHHHT
0-0131 S H H = A
0013015
0-0128 b
g H
T i0f okt Eh
o 10 20 30 40 50 60 70 BO 20

F1G. 38a.—Calibration curve of a capillary tube.

The principle illustrated by the foregoing experiment 1s used in
the calibration of a thermometer tube. A thread of mercury is
detached from the mercury in the bulb of the thermometer, and
its length is measured, in scale-divisions, at different parts of the
stem. If the bore of the tube has a uniform section throughout
its length, the thread of mercury will obviously extend along the
same number of scale-divisions in any part of the stem. Usually,
however, the mercury thread is found to have slightly different
lengths in different parts of the stem, thus introducing a source of
error in the readings of the thermometer.

In the case of mercurial thermometers required for the accurate
determination of temperature, the instruments are calibrated in
much thesameway asisillustrated by Expt. 32D, and acorrection
curveis constructed toshow the error introduced at various parts
of the stem.
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The spring balance.—The spring balance has been referred
to already as an appliance for determining the weig/kt of a body
—the weight of a body being the force with which
it is attracted towards the earth’s centre. A spring
balance (Fig. 39) consists of a spring with a hook
attached to the lower end. An index is attached
to the spring and travels over a graduated scale.
The principle of the spring balance may be learnt
by means of observations taken with a spring
dynamometer, to which is attached an arbitrary
scale (Z.e. a scale nof graduated in grams weight).

An efficient form of dynamometer may be
obtained by suspending a spiral spring, made
from thin piano wire, in a vertical
position; a millimetre scale fixed 4
to the side of the spring serves to Fic. 30.—A spring
measure the elongations. A scale alance.
pan and index are attached to the lower end of
the spring. A satisfactory spring may be made
by winding the thin wire in a close and uniform
spiral on a round metal rod held in the chuck of
a lathe; the chuck should be rotated slowly by
hand, and the wire fed out under uniform and
considerable tension.

EXPT. 33.—Graduating a dynamometer. Fix a dyna-
mometer (Fig. 40), with a millimetre scale attached
H in a vertical position, and attach to it a scale pan.

Take the reading of the index. Add a known weight,
say 10 or 20 gm., to the pan, and again read the
index. Add more weights, 10 to 20 gm. at a time,
and take the index reading for each change of weight.
Continue the observations until the spring is ex-
tended to nearly twice its original length. Tabulate
the readings in columns, under the headings Weight
and J/ndex Reading. Now gradually remove the
weights, 10 or 20 gm. at a time, and take the index
reading at each stage.

Plot these readings on squared paper, taking the
scale of weights as abscissae and the scale of index-
Fi6. 40— yeadings as ordinates (Fig. 41). From the form of

Rintoul’s spring . .
dynamometer. the grapk thus obtained, state your inference as to

LB R D B e |
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the relationship between the weight applied and the resulting
extension of the spring.

7

2509

20

158

Weighi(imigrams.)

10

F1G. 41.—Extension of a spring dynamometer with different masses.

20 30 40

50

The following readings were obtained by means of aspiral (11 cm.
long and 1 cm. diameter) :

Weight (in gm.).

Index Reading

(With increasing weight.) | (With diminishing weight.)

o
10
20
30
40

50
6o

11-75
14-60
17:50
20-50
2352
26-50
29-50

11-75
14-68
17:50
2058
2352
26-50

The results of the foregoing experiment show that, in the
case of a spring, the amount of elongation is proportional to the load.
This relationship holds good generally for the stretchingof wires,
rods, or similar test-pieces, provided that the limits of elasticity
are not exceeded; that is, they should return to the original
length when the load is removed. Using the word strain to
signify the deformation or distortion produced by a load, and
stress for the internal forces, which are equal to the distorting
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force, tending to bring the body back to its original form, the
relationship is expressed in the statement : The strain is proportional
to the stress (Hooke's Law). This law applies to any deformation
of an elastic body, such as bending or twisting, as well as to
stretching.

EXPT. 34.—Use of graph. Attach an object of unknown weight to
the dynamometer or spring. Note the index-reading, and deduce
the weight of the object by means of the graph obtained in Expt. 33.

Verify the result by weighing the object on a balance.

The rubber dynamometer. —Fig. 42 represents a dynamometer
which consists of a rubber cord suspended by a
hook from the top edge of a scale. A pan,
attached to the lower end of the rubber, serves
to carry weights. Two needles, A and B, are
fixed horizontally through the rubber, and ad-
justed so that their points traverse the fine divi-
sions of the scale.

EXPT. 35.—Rubber cord and spiral spring. Clamp a
4-metre wooden scale in a vertical position, and
suspend the rubber cord, with pan attached, from
the upper end. Take the scale-reading of the two
needles, and from these obtain the length of rubber
between the needles. Place a 20-gram weight on
the pan, and again take the reading of each needle.
Take a series of readings, adding 20 grams each time
to the weight, until the rubber is half as long again
as it was without any weight in the pan. Now
remove the weights carefully, 20 grams at a time,
and read the corresponding length of rubber with
each weight. When altering the weights, steady the
pan with the left hand. Tabulate your readings )

. FI1G. 42.—Rubber
in column, and plot on squared paper. State any = dynamometer.
inference which may be drawn from the curve ob-

tained, when it is compared with the curve obtained when using a
spiral spring dynamometer.
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DEensITy.

The meaning of density.—Different solids of the same size
or volume may have different masses. Suppose, for instance,
determinations are made of the mass of a cubic centimetre of
wood, lead, cork, and marble, one after the other. The lead
‘will be found to have the greatest mass, or to be heaviest, the
marble will come next, and then will follow the wood and cork
in this order.

By filling two bottles of the same size with different liquids,
it can also be shown that equal volumes of different liquids may
have different masses; and when different gases are compared
in the same way, equal volumes of these, too, are found to have
different masses.

A pound of feathers or cotton-wool has exactly the same mass
as a pound of lead, though both the feathers and cotton-wool
take up much more room, or have a larger volume, than the
piece of lead. The matter in the lead may be regarded as
packed more closely than in the cotton-wool, which accounts
for it taking up less room, or it may be said that lead is denser
than either cotton-wool or feathers.

If the relative size of a thing is small while its mass is great,
then it is called a derse thing, or is said to have a high density.
If, on the other hand, the relative size of a thing is great and
its mass small, it is said to have a low density. Lead is a substance
with a high density, because a small piece of it has a large mass
Pith and cork, on the contrary, have a low density, because a
large lump of either of them has a small mass.

A cubic centimetre of marble has a mass of 2-5 gm. ; the same
volume of iron has a mass of 7.5 gm.; of gold, 19-3 gm.; of
mercury, 13-6 gm.; and each of these numbers represents the
density of the particulur substance to which it refers, but the
units of volume and mass must be expressed. In fact, density
is the mass of a unit volume of a substance. It follows from this
definition that if the volume of a body is multiplied by its
density, its mass is obtained.

Volume x density =mass,

mass

volume’

or, density =
G.H, P. D
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In using this relation between the volume and mass, care must
be taken to use the proper units. In all scientific work it is
customary to adopt the cubic centimetre and gram as the units
of volume and mass respectively.

The ratio of the mass of any wolume of a substance to the
mass of the same volume of water is termed the relative density
of the substance, or, as it is called frequently, the specitic gravity

(p. 66).
MEASUREMENT OF DENSITY.

EXPT. 36.—Regular solds. Select a cube, a cylinder, a cone,
and a sphere, of different materials. Calculate the volume of each
solid from its dimensions, and also weigh each of them. Calculate
the density of each material. Tabulate your results thus :

Material and shape. Dimensions. Volume. Mass Density.

Brass Radius = (@ x )=
(cylinder) Length=

In expressing the density of any material it is essential to state
the units in which the measurements are taken. Thus, the mass
of 1 c.c. of water, at 4°C., is 1 gram, and that of 1 cubic foot
of water is 62:5 Ib, Hence, the density of water is 1 gm. per c.c.
(in the metric system) or #2:6 1b. per c. ft. (in the British system).
It is no# sufficient to say that the density of water is either z, or
that it is 62-5 ; either statement is incomplete, and it is essential
to state the units which have been used.

On the other hand, when it is desired to express the relative
density (p. 66) of a material—z.e. the number of times that the
material is denser, or less dense, than a standard material—a
simple numerical result is correct. Thus, the density of copper is
8.8 gm. per c.c., but the relative density of copper is 8-8.

EXPT. 37.—Irregular solids. Select a glass stopper, and carefully
examine it to see that it is free from internal cavities. Weigh it, and
determine its volume by displacement of water. Calculate its density.

Carry out similar observations with other irregular solids.

EXPT. 38.—Liquids. Weigh a clean, dry beaker. Partly fill a
pipette (20 c.c. or 25 c.c. capacity) with the liquid ; rinse it round the
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inside of the pipette, and throw the liquid away. Completely fill
the pipette with the liquid up to the mark on the stem, and transfer
the contents to the beaker. Weigh the beaker and the liquid con-
tained in it. From tifese weighings, and from the known volume of
the pipette, calculate the density of the liquid.

EXERCISES ON CHAPTER IV.

1. The density of lead is 11-34 gm. per c.c. What is its density
in 1b. per cubic foot ?

2. Find the length of a lead rod 1 cm. in diameter, and weighing
1 kilogram (density of lead 11-34 gm. per c.c.).

3. A block of mahogany 4 in. long, 13 in. broad, and ,% in. thick
weighs 30-35 gm. Find its density in gm. per c.c.

4. Find the diameter of a cylindrical kilogram weight made of
brass (density, 8:4 gm. per c.c.), its height being 7-5 cm.

5. The radii of two spheres are 2 cm. and 3 cm., and their masses
are 200 gm. and 250 gm. respectively. Compare their densities.

6. How many grams of glycerin of density 126 gm. per c.c.
can be put into a bottle which will hold 100 gm. of sulphuric acid
(density 1-84 gm. per c.c.)?

7. A length of glass tubing, having a narrow circular bore, weighs
1465 gm. A thread of mercury, 10:5 cm. long, is drawn into the
tube, and the tube is now found to weigh 19-13 gm. If the density of
mercury is 13-6 gm. per c.c., calculate the diameter of the bore of the
tube.

8. Define mass, volume, and density, and state the relation that
exists between them.

Suppose you were given two irregular pieces of metal, one of which
was gold and the other gilded brass. How would you find out, by a
physical method, which piece was gold ?

9. A number of nails are driven into a rough piece of wood, one
cubic centimetre of which weighs o-5 gm. It is required to find the
weight of the nails without pulling them out. How could this be done
by experiment ?

10. By what experiments can you find (a) whether the arms of
a balance are of the same length ; () whether a balance is sensitive ;
(c) the weight of substances by means of a balance baving arms
of unequal length ?

11. If you were provided with a 1 lb. weight and a lath balanced
on a pivot, how could you determine the weight of a small bag of
nails ?

12. Describe the units of length, volume, and mass on the British
and on the metric systems.
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13. The density of a body is 7-8 on the scientific system ; what is it
in pounds per cubic foot? (1 lb.=453 grams; 1 inch=2-54 cm.)

14. A coil of brass wire consists of 55 turns of average diameter
14 inches, and the diameter of the wire is 0017 inch. Find the weight
of the coil in grams if the density of the material is 8-58 grams per
cubic centimetre. (I inch=2:54 cm.; T7=314.)



PART 11I.
HYDROSTATICS AND MECHANICS.

CHAPTER V.

MATTER: ITS THREE STATES AND GENERAL
PROPERTIES.

IN the preceding chapters the fundamental measurements of
length, area, volume, time, and mass have been explained. A
knowledge of these principles and methods of measurement is
essential in the study of physics; but before proceeding to the
various parts of the science in which this knowledge is applied,
it is desirable to describe the states and some of the general
characteristics of matter in order that exact meanings may
be attached to terms expressing particular conditions and
properties.

The three states of matter.—At the present moment, the
question what is matfer? is almost unanswerable. We know
much about its intimate structure and properties, but still remain
ignorant of its exact nature. A definition of the term is desir-
able ; and, of the many which have been suggested, it is perhaps
sufficient to state that matser is that which can occupy space.

Matter is recognised generally in three different states or
conditions, viz.: solid, liquid, and gaseous. The distinctive pro-
perties of these states of matter may be expressed in the following
terms : ‘

(1) A solid body does not alter its size or shape readily: it
maintains its original volume and shape unless subjected to
considerable force.
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(i) A Ziguid readily alters its shape and adapts itself to the shape
of the vessel containing it ; but it maintains its original volume
unless subjected to extreme force.

(i) A gas readily adapts itself both to the shape and size of
the wvessel containing it; a small volume of gas introduced into
a large empty vessel expands and distributes itself uniformly
throughout the enclosed space.

Several substances which appear to be solid are found, on
closer examination, to exhibit properties characteristic of liquids.
Thus, in the three series (i) steel, lead, and jelly, (ii) sealing-wax,
pitch, treacle, water, and ether, (iii) air and Aydrogen, the first
three are solids, the following five are liquids, and the last two
are gases. A rod of cold sealing-wax supported from its ends
gradually becomes bent by its own weight. A lump of cold pitch
gradually spreads over a horizontal surface, and gradually will
run down an inclined surface; also a fragment of metal will
sink slowly through a slab of pitch. On the other hand, jelly
exhibits the properties of a solid since a small solid object does
not sink when placed on the surface of jelly, nor does jelly
spread over a surface supporting it.

Change of state.—The same matter can exist in either of the
three states: this statement is true for nearly all substances; and
it may be exemplified by the following experiments :

EXPT. 39.—Ice. Procure a lump of ice and notice that it has a
particular shape of its own, which, so long as the day is sufficiently
cold, remains fixed.

EXPT. 40.—Water. With a sharp brad-awl, or the point of a knife,
break the ice into pieces, and put a convenient quantity of them into
a beaker. Place the beaker in a warm room, or apply heat from a
laboratory burner or spirit lamp. The ice disappears, and its place
is taken by water. Notice the characteristics of the water. It has
no definite shape, for by tilting the beaker the water can be made
to flow.

EXPT. 41.—8team. Replace the beaker over the burner and go on
warming it. Soon the water boils and is converted into vapour, which
spreads itself throughout the air in the room, and seems to disappear.
The vapour, as it escapes out of the vessel, can be made visible only
by blowing cold air on it, when it becomes white and visible owing
to its condensation into small drops of water.
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The state, or physical condition, of a substance depends largely
upon its Zemperature, that is, its condition of hotness or coldness:
thus, all metals can be melted by raising the temperature
sufficiently, and at a still higher temperature they may be con-
verted into gases. On the other hand, by diminishing the
temperature, a gas may be liquefied and, in most cases, even
solidified. Iodine and camphor are typical examples of a few
substances which, when heated, appear to pass suddenly from
the solid condition to that of a gas, without assuming the in-
termediate liquid state: substances which do this are said to
sublime.

EXPT. 42.—8ublimation. Warm a round-bottomed flask by holding
it above the flame of a Bunsen burner. When it is too warm to bear
the finger upon the bottom, introduce a crystal of iodine, and notice
it is converted at once into a beautiful violet vapour.

Further subdivision of the states of matter.—A solid body
requires a great force, or stress, to alter its size or shape; if
its size or shape is altered, we say that the solid undergoes a
strain.

A perfect solid is one which, when a stress is applied, undergoes
a certain strain which remains constant so long as the stress is
maintained, but the solid reassumes its original condition as soon
as the stress is removed: a bent steel spring is an example of
a perfect solid.

A rigid solid is one which does not change its shape in the
least when acted upon by a stress. No pgerfectly rigid solid is
known, although several solids suggest this property of perfect
rigidity : thus, a brick apparently is not strained when several
other bricks are supported on it.

A soft solid is one in which considerable change of shape
results from a small stress applied to it. Jelly is an extreme case
of a soft solid.

In the case of liquids, some flow very slowly and others flow
rapidly ; then we speak of the viscosity, or resistance to flow, as
being greater or less. Thus, the viscosity of pitch is very high;
that of treacle is less; it is still less in water, and least of all in
ether. According as the viscosity is high or low, so the liquid
is termed either viscous or mobile.
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Hence, the states of matter may be classified thus :
Rigid. Viscous.

2. Liquids . Gases.
Soft. W\ Mobire. 3

Oonstancy of mass in different states.—When a solid is
converted into a liquid, or a liquid into a vapour, no change of
mass is experienced. This has been found to be true in all
cases, and the following experiments will illustrate the fact:

EXPT. 43.—Water to steam. Boil water gently in a distilling flask,
as in Fig. 43, and catch the condensed steam, taking care that none
escapes, in another flask. The water thus collected will be found to
have the same mass as that boiled away.

1. Solids {

F1G. 43.—Distillation of water.

EXPT. 44.—1Ice to water. Place a piece of ice in a flask suspenaed
from one arm of a balance. Counterpoise the flask with the ice in
it ; then melt the ice by warming the flask, and show that the mass is
unaltered.

EXPT. 45.—8olution. Put some warm water in a flask and some salt
in a piece of paper. Counterpoise the flask of water and the paper of
salt together, and then dissolve the salt in the water. The total mass
remains unaltered.

Though we may change the form or condition of any portion
of matter, we are not acquainted with any process by which it
can be destroyed : in other words, matter is indestructible. Thus,
when a candle burns, it ceases to exist as tallow or wax; but, if
we collect carefully the products of combustion (one is a liquid,
and the other a gas), we find that these two things together
weigh more than the part of the candle which has disappeared.
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Molecular constitution of matter.—To account for many
simple phenomena, e.g. the intimate mixing of coal-gas with the
air of a room into which the gas is allowed to escape, or the
dissolving of salt in water, it is assumed that all forms of matter
are not uniform throughout, but that they consist of very minute
particles, called molecules. It is assumed that the molecules of
any substance are separated more or less from each other, and
that in a mixture of two or more liquids, or in a solution of a
solid in a liquid, the molecules of one substance occupy the
interspaces between the molecules of the other.

Simple phenomena indicate that the molecules are in continual
and rapid movement. ‘The gradual evaporation of a liquid
exposed to the air can be explained only by assuming that the
molecules of the liquid are in more or less rapid motion, and
that they escape at a definite rate from the bulk of the liquid
and pass away into the surrounding space.

In a gas contained within a glass flask, we have good reason
to regard the molecules as moving rapidly and continuously,
frequently colliding with each other, and bombarding the walls
of the flask ; indeed, the latter process causes the pressure which
the gas exerts upon the surface enclosing it. We may imagine,
too, that the effect of raising the temperature of the gas is to
increase the rapidity of movement of the molecules and, therefore,
the pressure which the gas exerts. If the containing walls are
elastic, the increased pressure brings about an increase in the
space occupied by the gas; and this suggests the expansion
(p. 163) which the gas undergoes when its temperature is raised.
The same phenomenon of expansion due to a rise of temperature
is observed in the case both of liquids and of solids; we have
reason, therefore, to suppose that the molecules of a solid, as well
as those of a liquid and of a gas, are in a condition of movement.

The difference between the molecular conditions of the three
states of matter is found in the distance apart of the molecules.
In the case of a gas this distance apart is great as compared with
that in the case of a liquid; thus, when steam is condensed to
water it shrinks to 4 of its original volume. To a smaller
extent, the distances separating the molecules of a liquid are
large in comparison with the distances in the case of a solid.
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The size of the molecule of any substance is excessively small,
and far smaller than can be observed by the most powerful
microscope. The average diameter of a molecule is perhaps
srosvos Millimetre ; and this is about six hundred times smaller
than the smallest particle which can be rendered visible.

PROPERTIES OF MATTER.

The variovs forms of matter are found to exhibit some, or all,
of the following properties: divisibility, porosity, compressibility,
elasticity, tenacity, malleability, hardness, cohesion.

Divisibility.—A lump of sugar may be broken into several
smaller lJumps, and so possesses the property of divisibility. Is there
no limit to this divisibility? Or, would the particles finally become
so small that, with any further subdivision, they would cease to be
sugar? Investigation has shown us that there 75 such a limit, and
this is reached when each particle consists of one so-called
molecule of sugar; but so fine a subdivision cannot be obtained
by mechanical grinding, for the smallest speck of sugar, so
obtainable, would still consist of many molecules attached together.
The subdivision is, however, far more complete when the sugar
is dissolved in water; and we may say that, in this condition,
the molecules are separated from each other. We could sub-
divide each molecule still further by chemical means only : thus,
we might durn the sugar; and the black carbon which is then
seen proves that the molecule is complex, and that it contains
carbon as one of its constituents.

Porosity.—The manner in which turbid water can be filtered
through blotting-paper, and the slow passage of water through an
unglazed earthenware bottle, indicate that these materials are full
of pores. An unglazed brick is porous and permits fresh air to
pass through the walls of a dwelling-house built of brick. It may
be proved that metals, such as iron and lead, are porous: thus,
Francis Bacon (in 1640) observed that when a sphere of lead
filled with water is compressed by a great force, the water slowly
oozes through the lead and appears on the outer surface.

We may even say that liquids indicate porosity. For sugar, or
salt, may be dissolved in water without appreciably increasing
the bulk of the liquid. Another example is obtained in the
following experiment :

EXPT. 46.—Porosity of liquids. Half fill a barometer tube with
water ; then gently add alcohol until the tube is nearly full Make
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a mark on the tube at the level of the top of the liquid column, and
atterwards shake the tube so as to mix the water and alcohol well
together. Observe that the volume of the mixture has diminished,
the reason being that some of each liquid has filled up pores between
the particles of the other.

Compressibility.-—This property follows as a natural con-
sequence of porosity. If pores exist between the indivisible
small particles of which matter is built up, it ought to be possible,
by the adoption of suitable means, to make these particles go
closer together.

This is well known to be the case in gases, and it is also true
of solids and liquids. Hence, compreesibility is not only a conse-
quence of porosity, but actually a proof of its existence.

Elasticity. —Imagine a gas to have been made to assume
one-half its size by compressing it. What would happen if the
pressure, which is the cause of the diminution, were removed
suddenly? The gas would resume its original size or volume,
and it would, so far as appearances are concerned, seem to have
undergone no change. The gas is said to be perfeetly elastic, and
the property which enabled it to go back to its original state
is called elasticity. Similar results follow with liquids; they also
are perfectly elastic.

Some differences arise when solids come to be examined.
Though the property can be developed in solids in at least four
ways—Dby pressure, by pulling, by bending, and by twisting—we
need consider the first only in this connection, as it is the
elasticity which i1s developed by pressure which is most marked
in all forms of matter. Ivory, marble, and glass are examples of
elastic solids ; while putty, clays, fats, and even lead are instances
of solids with scarcely any elasticity. In a scientific sense, glass
is more perfectly elastic than india-rubber, because it returns to
its original shape after it has been forced out of that shape,
whereas india-rubber does not return to its original shape exactly.

A solid will resume its former dimensions only when the
pressure is removed, provided that the pressure is within a certain
limit. If the pressure be more than this minimum amount, or
if it exceeds the limit of elasticity, as it is called, the solid will
not return to the initial size ; it will undergo a permanent change.
As has been seen in Expt. 35, this limit of elasticity is exceeded in
the case of india-rubber only when the stress applied is very great.

EXPT. 47.—Compression of a solid. Procure a slab of polished
marble or some similar material and smear it with oil. Drop a billiard
ball or a large glass marble from a considerable height on the slab.
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Catch it as it rebounds. Notice that a blot of oil is found where the
ball came into contact with the slab. Compare the size of the blot
with the spot which is formed when the marble is placed in contact
with the slab.

Evidently the ball underwent a compression as the result of
collision with the slab, and, by virtue of its elasticity, it regained
its original shape, and caused the rebound.

Tenacity.—Tenacity is measured by ascertaining what weight
is necessary to break solids when in the form of wires.

EXPT. 48.—Measure of tenacity. Suspend a balance-pan from the
lower end of a thin copper wire attached to a beam. Add weights
to the pan until the wire breaks. The force required to break the
wire is the joint weight of the balance-pan and the weights in it.
Repeat the experiment with wires of the same diameter but of different
material.

In making the measurement of tenacity, the area of the cross
section of the wire must be estimated first carefully.*

It is found that a wire of twice the cross sectional area of another
of the same material is just twice as tenacious. Evidently, then,
if we wish to compare the tenacity of two wires of different
materials, the experiment is made simpler if wires of the same
cross section are selected. Cast steel is the most tenacious of
all metals, being about twice as much so as copper and forty
times as tenacious as lead. But the tenacity of steel itself is
exceeded by that of unspun silk, while single fibres of cotton
can support millions of times their own weight without breaking.

The process of wire-drawing increases the tenacity of the wire ;
hence, a wire cable is stronger than a chain of the same length
and weight. The tenacity of wood a/ong the fibre is greater than
across the fibre.

Ductility and malleability.—Several tenacious metals indicate
a certain degree of fiuidity, by which the molecules may alter
their relative positions without losing their cohesion. A metal
possesses ductility if a short thick cylinder can be drawn out into
a long thin wire.

Malleability is a property similar to ductility, but the change ot
form is brought about by the application of pressure; gold,
copper, and lead, for instance, can be beaten out into thin plates,
and are therefore malleable substances. Lead is an example of
a malleable material which is not ductile—it can be beaten out

* Area of cross section =-2;2 X %’
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but cannot be drawn into wires. Platinum is the most ductile
and gold the most malleable metal known. Platinum has been
drawn out into wire so fine that a mile of it weighs only one
and a quarter grains. Gold has been beaten into plates so thin
that it would require three hundred thousand of them placed one
above the other to make a layer an inch thick. Antimony is an
example of a metal which possesses no malleability.

Hardness.—/Hardness is the property by virtue of whick solids
offer resistance to being scratched or worn by others. This property
is of great importance in the study of minerals, as it often
affords a ready means of distinguishing them. The method of
measuring hardness consists in selecting a series of solids, each
one of the series being harder than the one above it, and softer
than the one below it. At one end of the series, therefore, the
hardest solid known is placed ; at the other end, the softest which
we may wish to measure.

Cohesion.—The term cohesion refers to the force of attraction
which exists between molecules of the same nature. The pheno-
menon called into play by -
the attraction of molecules of
different nature, e.g. between
molecules of glass and mole-
cules of water, is termed
adhesion. The property of
cohesion is well-marked in
solids, is less so in liquids,
and is absent in gases. The
process of welding two pieces
of red-hot iron is an applica-
tion of the phenomenon of
cohesion; so also, the process
of making the black lead
of an ordinary pencil from
finely powdered graphite.
The force of cohesion is
seen in a rain-drop also,
or in the formation of a
drop of any liquid. The
different degrees of tenacity, =i
dUCtilitY, and hardness ex- F1G. 44.—Measurement of cohesion of a liquid.
hibited by different sub-
stances depend upon the characteristic differences in cohesion.

Fig. 44 represents a method of demonstrating the properties of
cohesion and adhesion. A glass plate is suspended horizontally
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from the beam of a balance, and the plate is counterpoised by
means of weights placed on the pan attached to the other end
of the beam. A dish containing water is placed just below the
plate at such a distance that when the plate is lowered slightly
below its normal position it touches the surface of the water. It
is found necessary to increase considerably the weight on the
pan in order to separate the plate from the water. As the lower
surface of the plate is still wetted it is evident that the force of
adhesion between glass and water is greater than the force of
cohesion of water; and the amount by which the weight was
increased is a measure of this cohesion.

Surface tension.—These molecular forces, evident in the pro-
perty of cohesion, cause peculiar phenomena to appear in the
layer of molecules which form the free

— B surface of a liquid. Thus, in the case
N 7 7+ of any molecule, such as A (Fig. 45),
é/é//////% 72 situated well within the mass of a liquid,

/ 7 /// the forces of attraction due to neigh-

7/, bouring molecules are distributed uni-
// formly in all directions; whereas any

molecule, such as B, situated near

Fic. 4s.—Forces acting on a  the surface is acted upon by forces
molecule, A, within a liquid and . . . .
on one, B, near the surface. of attraction which are mainly acting

downwards and away from the surface.
This results in the surface exhibiting a kind of tension, which
has the effect of making the area of free surface as small as
possible.

Since thesphereis the geometrical figure which has the smallest
surface area for a given volume, any mass of liquid would assume
this form—providing that internal molecular forces only are
acting upon the liquid. Since, except under special conditions,
the external force of gravitation is acting upon the liquid always,
the form of the free surface is seldom spherical ; and the effect
due to surface tension alone can be observed only when all
external forces are neutralised or eliminated. In the case of
very small masses of liquids the force of gravitation is negligibly
small compared with the force of cohesion; and in such cases
the spherical form of the mass is frequently apparent  Thus, the
small globules of condensed moisture which constitute cloud, and
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even talling rain-drops, are truly spherical; also, if a small quantity
of mercury is dropped upon a horizontal board or sheet of paper,
or if water is dropped upon a board sprinkled with powdered
resin, the liquid breaks up into drops which have a more or less
spherical form.

The same effect can be observed by means of olive oil and
a mixture of alcohol and water, the specific gravity of the mixture
being adjusted so as to be identical with that of the oil. A tall
glass vessel, with flat sides. is nearly filled with the alcohol mixed
with water; a pipette filled with the oil is immersed into the
mixture, and a small quantity of the oil is allowed to escape from
the open end of the pipette. The oil will remain floating within
the mixture, and will assume a truly spherical form.

The phenomenon of surface tension and the tendency to
spherical form are evident in a soap-bubble. It is easy to
observe that when the tube, to which the bubble is attached,
is allowed to remain open the bubble slowly diminishes in size.

Capillarity.—If a flat plate of solid material be partly immersed
in a liquid vertically, the liquid surface seldom retains its hori-
zontal form in the region quite near where it touches the solid.
If the liquid we#s the solid, as when glass is dipped into water,
the surface in this region is concave upwards; but if the liquid
does not wet the solid, as when glass is dipped into mercury, the
surface in this region is convex upwards.

These effects are due simply to the relative magnitudes of the
force of adhesion (between the solid and the liquid) and the force
of cohesion in the liquid. When the liquid is water, the former
force is greater than the latter ; and vice versé when the liquid is
mercury.

The phenomena of capillarity are more apparent when glass
tubes of narrow bore are used instead of glass plates. When
such tubes are supported vertically with their lower ends immersed
in water, the liquid rises up the tube to a height which depends
upon the diameter of the bore—the narrower the bore the higher
the water column (Fig. 46). If the diameter of one tube be
one-half that of another, the total upward force exerted by the
surface tension is reduced to one-half, since the circumference of
the liquid surface is reduced bv one-half. But the weight of the
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liquid column is only one-fourth of that of a column of the
same height in the wider tube, since the volume of liquid

8
‘H |

| ]

.—Capillary elevation and depression.

varies inversely as the
square of the diameter.
Hence, in the narrower
tube, the height of the
liquid column is twice that
obtainedin the wider tube.

When such tubes are
dipped into mercury, the
liquid surface within the
tube assumes a convex
form and is depressed
below the level of the
liquid outside the tube.

Tubes of small internal
diameter are termed capil-

lary tubes ; and the phenomenon observed when such tubes dip
To capillarity is due the

into a liquid is termed capillarity.

property by which oil can pass
upwards between the threads of
a lamp-wick. In the same way,
water may be siphoned out of a
vessel by allowing a towel to hang
over the edge with one end dipping
into the water.

Distinctive characters of liquids.
—=8ame level in communicating vessels.
If several vessels of varied shapes
(Fig. 47) are in communication
with one another, and water be
poured into any one of them, it
1s found that as soon as the water
has come to rest it will stand at

F16. 47.—Equality of level of liquid in
communicating vessels.

the same level in all the tubes, however different the form of

the vessels may be.

The following simple experiments are useful in showing that
the surface of aJiquid at rest is horizontal and that pressure upon
a liquid is communicated equally in all directions :
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EXPT. 49.—Horizontal surface. Into a shallow glass vessel pour
enough mercury to cover the bottom. Attach a ball of lead to the
end of a fine string, and so construct a plumb-line. Hang it over
the surface of the mercury, and notice that the line itself and its
reflection are in one and the same line. If this were not the case,
that is, if the image slanted
away from the plumb-line itself,
we should know the surface of
the liquid was not horizontal.

EXPT. 50.—Communicate pres-
sure equally in all directions.
Bore a hole in a hollow rubber
ball and fill it with water. Cover
the hole with a finger, and prick
several small holes in the ball
with a needle. When the ball
is squeezed, the water spurts out of each hole straight from the centre
of the ball, thus showing that the pressure has been transmitted
equally in all directions.

Fic. 48.—Communication of pressure by liquid.

The transmission of pressure by liquids is made use of in the
Hydraulic Press, which consists essentially of two cylinders in con-
nection, with pistons fitted into them, one much larger than the
other. The application of a
comparatively small force to the
small piston is felt on the larger, .
and it is as many times greater
in an upward direction as the
piston of B is larger in area
than the piston in A. This
great upward force is being
used in the instance shown in
Fig. 49 to compress bales of
wool.

Distinctive characters of
‘ gases.—It appears, therefore,

F1G. 49 —Hydraulic Press. that solids tend to retain a
o definite size and skape, while
liquids tend to retain a definite size only. Gases show no tendency
to retain either a definite size or shape. A small quantity of
any gas, when admitted into a large empty vessel, almost
Instantaneously distributes itself uniformly throughout the interior

of a vessel.
G.H. P. E
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Gases are easily compressible ; and in this they obey a definite
law, viz.: that, when the temperature remains constant, the volume
increases or decreases in just the same proportion as the pressure
decreases or increases (p. 85).

EXERCISES ON CHAPTER V.

1. Describe experiments which prove :

§a) That solids are porous.
4) That liquids, too, have pores.

2. How would you show by experiment that the mass of the
same portion of matter in different states is constant ?

3. What experiment could you perform to show that a solid, say a
billiard ball, is elastic? Explain as well as you can what you mean
by elasticity.

4. What property in particular is possessed by liquids and not by
solids? And what character has a gas which neither liquids nor
solids possess ?

5. The same portion of matter can, under suitable conditions,
assume different states. Describe fully some experiment which illus-
trates this statement.

6. What evidence can you give that the different states of matter
gradually shade into one another?

7. Give reasons for the opinion that all forms of matter are
molecular in structure.

8. State some of the properties which are possessed by all kinds
of matter, and explain in your own words the meaning of a property
of matter.

9. Two narrow glass tubes—one twice the diameter of the other—
are dipped into water and mercury in succession. Describe and
sketch the effect observed in sach case.



CHAPTER VI.

PRESSURE IN LIQUIDS. RELATIVE DENSITY.

Measurement of pressure.—Fig. 5o represents a glass U-tube,
open at both ends, and containing mercury. The mercury
surfaces are at the same level, since the atmosphere is pressing
on both surfaces to an equal extent.

If the mouth be applied to the open ”\\
end of a rubber tube R joined to .. R
one limb of the glass tube, and if
then air be forced down the tube, the
pressure at A increases ; the mercury
surfaces are no longer at the same
level—that at A being depressed, and

that at B raised ; and the difference

in level thus produced is dependent i
upon the air forced into the tube. ,,
On the other hand, if some of the E{
air be removed from the tube by /
suction,* the pressure at A diminishes:
the mercury surface at A rises, and
that at B falls. Hence ke position
of the mercury in the tube indicales any difference in the pressures
acting on the two surfaces.

Let the mercury return to its original position in the tube, and
consider the pressures at two points, C and D, each 1 cm. below
the surface of the mercury; and, for simplicity, let the cross-
section of the tube be 1 sq. cm. Neglecting the pressure of

I'1G. so.—Pressure in a liquid.

* The U-tube should be long enough to prevent the mercury from rising up to the
top and entering the mouth,
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the atmosphere—which, of course, is the same on both sides
of the tube—the pressure acting at both C and D is equal to the
weight of 1 c.c. of mercury (7.. 13-6 grams) ; or,
the pressure acting at either point is equal %o
13-6 grams per sq. cm. Similarly, at any other
pair of points at the same level, e.g. E and F,
the pressures are equal. From such considera-
tions as these we deduce the following rule:
In any U-tube containing & liquid the pressures at
the same horizontal levels are the same.

Suppose that the pressure applled to the
surface A (Fig. 51) is
increased sufficiently to
Fic. s1.—Principle of depress it to the position

a manometer.

shown. The pressure at
A is equal to that at a point e—which
is at the same horizontal level as A, If
the difference of level between the two
mercury surfaces be %4 cm., the pressure
on each sq. cm. at a is equal to 2 x 736
gm. per sq. cm. ; and the pressure at A is
equal to the same amount. This simple
device for measuring the pressure of a
‘gas is termed a mercury manometer. If
any liquid other than mercury is used,
the pressure is equal to kxd gm. per
sg. ¢m., where d is the density of the
liquid.

o

P S

(2]

A mercury manometer may be used
for investigating the pressure beneath the
free surface of a liquid. In Fig. 52 A
is a long glass tube, about 1 m. long and
4 cm. in diameter, closed at the lower

end with a rubber stopper, and filled
~ with water. B is a narrow glass tube
bent at the upper end, and connected by Fic. sa. —Appmtus for measur-
thick rubber tubing to a manometer M. ing pressure in liquids.
When the open end of the tube B is immersed in the water, the
pressure exerted by the water at its surface C is transmitted
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through the air in the tube to the mercury surface ¢; and this
pressure is measured by observing the difference of level in the
manometer. A series of observations will prove that the pressure
is proportional to the depth below the free surface.

EXPT. 51.—Pressures of liquid columns. Fit up the apparatus shown
in Fig. 52, and measure (i) the depth H of the surface C below the
surface D, and (ii) the difference of level %4 in the manometer.
Take a series of readings for different positions of the tube B.
Tabulate the readings in column, and calculate the ratio H/% for each
reading. '

Plot the readings on squared paper, taking values of H as abscissae,
and values of /% as ordinates.

The magnitude of the liquid pressure at any point below the
surface of a liquid may be derived in the following manner: Let
A (Fig. 53) be a small horizontal surface,
I sq. cm. in area, and situated / cm. below
the liquid’s surface. The vertical down-
ward pressure on A is equal to the weight:
of a vertical column of the liquid % cm.
long and 1 sq. cm. cross-section ; if the
density of the liquid be & gm. per c.c. this /
pressure is 424 gm. per sq. cm. Fic. 53.—Pressure of liquid

A further point of great importance is
that, at any point, there is an equal pressure acting upwards, as
well as downwards. For if the pressure acting downwards was
the only pressure acting on the surface A,
the thin layer of liquid represented by
A would not remain stationary, but would
be thrust downwards in obedience to this
force. Common experience tells us that
such a layer of water is zof in this state
of constant movement ; hence, at any point
within a liquid, there is always an upward
pressure equal in magnitude to the downward
FiG. 54.—Upward pressure  pregsure at the same point.
pon an object in 2 liquid. Apparent loss of weight of a solid when
suspended in a liquid.—Let AB (Fig. 54) represent a metal
cylinder, of length 7 cm. and cross-section @ sq. cm., immersed
vertically in a liquid of density & gm. per c.c. If the upper and
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lower surfaces are immersed to depths %, cm. and %, cm. respec-
tively, the downward pressure on the surface A is equal to the weight
of ak, c.c. of the liquid, Ze. to akd gm. ; similarly, the upward
pressure on the surface B is equal to a%,d gm. Hence, the result-
ant upward pressure due to the liquid is equal to ak,d - a/,d gm.
But a(%,-4,;) is the volume of the cylinder; hence, the upward
pressure due to the liquid is 'equal to the weight of a quantity of
the liquid equal in volume to that of the solid immersed. This is
known as the Principle of Archimedes: which may be stated as follows:
When a solid is immersed in a liquid, the apparent loss of weight is equal
to the weight of an equal volume of the liquid.

EXPT. 52.-—Upthrust. Measure the dimensions of a metal cube,
and calculate its volume. Suspend the cube, by means of cotton
thread, from the hook of a balance, and at such a height that the cube
may afterards hang freely in a beaker of liquid supported on a
bridge placed over the pan. Use as little cotton as possible: a
single strand with a loop at the top should suffice. Weigh the
suspended cube. Now place a beaker of cold water on the bridge
so that the cube is immersed totally, taking care that it does not
touch the sides of the beaker, and again weigh the cube.

Repeat the above experiment several times, using regular solids of
different form and different liquids of known density. Tabulate your
results in the following manner, and deduce your own conclusions as
to the relationship between the apparent loss of weight of the solid
and the weight of an equal volume of the liquid uscd.

.. . . ‘Weight of
Liquid, and Dimensions of Volume of Apparent loss
its densiiy (). solid. solid. equal“;c‘)‘lilé:.ne of of weight.

|

Relative demsity (or, specific gravity).—It has already been
proved by experiment that equal volumes of different materials
have different masses, or, in other words, different materials have
different densities. Such experiments show that some substances
are heavier and others lighter than an equal volume of water. The
relative density of a material is the number of times that a fragment of
the material is heavier or lighter than an equal volume of cold water.

It is important to remember that the relative density is the
ratio of one mass to another mass; and the ratio is simply a
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numerical quantity. On the other hand, the absolute density
of a material is not described fully unless the units of mass
and volume are given. Thus, it is correct to say that the relative
density of marble is 2'8; but the absolute density of marble is 2'8 gm.
per c.c.

RELATIVE DENSITIES OF SOLIDS.

To determine the relative density of a solid heavier than water
we require to find (i) the weight of the body of which the relative
density is required, and (ii) the weight of an equal volume of
water. The second quantity is obtained, by the Principle of
Archimedes, by observing the apparent loss of weight when the
solid is suspended in cold water. Then

weight of substance
weight of equal vol. of water

relative density —

_ weight of substance
apparent loss of weight in water’

EXPT. 53.—8olids heavier than water. Find the relative density of
two or three common solids, such as brass, sulphur, copper, lead, and
glass.

In applying the Principle of Archimedes to the determination
of the relative density of a solid lighter than water it is necessary
to attach to the solid
an insoluble sinker
sufficiently heavy to
keep it in the water.
Three separate weigh-
ings are necessary,
viz.: (a) the solid, in
air, (6) the sinker
alone, in water, and
() the sinker, with
the solid attached, in
water. It is best per-
haps to take the
weighings in the order

. . FiG. 55.—Determination of the r:lative density of a solid
shown In Flg 55- lighter than water.

In Fig. 55 (1) the

sinker alone is weighed in water; let this weight be ;. In
Fig. 55 (ii) the solid is supported just below the hook of the
. balance by looping the thread once round the solid ; let this
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weight be w,. In Fig. 55 (iii) the solid is rotated downwards
until it is close to the sinker and immersed in the water, and
another weighing w, taken. The only difference between the
second and third weighings is the weight of the walter displaced by
the light solid. Hence

'~ Wy

relative density = =
Wy — Wy
EXPT. 54.—Bolids lighter than water. Determine the relative density
of paraffin wax, of oak, and of cork.

If a solid of less density than water be immersed totally in
water, then, since the upward thrust due to the displaced water is
greater than the weight of the solid, it must tend to rise to the
surface. When it reaches the surface, the downward pressure on
the top of the solid becomes zero, but the upward pressure on the
under surface continues to act; the body continues to rise until
this upward pressure is equal to the weight of the solid, z.e. until
the weight of the floating body is equal to the weight of the displaced water.

Suppose a rectangular block of wood, of area A sq. cm. and height
H cm,, to be floating in water, and immersed to a depth £ cm. ;

then, total volume of wood =AH cc.
and ,, » displaced water=A% c.c.
Hence, weight of AH c.c. of wood=weight of A% c.c. of water,
h
or, ” 3 rcc. = » "7 ” 9
=T{;—x weight of 1 c.c. of water.

Therefore, relative density:tzgggt g: : zz Z;- v‘:’:&i=é.

EXPT. 55.—Relative density by flotation. Fig. 56 represents a method
of making the necessary measurements. Let a wooden strip rest
across the top of the wide glass beaker
in which a block of wood is floating.
Fix with wax a needle to one end of a
millimetre scale. Take the scale reading
of the wooden strip when the needle is
just touching the surface of the water;
and also the reading when the needle is
touching the surface of the block. As the
block may not be floating quite horizon-
tally, find the average of four readings taken at opposite corners.
From these observations calculate the relative density of the wood.

FiG. 56.—Expt. ss.
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RELATIVE DENSITIES OF LI1QUIDS.

To determine the relative density of a liquid it is necessary to
find the weight of any volume of the given liquid and the weight
of an equal volume of cold water. Several methods are available.

EXPT. 56.—By the principle of Archimedes. Weigh a glass stopper
in air, then immerse it successively in water, turpentine, methylated
spirit, and olive oil, and notice the apparent loss of weight in each case.
The apparent loss of weight experienced by the glass stopper in each
experiment is equal to the weight of a portion of liquid of the same
volume as the stopper. The numbers obtained therefore represent
the weights of equal volumes of water, turpentine, methylated spirit,
and olive oil, and by dividing each by the number obtained in the
case of water, the relative densities of the liquids are obtained.

The relative density bottle (Fig. 57) consists of a small glass
flask, holding about 30
grams of water. It is pro-
vided with a nicely-fitting
ground stopper, which is
in the form of a tube with
a very small bore through
it, or the stopper may
have a groove on its side.
Another form of specific
gravity bottle has a stopper
in the form of a narrow
tube or neck with a mark
upon it.

FiG. 57.—Relative density bottles.

EXPT. 57.—By the relative
density bottle. Carefully dry the inside of the bottle, and weigh it. Fill
the bottle with the given liquid, insert the stopper, and see that no air
bubbles remain in the bottle. Dry the outside of the bottle (holding it
in several folds of a duster so as not to warm the bottle by direct contact
with the hand), and weigh it. Rinse out the bottle several times with
water, and finally weigh it when full of cold water. In this manner
you obtain the weights of egua/ volumes of the liquid and of water.

Instead of the bottle, a small flask having a file mark on the neck
may be used.

An instructive method of showing the relative densities of liquids
is obtained by means of a glass tube bent in the form of a U, and
therefore called a U-tube.
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EXPT. 58.—By means of a U-tube. Cut off two pieces of glass tube,
each about 30 cm. long ; connect the tubes with india-rubber tubing
about 18 cm. long, and fix them upright upon a strip of wood. Or,
bend a piece of tubing into the form of a U with arms about 30 cm.

F16. 58.—U-tubes for determining relative densities of liquids.

long. Pour mercury into one of the tubes until it reaches a
horizontal line drawn upon the board (Fig. 58). Now introduce water
into one of the tubes by means of a pipette, and notice that the
mercury on which the water rests is pushed down; afterwards
introduce sufficient water into the other tube to bring the mercury
back to its original level. The length of each column of water will be
found the same. Repeat the experiment with varying amounts of
water.

The mercury in the bend of the U-tube evidently acts as a
balance, which enables columns of different liquids in the upright
arms to be balanced.

EXPT. 59.—8pirit and water. Nearly fill one of the tubes with
methylated spirit, and balance it with water introduced into the other
tube. Measure the lengths of the two columns.
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As these two unequal columns balance one another it will be
evident that the liquid in the shorter column, namely, the water,
bhas a greater relative density than the liquid in the longer column.

If £, =height of liquid column, and %;=height of water column, then
Wt. of 2, cm. of the liquid=wt. of %, cm. of water, or
” 1 cm. » = » h2/}l1 ” or
=/ty//t; X wt. of I cm. length of water.

Hence, any volume of the liquid is %2 times as heavy as an equal
volume of water ; and 1

Relative density=%2.
1

To determine the relative densities of liquids which mix, an
arrangement known as Hare’s apparatus may be used. A simple
form of this apparatus is represented in Fig. 59.
A wide-necked bottle is closed with a rubber
stopper bored with three holes. Through two
of the holes pass long glass tubes, and the
third hole is fitted with a short tube terminating
in rubber tubing and a clip. The lower ends E‘
of the long tubes dip into beakers containing !
the liquids the densities of which have to be ot
compared. By applying suction to the rubber
tubing, the liquids are drawn up the glass
tubes to different heights. the /ess dense being
drawn to the greater height. The pressure on
the surface of the liquids in the beakers is the
same, viz. that due to the atmosphere; hence
the pressures zzside the tubes and at these same
levels must be equal. Therefore the weights
of the liquid columns measured above the level
of the liguids in the beakers must be equal; Fic;59-=Simple form
. . .. . a pparatus.
just as in the case of liquids in a U-tube, the
densities of the liquids are inversely proportional to the heights of
the columns.

EXPT. 60.—By means of Hare's apparatus. Using this apparatus,
determine the relative densities of brine, solution of copper sulphate,
vinegar, and milk.

HYDROMETERS.

A simple form of hydrometer may be made in the following
manner: Cut off a piece of thin-walled glass tubing, about 15 cm.
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long and 2z cm. diameter. Close one end with a cork; cut off
the cork flush with the edge of the tubing, and make the end
water-tight by means of sealing-wax. Fix inside the tube a paper
millimetre scale, adjusted so as to measure distances from the
extreme end of the tube. Put inside the tube sufficient small
lead shot to make the tube sink vertically in water to a depth
of about 12 cm., and fix the shot in position with wax or a
slice of cork. Close the upper end of the tube with a short
cork, and make water-tight as before.

EXPT. 61.—Principle of a hydrometer. Float a hydrometer, of the
form described, in water. Note the depth of immersion. Remove
the hydrometer, dry it, and weigh it. Measure the diameter in several
different parts, and, taking the average of these readings, calculate
the volume of water displaced. Find whether there is any relationship
between the weight of the hydrometer and the weight of the displaced
water.

When placed in any liquid the hydrometer will sink until the
weight of the displaced liquid is equal to the weight of the hydrometer
Hence, in a less dense liquid, the hydrometer will sink to a
greater depth. If a be the cross-section of the tube, and if the
tube sinks in water and in another liquid to depths H cm. and
% cm. respectively, the volumes of displaced water and liquid
are aH c.c. and a4 c.c. respectively. Hence

Weight of a% c.c. of liquid=wt. of aH c.c. of water,
or ] Iy ”» = 9 H/ﬁ ” ’”

H
or » ) S e wt. of 1 c.c. of water.

Therefore relative density of quuid-:—l}:lI .

EXPT. 62.—Brine and alcohol. By means of a simple hydrometer
find the relative density of weak brine and of dilute alcohol.

EXPT. 63.—Verification. If a commercial hydrometer (e.g. a
Twaddell ¥) is available, verify by its means the results of the
previous exercise.

Nicholson’s hydrometer.—The hydrometers hitherto used are
known as hydrometers of variable immersion. In another kind of
hydrometer, known as Nicholson's hydrometer, the instrument is

* The rule for determining a relative density by means of a Twaddell hydro.
meter is, ** Multiply the hydrometer reading by 5, add 1000, and divide by roco."
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always immersed to a fixed mark upon it, and densities are
determined by finding the weights necessary to produce this
amount of immersion in different cases. The densities of solids
as well as of liquids can be determined with this instrument.

EXPT. 64.—S8olids. Place a Nicholson’s hydrometer (Fig. 60)
m a tall jar of water.* Load the top pan A until the mark on
the stem of the hydrometer is level with the surface of the water.
Record the load; then re-
move it and put in its place
a pebble which weighs less,
or some other substance of
which the density is required.
Find the weights which have
to be added to depress the
hydrometer to the mark on
the stem. Then you have

Weight of substance
(a)+added weight (&)
=weight required to
sink hydrometer to
mark (¢).

% 1 F1G. 60.—Use of a Nicholson's hydrometer to deter-
Therefore Welght of sub- mine the relative density of a solid.
stance a=c—0.

Now put the substance in the lower pan B, and add weights until
the mark is again reached. The apparent loss of weight in water is
the difference between the weights now added and those required
to depress to the mark when the substance was in the top pan.
You have thus the weight of the substance and the apparent loss
of weight in water, and can therefore determine the relative density
of the substance without a balance.

Determine the relative density of sulphur and of lead by means of
Nicholson’s hydrometer.

EXPT. 65.—Liquids. Weigh the Nicholson’s hydrometer, and then
place it in a jar of water. Add weights until the mark on the stem is
level with the water. Then

Weight of hydrometer + weight added = weight of a certain volume
of water displaced.

*If the hydrometer does not float in an upright position, glace a small piece of
lead on the lower pan and keep it in that position throughout the experiment,
The lead must not be heavy enough to sink the hydrometer nearly to the fixed
mark.
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Repeat the experiment with one or two other liquids. The same
amount of liquid is displaced in each case, so you obtain the weights
of equal volumes of liquids compared with that of an equal volume
of water. Determine from your observations the relative densities of
the liquids.

EXERCISES ON CHAPTER VI

1. Find the pressure due (i) to a column of water I metre in
depth, (ii) to a column of mercury (density 13:6 gm. per c.c.) 1 metre
in depth.

Express your answer in grams weight per sq. cm.

2.* Calculate the total pressure (in grams weight) upon the base
of a cylindrical vessel one decimetre in diameter, filled with mercury
to a height of 40 cm.

3.* The specific gravity of sea-water is 1-025. Calculate the
pressure (i) in grams weight per sq. cm. at a depth of 40 metres below
the surface of the sea, and (ii) in pounds per sq. ft., at a depth of
50 ft.

4.% To what depth must a surface be sunk in water in order that
the pressure upon it may be 6o Ib. per sq. inch?

5. In order to determine the pressure of the water supply at a
certain tap, it is connected to a mercury manometer. On opening
the tap the mercury rises in the open end of the rnanometer until the
difference of level of the mercury surfaces is 170 cm. Express the
‘head of water’ in feet.

6. Explain why a ship made of iron will float in water, though
iron itself is heavier, bulk for bulk, than water.

7. You are given a small rectangular block of brass, and you have
at your disposal a measuring rod divided into centimetres and milli-
metres, a balance and weights, some fine wire, and a vessel of water.
How will you determine, by two perfectly independent methods, so
that the results may form a check on one another, the volume of 'the
block? Describe exactly what calculations you will have to make,
and say upon what scientific principle, if any, each of your methods
depends.

8. A piece of lead weighs 150 grams in air, 137 grams in water,
and 1385 grams in paraffin. Find the specific gravity of lead and
of paraffin—to two places of decimals.

9. In an experiment to find the specific gravity of copper sulphate
by means of Hare’s apparatus the following measurements were
taken:

Height of water column in cm. :
st time.  2nd time.  3rd time.  4th time  sth time.
10 12 14 " 16 20

* In those examples marked with an asterisk the pressure of the air on the liquid
surface is disregarded.
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Height of copper sulphate column in cm. :
1st time. 2nd time. 3rd time. 4th time. 5th time.
9'5 1I 13'5 15 18-8
Find the average specific gravity of copper sulphate correct to two
places of decimals, and draw up a neat table of measurements to
show how you obtain your result.

10. A block of wood having a volume of 3 cubic feet weighs
93 Ib. Find (a) the specific gravity of the wood ; (b) the weight
that must be placed on the block so as just to keep the wood under
water. (The weight of 1 cubic foot of water is to be taken as
equal to 62 1b.)

11. (i) Wh}; does a solid appear to weigh less in water than in

air

(ii) Describe any experiment which shows that the apparent
loss of weight (expressed in grams) in water is equal
numerically to the volume (expressed in c.c.) of water
displaced.

(iii) A piece of metal weighs 100 grams in air and 88 grams in
water. What is its volume ?

12. Being provided with two pieces of glass tube and a piece of
india-rubber tubing, explain how you would proceed to (i) compare
the relative densities of olive oil and spirits of wine, (ii) ascertain
the relative density of a specimen of milk.

13. 1f you were provided with a burette, paraffin oil, and pieces
of ice, describe how with these things you would determine the
relative density of ice.

A piece of ice has a volume of 1000 cubic feet. How many cubic
feet would be above the water if the ice floats in (a) pure water,
(b) sea water, assuming that none of the ice melts ? (The relative
density of sea water 15 1-025 and of ice 0-918.)

14, Describe a practical means of finding (a) the weight of one
cnbic inch of water, (b) the number of cubic inches in one pint.

A bar of wrought iron 1 inch wide, 1 inch thick, and 1 yard long,
has the same weight as a gallon of water. Find the relative density
of the iron. (There are 277+3 cubic inches in a gallon.)

15. If you were asked to determine the specific gravity of a small
irregular piece of wood, describe exactly the method you would use.

A beam of oak measures 24 feet long, 18 inches wide, and 1 foot
deep. Estimate the weight of the beam in Ilb., taking as the
specific gravity of oak a value which you consider to be roughly
correct and stating clearly the value which you take. (The
weight of one cubic foot of water is 62+4 1b.)

16. How would you determine by measurement and calculation
the volume in cubic centimetres of a rectangular slab of glass, such
as that found in a box of weights ? Describe an experiment by
which you could check your result.

17. Explain how, using a U-tube, you would determine the
relative density of a liquid which does not mix with water.
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18. Under what conditions do bodies float or sink in a liquid ?

A piece of iron weighing 275 gm. floats in mercury of density
13-59 with § of its volume immersed. Determine the volume and
density of the iron.

19. Two blocks of glass, each having a volume of 10 c.c., are
hung from the scale-pans of a balance by means of hooks under the
pans, and balance one another. Under one is brought a beaker of
water, under the other a beaker of alcohol, so that the blocks are
immersed in the liquids. The balance is now disturbed, and it is
found that 1-82 grams have to be added to one pan to restore equi-
librium. To which pan has this weight to be added, what is the
explanation of the fact, and how can you determine from the
figures now at your disposal the density of the alcohol ?

20. A covered tin canister having a volume of 88 cubic centi-
metres contains just enough shot to sink it to the top of the cover
when placed in cold water. Determine from this information

(i) The weight of the canister and shot.

(ii) The weight of the water displaced by the canister.

21. Explain what is meant by specific gravity. A body of
specific gravity 5 weighs 20 grams in air; what will the body
weigh when immersed in water ?

22. A bottle weighs 2 ounces. When holding 3% ounces of shot
it will just float in water, when holding 3 ounces 1t will just float
in oil, and when holding 3% it will just float in brine. Find the
specific gravity of the oil and the brine.

23. A stone, weighing in air one kilogram, is suspended by a
piece of cotton so that it is immersed entirely in water. On
attempting to lift the stone out of the water the cotton breaks
when the stone is partly out of water. Why is this ?

1f when the stone is immersed completely the cotton would bear
an additional pull equal to the weight of 150 grams, what volume
of the stone will be out of the water when the cotton breaks ?

24. A hollow stopper of glass {density, 26 gm. per c.c.) is found
to weigh 23-4 gm. in air, and 3-9 gm. when suspended in water.
What is the volume of the internal cavity ?

25. A solid weighs 8 1b. in air and 5 Ib. in water. Find (i) the
weight of an equal volume of water, (ii) the relative density of
the body, (iii) the volume (in cubic inches) of the body, (iv) the
apparent weight of the body when suspended in glycerin (relative
density =1-25).

26. The relative density of ice is 0-918 and that of sea-water is
1:03. What is the total volume of an iceberg which floats with
700 cubic yards exposed ?
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27. A specific-gravity bottle, filled with water, weighed 39-74 gm.
Some iron nails weighing 8-5 gm. were introduced, and the bottle
filled with water. The bottle and contents now weighed 47-12 gm.
Find the relative density of iron.

28. Inordertosinka Nicholson hydrometer to the mark in water,
1t was necessary to add 603 gm. to the upper pan. When floating
m alcohol only 6-8 gm. were required. If the hydrometer weighs
200 gm., what is the relative density of the alcohol ?

29. How would you determine the volume of an ordinary pen
nib ? State all the precautions you would adopt in order to obtain
an accurate result.

30. 1 c.c. of lead (sp. gr., 11-4) and 21 c.c. of wood (sp. gr., 0-5)
are fixed together. Show whether they will float or sink in water.

G.H. P, F



CHAPTER VIL
ATMOSPHERIC PRESSURE, AND BOYLE’S LAW.

Weight of the air.—Surrounding the earth in every latitude,
over land and sea, is a gaseous envelope which is spoken of as
the air or the atmosphere. Its presence when at rest is un-
perceived, though in motion it becomes apparent by its effects
on trees and other bodies free to move. It is easy to prove by
direct experiment that the air has weight.

EXPT. 66.—Determination of weight of air. Fit a one-holed india-
rubber stopper into a fairly large glass flask, and fit into the stopper
a short glass tube with rubber tubing and
clip (Fig. 61). Put a little water in the
flask ; open the stop-cock; and boil the
water. After boiling for some minutes,
close the clip and place the flask on one
side to cool. When the flask is cool,
weigh it. Then open the clip ; air will be
heard to rush into the flask, and as it does
so the balance will show an increase of
weight. Carefully re-weigh the flask. The
increase in weight is equal to the weight
of air within the flask. Measure the water
in the flask by means of a measuring
cylinder; fi// the flask with water, up to
the position occupied by the bottom of the
stopper, and measure its volume. The
difference of these volumes gives the
volume of the air which entered the flask.

Fio. G e e "°"  From these results calculate the weight of

one litre of air.

Pressure of the atmosphere.—It is a property of all fluids that
'they communicate pressure in all directions, and consequently it
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is a character of air. In consequence of this fact we are able to
move about quite freely in spite of atmospheric pressure.

EXPT. 67.—Effect of atmospheric pressure. Procure a thin tin
cylindrical can having a central exit-tube, fitted with rubber-tubing
and clip. Remove the clip and boil a little water in the can. After
the water has been boiling for some time, so that practically the can
is filled with steam, remove the cun from the flame, and quickly close
the clip. Pour a little cold water over the can, and observe how the
can collapses.

The explanation of the effect produced in this experiment is
that as the can cools the steam inside is condensed into water,
and so occupies a much smaller volume. The pressure which
the steam exerts on the inside of the can is thus removed, while
the pressure of the air on the outside remains practically the
same, the result being that the can is crushed. At the sea-level,
under ordinary conditions, the pressure of the air is 15 lb. on
every square inch.

The following experiments also illustrate effects of atmospheric
pressure :

EXPT. 68.—Action of a syringe. Dip the open end of a glass syringe
or squirt into a bowl of water. Pull up the piston, and notice that
the water follows it, owing to the pressure of the atmosphere upon
the surface of the water in the bowl. The action of a pump is very
similar to this.

EXPT. 69.—Upward pressure. Take a tumbler or cylinder with
ground edges and fill it completely with
water. Slide a piece of stout writing
paper across the top and invert the
vessel. If the air has been excluded
from the cylinder carefully the water
does not run out (Fig. 62). Think
- what keeps the paper in its place.

Principle of the mercurial baro-
meter.—It has been seen that the
air has weight, and that it exerts
pressure on the earth’s surface; we
have now to learn how this pressure Fia. 62.—Effect of atmospheric pres-
is measured. sare.
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EXPT. 70.—Construction of a barometer. Procure a barometer
tube about 32 inches long, and bind a short piece of india-rubber

w" §

Fig. 63.—To ex-
plain the principle of
the barometer.

tubing upon its open end. Bind the free end of
the tubing to a glass tube about six inches long
open at both ends. Rest the barometer tube with
its closed end downwards and pour mercury into
it (being careful to remove all air bubbles) until
the liquid reaches the short tube. Then fix the
arrangement upright as in Fig. 63.

The mercury in the long tube will be seen to
fall so as to leave a space of a few inches between
it and the closed end. The distance between
the top of the mercury column in the closed
tube and the surface of that in the open tube
will be found to be about thirty inches.

The instrument used in Expt. 70 is evidently
similar to a U tube. Referring to Fig. 63 it is
clear that there is a column of mercury supported
by some means which is not at first apparent,
or else the mercury would sink to the same level
in the long and the short tubes, for we know
that liquids find their own level. 1f a hole were
made in the closed end of the tube this would
happen immediately. There will be no difficulty
from what has been said already, in under-
standing that the column of mercury is kept in
its position by the weight of the atmosphere
pressing upon the surface of the mercury in the
short open tube. The weight of the column
of mercury and the weight of a column of the
atmosphere with the same sectional area is
exactly the same; both being measured from
the level of the mercury in the short stem of

the apparatus shown in Fig. 63, the mercury column to its
upper limit in the long tube, the air to its upper limit, which is
a great distance from the surface of the earth. When for any
reason the weight of the atmosphere becomes greater, the mercury
is pushed higher to preserve the balance ; when it becomes
less, then similarly the amount of mercury which can be
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supported is less, and so the height of the column of mercury
is diminished.

The height must in every case be measured above the level of
the mercury in the tube or cistern open to the atmosphere. In
the arrangement shown in the accompanying illustration, a line
is drawn at a fixed point O, and the short tube is shifted up or
down until the top of the mercury in it is on a level with the
line.

The student will now understand why it is so necessary to
remove all the air bubbles in Expt. 70. If this were not done,
when the tube was inverted the enclosed air would rise through
the mercury and take up a position in the top of the longer tube
above the mercury. The reading would not then be thirty inches,
for instead of measuring the whole pressure of the atmosphere,
what we should be measuring really would be the difference
between the pressure of the whole atmosphere and that of the
air enclosed in the tube. In a properly constructed barometer,
therefore, there is nothing above the mercury in the tube except
a little mercury vapour.

An arrangement like that described constitutes a barometer,
which we can define as an instrument for measuring the pressure
exerted by the atmosphere.

EXPT. 71.—Variation of pressure (Expt. 70) has shown that air
pressing upon the surface of the mercury in the short open arm of
the U-tube will balance a long column of mercury in the closed arm.
Slip a piece of india-rubber tubing upon the open end and notice
what happens when you blow sharply into it. Suck air out of the
tube, and observe the result.

These experiments illustrate the effect of increasing and de-
creasing the pressure upon the free surface of the mercury.

Weight of column of atmosphere.—The following is another
form of the experiment to show atmospheric pressure by means
of a barometer.

EXPT. 72.—8imple barometer. Procure a thick glass tube about
36 inches long and closed at one end. The tube must be quite clean
and dry. Fill the tube with dry, clean mercury, leaving a small air
bubble at the top. Close the tube with the thumb, and slope the
tube downwards so that the bubble of air travels along the whole
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length of the tube; slope the tube upwards, so that the bubble
returns to the open end. Thus all small air bubbles are removed
from the sides of the tube. Fill
up the tube with mercury, place
your thumb over the open end ;
' .invert the tube; place the open
end in a cup of mercury and
take away your thumb.

A column of mercury will
be supported in the tube by
the pressure of the atmo-
sphere. The distance between
the top of the column and the
surface of the mercury in the
cup will be about 3o inches,
or 76 cm., when the tube is
vertical. When the tube is
inclined so that the closed
end of it is less than this
height above the mercury in
the cup the mercury fills it

?f completely ; and when the

A : tube is less than 30 inches

R A long, it is filled by the mer-

F1G. 64.—A simple barometer. cury also. On an average,

the atmosphere at sea-level

will balance a column of mercury 30 inches in length. No

matter if the closed tube be 3o feet long, the top of the mercury

column will be about 30 inches only above the level of the
mercury in the cistern.

If the tube had a bore with a sectional area of exactly one
sq. cm., there would be 76 c.c. of mercury in a column 76 cm.
long; and since 1 c.c. of mercury weighs 13-6 gm., the whole
column would weigh 10336 gm. This column balances a
column of air of the same area, so that we find that the weight
of a column of air upon an area of one sq. cm. is 1-03 kgm.
when the barometer stands at 76 cm. Converting these numbers
into British units, it will be seen that the pressure on one square
inch of a mercury column 30 in. high is 15 1b.

Mercury a convenient liquid for barometers.—The use of
mercury for barometers is a matter of convenience. Since the
column of mercury which the atmosphere is able to support is
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30 inches high, it is clear that, as water, e.g,, is 13-6 times less
dense than mercury, the column of water which could be sup-
ported would be 30x 13:6=408 inches=34 feet, which would
not be a convenient length for a barometer. The length of the
column of glycerin which can be supported similarly is 27 feet.
But in the case of lighter liquids like these, any small variation in
the weight of the atmosphere is accompanied with a much greater
alteration in the level of the column of liquid, and in consequence
it is possible to measure such variations with much greater
accuracy. For this reason barometers are sometimes made of
glycerin.

Pressure of the atmosphere at different altitudes.—The
atmosphere being a material substance, the shorter the column of
it there is above the barometer, the less is the weight of that
column, and the less the pressure it exerts upon the mercury
in the barometer. Hence, as we ascend through the atmosphere
with a barometer, we reduce the amount of air above it pressing
down upon the mercury in it, and in consequence the column of
mercury the air is able to support becomes less and less as we
ascend. On the contrary, if we can descend from any position,
e.g. down the shaft of a mine, the mercury column is pushed
higher and higher as we gradually increase the length of the
column of air above it. Since the height of the column of
mercury varies thus with the position of the barometer, it is
clear that the variation in its readings supplies a means of
ascertaining the height of the place of observation above the
sea-level, provided we know the rate at which the height of
the barometer varies with an alteration in the altitude of the
place. The rule which expresses this relation is not a simple
one, but for small elevations it is said that a rise or fall of one
inch in the height of the barometer corresponds to an alteration
of goo feet in the altitude of the barometer.

BovLE’'s Law.

Relation between volume and pressure of a gas.—To under-
stand how and why the density of the atmosphere varies, it is
necessary to become acquainted with the rule expressing the
relation between the volume and pressure of a gas. This can
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be done satisfactorily by one of the forms of apparatus employed
in the following experiments, which provide a means of subjecting
an enclosed quantity of air to varying pres-
sures, by the addition of smaller or larger
quantities of mercury.

In Fig. 65, two glass tubes are supported
on blocks which slide in grooves on a vertical
stand and are joined at their lower ends by
stout rubber tubing; one of the tubes, B, is
open at its upper end, and the other, A, is
either sealed off with its upper end nearly
flat or else it terminates in a glass tap.
Before proceeding to take observations, the
apparatus 1s arranged so that, when mercury
contained in the apparatus is at the same
level in both tubes, the closed tube is about
half full of dry air. Under these conditions
the enclosed air is acted upon by a pressure
equal to that of the atmosphere, which is
obtained by reading the height of the baro-
meter at the time of the experiment. If the
closed tube be graduated the volume of the
enclosed air is obtained at once by taking
the scale-reading of the mercury surface in
the tube; if the tube be ungraduated but
uniform in bore, the ZJeng? of the air column
may be taken as numerically equivalent to
the volume of the enclosed air. Having
taken these readings of pressure and volume,
the open tube is raised until the mercury
Fic. 65— Boyle's law surface in the open tube is several centimetres

apparatus. higher than that in the closed tube. The
enclosed air is now under a total pressure

equal to the sum of that due to the atmosphere and that due
to a column of mercury equal in length to the difference of
levels of the mercury in the two tubes. The volume of the
enclosed air is now less than before. A series of such readings
of pressure and volume are taken, the open tube being raised
finally to the greatest extent permitted by the apparatus. Similar
readings are taken with the open tube Jower than the closed
tube ; in this case the pressure acting on the enclosed air is
less than that of the atmosphere, and its magnitude is obtained
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by subtracting the difference of level of the mercury surfaces
from the height of the barometer.

EXPT. 73.—Relation between pressure and volume. Take a series
of readings of the pressure acting on the enclosed air and of the
volume of the air by means of apparatus similar to Fig. 65. The
difference of level of the mercury surfaces is obtained readily by
measuring the heights of the surfaces above the base-board by means
of a metre scale. Record your results thus :

Height of Diﬂ‘lﬂ:‘lﬁe of th:lt}?erzs?g T€ | Volume of Air, To)ta‘.l/ g:ﬁum
¥ ) )
Barometer. of Mercury. P. v. PxV.
l Cm. Cm.

From these observations it will be found that the volume
regularly diminishes as the pressure is increased, and in the
same proportion. The converse is also found to be true, viz,
that as the volume of a gas increases the pressure upon it
diminishes, and exactly in the same proportion. But, in both
these cases, it is understood that the femperature of the gas
remains the same, that is, the temperature of the gas under
the different pressures must not alter.

The tabulated results of the experiments reveal another im-
portant relation, which is, however, another way of expressing
those already noticed. It is found that, when there is no
alteration of temperature, the product obtained by multiplying
the volume of a given mass of gas by the pressure to which
it is subjected is always the same, or remains constant.

These facts were discovered by Robert Boyle in 1662, and are
included in what is known as Boyle’s Law. It can be expressed
by saying that when the temperature remains the same, the volume
of a given mass of gas varies inversely as its pressure. Or, what is
the same thing, the temperature remaining the same, the product of
the pressure into the volume of a given mass of gas is constant.

But it has been learnt that if the volume occupied by a given
mass of a substance be increased, its density is decreased, and if
the volume be decreased, its density is increased. Therefore, by
decreasing the volume of the enclosed air in the above experi:
ment, its density is increased. The increase of density and the
increase of pressure are proportional to one another. It is not
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difficult to apply these facts to the case of the atmosphere. It
has been stated that the pressure of the atmosphere decreases as
we ascend, and we are now able to add that its density decreases
also and at the same rate. Therefore the densest atmosphere is
that at the surface of the earth, leaving out, of course, the air of
mines and other cavities below the surface, where the air is
denser still. The air gets less dense, or rarer, as we leave the
earth’s surface, until eventually it becomes so rare that its
existence is practically not discernible.

The following experiment provides an alternative method of
illustrating Boyle’s Law :

EXPT. 74.--Simple method for Boyle’s Law. ODbtain a length of
thermometer tubing, (Fig. 66), about 75 cm. long and 1 mm. bore.
Seal it at one end and expand the open end
somewhat. Clamp the tube in a vertical
position, with the closed end below, by the
side of a metre scale, and connect a small
funnel to the top by means of a short piece of
rubber-tubing. Pour a little pure, clean mercury
into the funnel and induce it to run down the
bore of the tube by inserting a thin, clean, steel
wire. In this way any desired volume of air
can be enclosed.

The length of the column of enclosed air may
be taken to represent its volume (V). 1f H=the
height of the barometer, and Z=the length of
the mercury thread (both expressed in the same
units), then the total pressure on the enclosed

. . air=(H+4).
Fl:e;‘lf‘o:%c':;gl;sel’;g:n. Introduce more mercury in the same manner,
and in this way alter the values of V and 4
The volume of the air under the pressure of the atmosphere alone
can be observed by laying the glass tube flat on the table; and the
volume under pressures less than that of the atmosphere can be
observed by .inverting the tube with its open end downwards.

Perform several experiments and record the results in the following

way :

Volume (V). Pressure (H+4). Volume X Pressure. ‘

1 |
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SOME INSTRUMENTS DEPENDING UPON ATMOSPHERIC
AND FLUID PRESSURE.

The air-pump.—Several forms of air-pumps are in use, but in
this place it will be sufficient to describe one of the simplest, that
designed by Hawksbee, the essential parts of which are shown
in Fig. 67. V is the receiver, from which it is required to
remove air. V is connected with a cylinder cv by means of a
tube, shown on the base in
the illustration, bent twice
at right angles. At the
end of this tube remote
from the receiver, and just
at the bottom of the
cylinder co, is a valve v
opening upwards. In the
cylinder works, in an air-
tight manner, a piston
provided with a valve o'
opening upwards; and a
handle for pulling the pis-
ton up and pushing it down is provided. The action is very
simple. Imagine the piston to be at the bottom of the
cylinder to begin with, and then that it is pulled up gradually.
As this takes place, the air in the receiver and below the
valve v is subjected to a diminished pressure, and consequently
expands, filling the space which is formed as the piston moves
upwards. This expansion continues until the piston arrives at
the end of its stroke. The piston is now pushed down. This
movement compresses the air between #' and v and increases
its pressure, causing the valve v to shut. But as the piston
descends the pressure on the under surface of the valve v’
becomes greater than that of the atmosphere upon its upper
surface, with the result that the valve v’ opens upwards and the
air in the space vy’ rushes through the open valve into the out-
side air. The final result, when the piston reaches the bottom
of the cylinder, is that there is less air in the receiver and tube
connecting therewith than there was originally. As the piston
is worked up and down the same opening and shutting of
valves is repeated, with the result, that by and by, nearly all the
air is removed from the receiver.

Sprengel’s air-pump.—More perfect vacua can be obtained by
a simple form of air-pump, due to Sprengel, in which the piston
of Hawksbee’s instrument is replaced by drops of mercury and

F1G. 67.—Simple form of air-pump.
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in which valves are dispensed with. The essential parts of this
pump are shown in Fig. 68. The flask, or other vessel, which
it is desired to exhaust of air is connected

with the tube at A.

is removed.

with. at the bottom of its
stroke near the valve &.
As the piston is raised
the air in the cylinder
above & expands; its
pressure consequently de-
creases; the pressure on
the lower surface of the
. valve & is, therefore, soon
‘;}Ggp‘ii;.‘ge?,‘;:i',’;‘:.‘,’,:‘,’,‘,’ greater than that on its
upper surface, and the
valve is pushed upwards by the air below it,
the air flowing into the cylinder acs. The
result is that the air in the cylinder below
the piston is at a lower pressure than that of
the outside air, and as a consequence water is
pushed up the tube 4. This action continues
until the piston reaches the end of its stroke
towards the top of the pump.
As the piston descends, the air in the
cylinder below the piston ¢ is compressed
and its pressure becomes gradually greater.

Mercury is poured into the funnel and falls
continuously down the long vertical tube.
As each drop of mercury passes the opening
at the top of the tube connected with the
vessel to be exhausted, it carries with it a
little air, until eventually, after the stream of
mercury has been running for some time,
practically the whole of the air in the vessel

The common pump.—After examining a
glass model like that shown in Fig. 69, there
i1s no difficulty in understanding the action
of a common pump. To begin with, suppose
that the pump is full of air and that the end
of the tube below the valve 4 is dipped into
a basin of water. The piston ec is, to start

FiG. 69.—Model of a

common pump.

The valve 4 closes and that in ¢ opens, througl_l.which la}tter,
of course, the air in the cylinder escapes. On raising the piston
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again the same effects are repeated until all the air in the pump
is removed and the outside air pushes the water up until it
reaches the spout and escapes.

As the air is able to support a column of mercury 30 inches
in height, and as mercury is about 13} times heavier than water,
the air can support a column of water of a height equal to

30 inches x 134 =24 x 134 ft. = 33§ ft.

It will be understood at once, therefore, since the efficacy of
the common pump depends wholly upon the pressure of the air,
that the spout of the pump must never be more than 331 feet,
or, roughly, 33 feet from the level of the water. On account of
leakage aud friction against the pipe, water cannot be made to
rise much more than 3o feet with an ordinary pump.

The siphon.—The siphon is a simple instrument which depends
upon atmospheric pressure for its action. It consists usually of
a bent tube, one leg of which is longer than the other. It is
filled with the liquid to be
transferred from one vessel to
another, and while both ends
of the tube are kept closed,
the shorter limb is placed into
the vessel of liquid. The result
is that the liquid flows until
the level of the liquids is the
same in both vessels, or the
higher liquid hasbeen siphoned
to the lower level.

Fig. 70 represents two narrow
glass tubes, closed at the upper
ends with rubber tubing and
clips, filled with mercury, and
with their lower ends immersed
in mercury contained in tall
cylinders. The cylinder on |
the left is nearly empty, and F. 70.—Principle of the action of the syphon.
that on the right is nearly full. )

If the atmospheric pressure, as observed with a barometer, is H
cm. of mercury, and if the vertical distance between the top of
tube A and the mercury surface in the cylinder is 4, cm., then
the pressure at the top of tube A is (H - %;) cm. of mercury. If
the corresponding height of the top of tube B is %, cm., then
the pressure at the top of tube B is (H -/%,) cm. of mercury.
Since %, is greater than #%,, the pressure at the top of B is
greater than the pressure at the top of A, by an amount equal to

o e e e N = mmmmem =
. P .
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(%4, - #,) cm. of mercury. Suppose that the two tubes are now
joined together, as shown in Fig. 70: the greater pressure at the
top of the right-hand tube will push the liquid from right to
left. The flow of liquid continues until the level of liquid is
the same in each vessel.

EXERCISES ON CHAPTER VII.

1. About what height does the mercury column of the barometer
generally stand? How is the reading affected if the tube is not in a
vertical position? Calculate the length of the column of a barometer
which is inclined at an angle of 30° to the vertical, the true barometric
height being 30 inches.

2. What is the height of a water barometer when a mercurial
barometer reads 30 inches? If the mercury barometer falls to
29 inches, through what distance would a water barometer fall under
the same conditions ?

3. If the atmospheric pressure be 15 pounds per sq. inch, what is
the pressure in kilograms per sq. centimetre ?

4. What is the atmospheric pressure, in pounds per sq. inch, when
the height of the barometer is 28-5 inches?

5. A quantity of gas occupies 323 c.c. when the barometer reads
72 cm.  What volume will it occupy at 76 cm. if there be no change
of temperature ?

6. A litre of air wexghs 1-293 gm. at normal pressure, and when
the temperature is o° C. What weight of air at the same temperature
will a litre flask hold when the barometer stands at 78 cm. ?

7. A 20-cm. cube weighs 23.5 gm. in air at o°C. and normal
pressure. What will it weigh (i) in hydrogen, and (ii) in carbonic acid
gas, under the same conditions of temperature and pressure? [At
normal pressure and o°C,, 1 litre of air weighs 1-293 gm.,, 1 litre of
hydrogen weighs 0-09 gm., and 1 litre of carbonic acid gas weighs
1-98 gm.]

8. When the pressure of the air is normal, what is the greatest
height over which you could siphon mercury? At the same atmos-
pheric pressure, what is the greatest height over which you could
siphon sulphuric acid (relative density, 1-84)?

9. Describe carefully any experiment you have seen or done to
sho&v that the air exerts pressure, and sketch carefully the apparatus
use

One arm of a bent tube containing water is attached by rubber
tubing to the gas supply and a difference of level of 6-5 cm.is obtained
when the gas is turned on. Find the pressure of the gas in grams per
sq. cm., and in lb. per sq. inch. (2'54 cm. =1 inch, 453 gm. =1 1b.)
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10. Why is mercury generally used in making a barometer? Could
a barometer be made using water as the liquid? State and explain
what would happen if a hole were bored through the glass of the
barometer above the mercury.

11, Describe exactly what you would need to make a rough
barometer, and how you would proceed to do it. If you made
successively two such barometers, and found on comparing them that
the mercury did not stand at the same height in the two, which would
more nearly indicate the true pressure of the atmosphere, and what
would almost certainly be the cause of the difference ?

12. Would the difference in vertical height between the two
barometers in the last question be greater when the tubes were
vertical, or when they were both sloped away from the vertical to the
same extent? Would the difference between them alter if the
atmospheric pressure were to change? Why, in each case?

13. Water cannot be raised to a height much greater than 30 feet
by means of a common pump. State the reason of this and describe
a laboratory experiment by which you could prove your explanation
to be correct.

14, State Boyle’s Law. Describe an experiment you have per-
formed to verify the law, and mention any precautions you took to
ensure accuracy.

15. (@) Why does the mercury stand higher in the tube than in the
cup of a barometer? (4) What is the average height of the mercury
in a barometer tube at the sea-level ?

16. Describe how to make a simple barometer, and explain its
working. What will be seen if (@) the tube be sloped away from the
vertical, (%) the cistern and the lower part of the tube be immersed in
a deep vessel of water, (¢) the whole instrument be taken in a lift to
the top of the Eiffel tower? Give explanations in each case.

17. Describe a simple experiment to show that the volume of a
quantity of gas changes with the pressure upon it. What is the
exact relation between the volume and the pressure? A small
india-rubber balloon is partiy filled with air, tied at the mouth, and
loaded so as to sink in a vessel of water in which it is placed ; and
the whole is now placed under the receiver of an air pump and the
air exhausted from the receiver. What will happen, and why?

18. If I take a barometer tube, the internal sectional area of
which is one-fourth of a square inch, calculate, from the known
pressure of the atmosphere, the weight of mercury which would be
suppoited in the tube. When the mercury stands at the height of
30 inches in the barometer, what is the weight of air pressing on an
acre of ground? (There are 5,280 feet in a mile (linear) and 640 acres
to the square mile.)



CHAPTER VIIIL

MOTION, FORCE, AND INERTIA.

Definition of motion.—The word mofion is meant to convey
the idea of ckange of place. The simplest forms of motion are
changes in the positions of bodies with regard to one another.
When a boy runs down the street he is in motion ; as regards the
houses and lamp-posts he moves. To describe fully the boy’s
motion it would be necessary to know his velocity, that is, the
direction in which he is moving or the Zne along which he runs,
and the speed with which he travels. If during every second
through which he moves he travels over a distance of five yards,
he has a uniform speed of five yards a second.

But suppose he does not move regularly over five yards in
every second ; he sometimes dawdles, sometimes stops to look
at a shop, at other times he puts on a spurt to make up for lost
time. How should his motion be described now ? His rate
varies from time to time, or he may be said to have a variable
speed, and to describe such a variable speed it is usual to
speak of the speed at any instant as being a certain number of
yards per second. Suppose the boy moving with a variable
speed had at a given instant a speed of eight yards per
second. If he continued to move at the same rate he would
travel over eight yards in the succeeding second.

A distinction in meaning between the terms speed and velocity
should be observed always. The former term refers simply to
the distance traversed in a given time and irrespective of the
direction ; whereas the latter term implies that the space is
traversed in a known direction. Thus, in the case of a train
travelling round a curve with a speed of 60 miles per hour, the
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speed may be constant, but the velocity is changing at every
instant.

Average speed.—For many problems it is necessary to know
.the average speed of the moving body. Returning to the boy,
suppose he travelled 8co yards in 400 seconds; if the first
number be divided by the second the boy’s average speed is
obtained, namely, two yards in a second ; this then is the speed
with which he would have had to travel, if he moved uniformly,
in order to complete his journey in the same time.

The unit of speed is generally taken as being a speed of one
foot per second. Thus a speed of six means a speed of six
feet per second.

Measurement of uniform linear velocity.—It is a very simple
matter to calculate the velocity of a body moving uniformly in a
straight line when the distance it has travelled, measured in units
of length, and the time it has taken to perform the journey,
measured in units of time, are known. All that has to be done
in order to find its uniform velocity () is to divide the number
ot units of length (s) passed over by the number of units of time
(#) taken to complete the distance. Thus:

v—s or s=9ut
7 .\

Velocities can be represented completely by straight lines.—
To determine a velocity completely its magnitude (or the distance
travelled in a given time) and its direction must be known. But,
a straight line can be drawn in any direction and of any length ;
and it can be arranged that the length shall contain as many
inches or feet, whichever is more convenient, as there are feet or
yards per second of velacity, depending on the way in which we
decide to measure our velocities. Velocities can therefore be
represented completely by straight lines. -

EXPT. 75.—8ame direction. Taking a line an inch long to represent
a velocity of one foot per second, draw lines representing velocities
of 3%, 23, 4, and 14 feet per second, making the lengths of the lines
proportional to the rates of motion.

EXPT. 76.—Parallel directions. Draw a line to represent the
velacity of a river flowing at the rate of 2 miles an hour. Suppose
G.H. P, G
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a man who can row 6 miles an hour in still water to be rowing in
this river. Draw lines to represent his velocity with reference to
the bank when rowing (1) with the stream, (2) against the stream.

EXPT. 77.—Inclined directions. Draw a large circle upon a sheet
of paper. Draw two diameters at right angles to each other. Taking
% inch to represent a velocity of 1 foot per second, and starting from
the centre of the circle, represent by graphic construction the path
of a body moving with the following velocities : 2 ft. per sec. N.E.;
2 feet per sec. N.; 3 feet per sec. W.; 4 feet per sec. S.E.

Composition of wvelocities.—Consider the case of a marble
moving along a tube with a uniform velocity, when the tube
itself is all the time

Cs e D being moved uni-

- ————  formly across a

= e table (Fig. 71). Tt

/ e — is evident that since
= — the marble is in
At' 'é the tube it must

F To il N " ] | | have the same velo-
1G. 71.—To illustrate the combination of two velocities, an .
the principle of the parallelogram of velocities. CIty across the table

that the tube has;
and at the same time it moves along the tube, that is, in a
direction at right angles to its former velocity. There are thus
two independent velocities to be considered—one the velocity of
the tube and the other the velocity of the marble relative to the
tube. Similarly, we can think of a ship sailing across the ocean
with a man on deck walking from one side of the ship to the
other. The man is moving onwards with the ship at a certain
velocity, and at the same time he is moving across the ship
with another velocity.

Really, a body can only move at any instant in one direction
with' one definite velocity The best way to consider the com-
position of velocities is to think of the velocities as existing
successively rather than at the same instant, in order to find
the actual change of position in any time in the case of the
marble or of the man referred to above. The velocity to be
found is called the resultant of the two independent velocities,
which are themselves spoken of as components. If the two
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velocities have the same direction, the resultant is their sum;
and if they are in opposite directions along the same straight
line the resultant is their difference. If they have directions
which make an angle with one another, it is clear that the
resultant must lie somewhere between the components.
Referring to the case of the marble, let OA (Fig. 72) represent
by its length the number of inches the marble moves along the
tube in a second, and OB the distance
moved by the tube, and consequently
by the marble, in the same time across
the table. Draw BR parallel to OA
and AR parallel to OB, thus com- 0
pleting the parallelogram, then the line
OR represents the actual change of F'¢ 72— Farallclogram of velo-
position which would be produced if
the two velocities in question existed successively for equal
intervals of time. In the same way in the second example OA
could stand for the ship’s velocity and OB for the man’s, then
OR would represent the resultant of the two velocities. When
therefore, the velocity of a body A (such as the marble or the
man) relative to a body B (such as the tube or the ship) is
represented by one side of a parallelogram and the velocity of B
relative to C (such as the table or the ocean) is represented by
the other side, the velocity of A relative to C is represented by the
diagonal. This principle is called the Parallelogram of Velocities.
Meaning of acceleration.—An express train starting from a
terminus begins to move slowly, and, as the journey proceeds,
the rate of motion goes on increasing until the train gets its full
speed. A stone let fall from a height similarly starts from rest,
and as it moves it travels faster and faster until brought to
rest again on reaching the ground. Or, we may imagine a
cyclist starting for a ride, and regularly increasing his speed
until he could not go any faster. In all these examples the
velocity of the moving body has increased regularly, and the rate
at which the change has taken place is spoken of as acceleration.
Acceleration is the rate of change of velocity.—But accelera-
tion may be of an opposite kind to the instances given above.
Reverse each of the examples and consider what happens. An

Y .R

bttt A
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express train going at full speed approaches a station, and its
velocity is diminished regularly until it is brought to rest at the
platform. A stone is thrown upwards with a certain velocity,
it moves more slowly and more slowly until it comes to rest, and
then starts falling. A cyclist travelling at full speed slackens
his rate regularly until he comes to a standstill. In all these
cases we have examples of an acceleration of an exactly opposite
kind to the previous instances, but yet an acceleration. In
ordinary language this kind of acceleration is given a name
of its own, viz. refardation.

EXPT. 78.—Motion down an inclined board. Obtain a smooth board
about six feet long, having a slight groove cut in it from one end
to the other. Incline the board slightly at one end. Place a marble
or other small sphere near the raised end and let it roll down the
board. Notice that as it moves its velocity increases. To show
that the space traversed increases every second, fit up a seconds’
pendulum and set it in motion. Let the bob of the pendulum strike
against a sheet of paper or some other light object at the end of
each swing, so that you can hear when the seconds commence.
Now start the marble from a mark upon the board exactly when
the pendulum taps the paper on one side. Notice how far the
marble has rolled by the time the pendulum taps the paper on the
other side. Make a mark at the place reached, and do the same for
succeeding seconds until the marble rolls off the board. Measure
the length of board traversed by the marble in each second. The
distances will be found to increase in proceeding down the board
from the starting place.

Measurement of uniform acceleration.—In measuring a regular
or uniform acceleration, it is necessary to know what addition to,
or subtraction from, the velocity of the moving body there has
been during each second of its journey. Suppose there is an
addition of one foot per second to the velocity of a moving body,
and that it has taken one second to bring about this change, we
should refer to this as an acceleration of one foot per second in
a second, or one foot per second per second. An acceleration which
increases the velocity is referred to as posiZve, while that which
diminishes it is #egative. The first examples given above are
instances of positive acceleration, while when we reverse them
they afford cases of negative acceleration.
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Unit of acceleration.—As in every other measurement, so,
when accelerations have to be measured, it is necessary to have
a unit in terms of which the quantity under consideration can be
expressed. The unit of acceleration is an increase of unit velocity in a
unit of time; it is generally taken as equal to an increase of velocity
of one foot per second per second. An acceleration of fwe wnits
would thus be an increase of velocity of #wo feet per second per
second ; similarly, an acceleration of three units equals an increase
of velocity of three feet per second per second, and so on for any
number of units.

Acceleration, like velocities, can be represented graphically by
straight lines.

Bquations of motion.—If we take the unit of acceleration as
equal to an increasing velocity of one foot per second in one
second, an acceleration of / means an increase of velocity of f feet
per second in one second. Suppose a body starts from rest, at
the end of the first second it has a velocity of f feet per second,
at the end of the next second 2/ at the end of 7 seconds /7 feet
per second. Or if v=change of velocity in ¢ seconds we can

write D=fl v (1)

The space travelled over by a body in one second is equal to
its average velocity, and that travelled over in ¢ seconds is equal
to its average velocity multiplied by £ If it starts from rest and
travels for # seconds. finishing with a velocity of v feet per second,
its average velocity is 4o during this time, and

LoSs=300 e (2)

Substituting the value of o from equation (1) we get

s=yfrxr=3 A,
v

or since from (1) = 7 we can write equation (2) thus:
v (2
=fY X —= —Zy
=i g=iy

from which PE=2/5 iiiiiii wen(3)

If the body be moving freely towards the earth its acceleration is
£ (see p. 102), and equation (3) becomes

PE=285 veeriniiiinnennnnn, veernnenineni(4)
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Acceleration due to gravity.—It has already been shown
(Expt. 5) that the time of vibration of a pendulum varies as the
square root of the length. The time of oscillation can, by a
simple application of dynamical principles, be shown to be given
by the expression :

Time of oscillation = 2 x 334/ leng't h, or f= zw\/z,
gravity g

where ¢ stands for the time of oscillation, / for the length of the
pendulum, g for the value of the acceleration due to gravitation,*
and 7 for the ratio between the circumference and diameter of
a circle.

From this equation it is easy to obtain an expression for the
value of g&.  Thus, squaring both sides, we have

2
2= ——4’; 4
2
so that g= i:—;—l.

EXPT. 79.—Determination of “g.” Using the observations you have
made as to the time of a double swing of your pendulum, and taking
as the length of the pendulum the distance in feet from the bottom
of the support holding the thread to the centre of the ball, determine
by means of this equation the value of g.

EXPT. 80.—Second method. Calculate the value of g as in the
preceding experiment, but express the measurement in centimetres.

Equality of masses.—Motion and mass have hitherto been
considered separately, but now their relations to one another will
be described. It has been shown that equality of mass can be
tested by weighing. The balance thus provides a convenient
practical method of comparing masses, but it does not give a
fundamental conception of what mass means. To obtain a clear
idea of the subject, consider first of all that we are dealing with
two variable quantities, namely, mass, or quantity of matter, and
motion. Suppose two bodies moving in opposite directions with
equal velocities to collide with one another and stick together.
If the two bodies stopped dead after the impact we could
conclude that their masses were equal, and that each exactly
destroyed the motion of the other; but if the combined bodies

* The quantities / and g must be expressed in the same units,
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moved after the collision, the masses could evidently not have
been equal. With this in mind, it will be conceded readily that
the following definition of equality of mass holds good: Twe
masses are equal, if when they are made to impinge on one another in
opposite directions with equal velocities and stick together, they come
to rest.*

The effect of the impact of two moving bodies thus depends
upon the masses of the bodies and the velocities before the
collision. If both the velocities and masses are equal, the bodies
come to rest; if the velocities are equal but the masses are un-
equal, the greater mass predominates after collision, and if the
masses are equal while the velocities are unequal the greater
velocity will predominate.

Momentum.—The preceding paragraph has introduced the
idea of a condition involving both motion and mass. This
condition is known as momentum, which is defined as follows:

The momentum of a body is the quantity of motion it has, and is equal
to the product of its mass and its velocity.

Expressed as an equation we have

Momentum =mass X velocity,

or if momentum is represented by M, mass by m, and velocity by
v, all expressed in corresponding units, we can write

M=mv.

The unit of momentum is consequently that of a unit of mass
moving with a unit of velocity, or if the unit mass be that of the
imperial standard pound and the unit velocity a velocity of
one foot per second, the unit of momentum is the quantity of motion
in a mass of one pound moving with a velocity of one foot per second.
The meaning of momentum will be better grasped after a concrete
example.

When a shot is fired from a cannon, the same momentum is
generated in both the cannon and the shot; but since the mass
of the cannon is immensely greater than that of the shot, it will
be evident that the velocity of the shot must be correspondingly

* This definition, and the general treatment here adopted of matter in relation
to motion are based upon Prof. W. M, Hicks’s work on Zlementary Dynamics of
Particles and Solids.
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greater than that of the cannon in order that the product of the
two quantities may be the same. This we know 1s the case, the
velocity of the “kick ” or “recoil " of the cannon being very much
less than the velocity with which the shot is sent on its journey.

From the point of view of momentum, however, the action and
the reaction are equal and opposite. Thus a shot weighing
28 Ib. is fired from a cannon weighing 10 tons, that is 22,400 1b.,
and the shot leaves the gun with a velocity of 200 feet per second.
The velocity of the recoil of the cannon is therefore one-quarter
of a foot per second (for 28 x 200 = 22,400 x }).

Third law of motion.—Newton expressed the fundamental
principles of the relationship between matter and motion in three
laws, known as his L.aws of Motion. The third law (which may
be considered before the others) states that action and reaction are
equal and opposite.

Consider the case of a heavy magnet and an iron nail sus-
pended by threads so that they can move toward each other.
The nail will move faster than the magnet, and its acceleration
will be greater than that of the magnet by exactly the same
amount that the mass of the magnet exceeds the mass of the nail.
The action and reaction are equal and opposite, so the momentum
of the nail is the same as that of the magnet. We can say,
therefore, that the masses of two bodies are inversely proportional to the
accelerations which they acquire in virtue of their mutual action and
reaction. This definition of mass involves no assumption, and is
true whether we think of the mutual action, or stress, as between
a nail and a magnet, between the sun and the earth, or between
any two bodies or particles.

Force.—Suppose a body to possess a certain momentum ; then
for the momentum to change or tend to change, something must
act upon the body, and that something is termed force. In other
words : When a gradual change of momentum is either produced or
tends to be produced in a body, that body is acted on by force.

It must be understood clearly that by thus defining force we
do not get to know anything more about it. Nobody c