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PREFACE,

In this handbook of Practieal Physics various exercises in
the measurement of physical quantities are described.
These are adapted to the capabilities of matriculated
students, and are therefore more advanced than those of
the First Courses of Physics followed in the junior classes
of schools. It has, however, been assumed that the student
has done no previous work in Practical Physics, and hence
the handbook is a complete elementary manual of the
subject. ‘

The general course deals with work for which the student
should attend a well-equipped laboratory. The experi-
ments printed in small type are more advanced or less
important than those in ordinary type. The descriptions
of apparatus and methods have been generalised rather
than referred to special instruments and conditions, It is
hoped that this will not unduly increase the initial diffi-
culties, and that when these are overcome the student will
have really gained the power of tackling unfamiliar varieties
of work, and of adapting himself to novel conditions. If
students do not acquire this flexibility their practical work
loses considerably in value as an educational instrument.

No attempt has been made to divide the subject-matter
into lessons of equal length, and the chapters are moder-
ately independent of unme another. Tile order of experi-

ments 1s not essential. It is an advantage to many
h
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students to change the subject frequently, and to make a
broad acquaintance with the important parts of each before
going into detail in any one. The order of the practical
work should, however, be largely influenced by the sequence
of the theoretical lessons.

Most of the exercises are arranged to be done by students
working singly; partnerships are generally inadvisable.

Certain experiments in the book may be readily per-
formed at home at a trifling cost; these have beenindicated
by an asterisk, and form a course which should prove
especially useful to those whose opportunities for work in
a well-equipped laboratory are limited. A student who
conscientiously and intelligently works through this Home
Course will gain experience and knowledge that will greatly
raise the character and standard of his laboratory work.
In the laboratory he will be able to omit many of the usual
experiments with simple apparatus, and devote himself to
those that more especially require the guidance and criti-
cism of a teacher and costly instruments. These home
experiments are, however, a definite part of the whole course,
and if not done elsewhere should be performed in the
laboratory. (See Introduction.) In any case it is not
anticipated that a student will work through the whole
course of 266 experiments. Some of these are alternative
to others: the teacher should select those suited to the
requirements and accomplishments of the student. .

The Appendix contains a table of four-figure logarithms
and some lists of physical constants. No instructions in
the use of logarithms or of squared paper have been given;.
these matters should be dealt with in a Mathematical or
tutorial class.

Great care has Been taken to provide suitable and in-
gtrictive illustrations.. Many of these are printed from
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blocks which have been kindlyli Jent by the following
firms :-——Messrs. J. J. Griffin and Co. (Figs. 26, 71, 78, 106,
140, 175, 179, 230), Harvey and Peak (Tig. 27), Nalder
Bros. (Figs. 209, 218, 235, 236, 237), R. W. Paul (Figs.
32, 200, 208), W. G. Pye and Co. (Figs. 28, 40, 202, 207,
217, 232, 234), W. Wilson (Figs. 29, 131). .

I venture to draw attention here to certain special
features of the book. In the Home -Course the cost of
apparatus has been kept very low, but trivial expériments
have been ‘avoided. The construction, calibration, and
standardisation of the set of masses (Exps. 1, 11, 12), and
the experiments on the Principle of Archimedes (Exps. 28,
29, 30), demonstrate very important principles. In the
measurement of mass by coarser balances it is recom-
mwended that fractions of a gramme should be obtained
by placing a one-gramme rider on the graduated balance
beam: it is then only necessary to supply a set of masses
ranging from one gramme upwards, and no pliers need be
used. Kach mass should be arranged to fit a hole in a
wooden block: the teacher is then able to see at a glance
whether any have gone astray. In the experiments with
converging lenses emphasis is laid on the fact that there
is a minimum distance between object and image. The
simple methods and apparatus used in the earlier experi-
ments in Electrostatics will not be found to make them
less effective than the more usual arrangements. In cur-
rent Electricity the earlier measurements are electrolytic
rather than electromagnetic: this has permitted an early
demonstration of Ohm’s law (Exps. 238, 239). The value
of the reflecting galvanometer as a current measurer has
been emphasised and some important practical difficulties
incidental to the tangent galvanometer have been indicated.
The use of the latter by inexperienced students is not
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recommended ; the reflecting galvanometer gives better
results in a simpler manner. Several original methods and
modifications of apparatus have been introduced into the
text : it is hoped that these will be found valuable.

I gratefully record my obligations to my collaborator,
Myr. J. Satterly, B.Sec., and to the following, all of whom
have given valuable advice, criticism and assistance in
preparing the work : Messrs, C. W, C. Barlow, M.A,, B.8c.,
University Tutorial College, London ; (Mrs.) M. W, Bower,
B.A.; G. H. Broom, B.Sc., A.R.C.8c¢, Technical College,
Derby; A. Griffiths, D.8c., A.R.C.8c. Birkbeck College,
London ; and J. Stephenson, B.Se., A.R.C.Sc.

WILLIAM R. BOWER.

TECHN10AL COLLEGE,
HUDDERSFIELD,
February 1906.
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INTRODUCTION,
.
1. Qualitative and Quantitative Experiments.—An ex-
periment may be qualitative, that is, it may be restricted to
the observation of the sequence and relations of phenomena,
or it may be quantitative, that is, require the measurement
of some quantity involved. The facts, for instance, that
water when sufficiently heated becomes steam, that a stone
returns after being thrown up, that matter has properties
like bardness, fluidity, colour, etc., are qualitative; exact
measurenient is not necessary to gain such information.
But the volume, weight, ete., of a body are determined by
comparison with units of volume, weight, etec. The in-
formation then is quantitative; to obtain it careful
measurement is essential.’ "

2. Measurement of Quantities—In ordina\ry affairs a
distance is measured by applying a foot rule or yard tape,
a period of time is compared with a clock or watch indi-
cating hours, minutes, ete., a volume of milk is delivered
in pints and quarts, a quantity of coal in tons and hundred-
weights. In these cases the physical quantities, length,
duration, volume, weight, are being dealt with, and the
nature of the body or substance is not under consideration.
Also each quantity is measured by stating the number of
times it contains a particular magnitude of its own kind;
e.g. & length of 100 yards, a delay of 35 minutes, 1} pints
of milk, 2 tons of coal. (See Appendix for a list of
Physical Quantities, ete.)

Every quantity is measured by comparing it with a special
or selected magnitude, called the unit, of s own kind. The
ratio of the quantity to its unit is called the measure or
numerical value of the quaniity.
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To determine the conditions under which the comparison
of a quantity with its unit may be accurately made is one
of the important aims of Practical Physics.

Specification of a Quantity.—Cousider the following :~—
1. Quantity—a length, say 10 yards:

Toot
30

Inch
360

Mile
90 =0-0057

‘When the unit of measurement is the Yard
then the numerical value is 10

2. Quantity—a period of time, say 2} days:

When the unit is the Day [ Hour | Minute Week
then the numerical value i8 2'5 60 3600 | 25/7=0-36.

8. Quantity—a speed, say 30 miles per hour :

‘When the wnit is 1 mile per hr.

lyd.permin. | 1ft. persec.
then the numerical value is 30 880

44.

Thus the numerical value of a quantity depends upon the
unit measuring it, the larger the unit the smaller being the
numerical value. Hence to specify a quantity two data
must be mentioned: (i) The numerical value or number
of units in the quantity; (ii) The name of the wnit
measuring it.

The numerical value of a certain quantity is generally
deduced by calculation from the data obtained by measur-
ing quantities directly or indirectly associated with it.
For instance, the volume of a body may be measured
directly by the use of a graduated vessel, indirectly by
finding its dimensions in certain directions, or its mass
and density, or by Archimedes’ Principle.

3. Two systems of units.—I. British Imperial Weights
and Measures.—These are based upon three standards
kept at the Standards’ Office of the Board of Trade,
Westminster,

The Imperial Standard Yard is the distance at 62° T,
between the centres of two gold plugs iu a certain bronze
bar.

The Imperial Standard Pound is the mass of a certain
piece of platinum. ®

The Imperial Standard Gallon is a brass measure that contains ten
imperial standard pounds of distilled water, weighed in air with
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bragg weights, when the water and the air are at 62° F., and the
mercurial barometer, 30 inches high.

The important multiples and submultlplos and their relations are
shown in the Appendix. ‘

IT. Meiric Weights and Measures.—These are based
upon two standards kept in the Archives at Paris.

The Standard Metre is the distance between the ends
of a certain rod of platinum‘when its temperature is that
of melting ice.

The Standard Kilogramme is the mass of a certain
piece of platinum.

It was originally intended that the Metre should be the ten-
millionth part of a quadrantal arc on the Earth’s surface, and that
the mass of 1 Kilogramme should be that of 1000 cubic centimetres of
water at 4° C, These values were not exactly realised in the standards
constructed.

The important multiples and submultiples and their relations are
shown in the Appendix.

The British and Metric systems of weights and measures
are the most important with which we have to deal.
Our scales for measuring length are copies, more or less
exact, of the staudard yard or metre or their subdivisions;
and the “sets of weights” are copies of the standard
pound or kilogramme or their subdivisions.

Time.—The standard interval of time, called the Day, is
the period during which the Earth turns once upon its
axis.

The Solar Day is the interval between the moment when
the sun crosses the gouthern meridian of the place of
observation and the moment when it next crosses (also
called the Apparent Solar Day).

The Sidercal Day is the interval between two successive
transits of the same fixed star across the southern meridian
of the place of observation.

DerinirioN.——The Mean Solar Day is the average value
of the consecutive Solar Days throughoit a year.

Derinirron.—The Second, or Mean Solar Seoond is the

sesooth part of the mean solar day. \
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The sidereal day is very approximately equal to the
standard day. All sidereal days have the same length.
Solar days are longer than sidereal, and are not equal in
length.

The length of the mean solar day is practically invari-
able. Ordinary clocks and watches are adjusted to indicate
mean solar seconds.

4. Fundamental and Derived wunite.—Although each
physical quantity is measured by a unit of its own kind
1t 18 found that most of these can be expressed in terms of
units of three kinds of quantity only. The three quantities
length, mass, and time, form a very convenient basis for a
system of units. When so adopted they are regarded as-
Jundamental gquantities and their units are called funda-
mental wunits. Those of otlier quantities that can be
defined in terms of the fundamental are called derived
units.

From the fundamental unit of length, the foot, the derived unit of
volume, the cubic foot,is obtained. Also the unit of speed, one foot
per second, is derived from the fundamental foot and second, etc.
(See Appendix.)

The position of length, mass, and time as fundamental is not essential
but convenicnt. On the Continent, length, weight, and time are
adopted. Some quantities, like candle-power and temperature, cannot
be measured in terms of the fundamcental units, but require inde-
pendent ones. (See Appendix.)

Absolute TUnits and Measurements.—The various
multiples and sub-multiples are adopted, the larger units
to measure greater, and the smaller units lesser magnitudes,
in order that the numerical value of the quantity may be
a number neither too large nor too small for convenience.
But in scientific work the results of measurement, whether
the quantity is large or small, are, for the sake of
uniformity, very frequently specified in terms of one unit
only of each fundamental quantity. The particular units
chosen are called Absolute Units, and a quantity
meagured in terms of them is said to be expressed in
Absolute Measuggment. There are two systems of
absolute units, (1) the €.G.8. or Centimetre-Gramme-
Second, (2) the F.P.S. or Foot-Pound-Second. (See
Appendix.)
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Practical and Engineers’ Units. —In" Engineering a
strict adherence to Absolute Units has been found inex-
pedient. Certain Practical Units are used in electrical
work : these are multiples or sub-multiples of the C.G-.S,
units. In Mechanical Engineering the Gravitation Unit
of Force, the Pound Weight, is frequently adopted as a
fundamental measure. For particulars see Appendix.

5. Calculation of Results.—Use 4-figure logarithm and
anti-logarithm tables (see Appendix). A slide rule is also
useful for the less exact caleulations. Express all fractions
as decimals. Do not carry arithmetical calculations further
than is justified by the closeness of the measurement.

For instance, suppose a length measured by a scale, graduated in
sixteenths of an inch, is found to be 44 whole divisions and a part
estimated as throe—tenths that is, the measurement is 44'3 seale
divisions. Now 44-3 =16 = 2* 16875 Practically the result is
expressed as 2'77 inches. Had the estimate of the fraction of the
scale division been two-tenths, the result (44-2 + 16 = 2°7625) would
have been expressed as 2:76 inches. Thus there is a difference in the
result of 0-01 inch consequent upon a difference in the estimate of
one-tenth of a scale division. Ience as one-tenth of so small a division
cannot be safely judged, it is absurd to express the rosult in this case
to more than two places of decimals.

Generally speaking, work out to one place beyond that
which denotes the percentage of accuracy that is anticipated ;
if, for instance, a result should be correct to one per cent.
of the whole, then the calculations should be faken to
one-tenth per cent.

‘When the calculations have been perfermed we obtain a
series of numbers representing the numerical value of the
same quantity. Each having been obtained by an inde-
pendent observation should be equally trustworthy. All
will be nearly equal, none, owing to unavoidable errors of
experiment, is necessarily the true value. The arithmetic
mean of all the values obtained is likely to be the best
measure of the quantity.

Hence, after taking a series of observations, first apply
the proper formulae of correction and reduction and calcu-
late the respective numerical value? of the magnitude
concerned ; next find the mean by adding together all the
values and dividing by the number of them.
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6. To conduct an Experiment.—Read the instructions
and examine the apparatus provided, note what special
precautions are necessary in using i, Conduct the opera-
tions deliberately, methodically, and conscientiously. Be
prepared to take all necessary trouble. Especially do not
be satisfied with merely “knowing the principle” of an
experiment. A single result to an experiment is generally
insufficient ; repeat it several times until there is satisfac-
tory agreement between the values obtained. If possible
the repetitions should not be precisely similar-—vary the
quantity of material, size of body, measure with different
parts of a scale, or use another instrument, ete.

Record observations, calculations, and results in a
laboratory note-book, in such a manner that everything
may, if necessary, be read and understood at a later
date. Avoid using loose sheets or odd pieces of paper.
Make a note of observations when and exactly as they are
made. Apply corrections, etc., afterwards, and show
clearly in the record the manner in which they have been
introduced. Put down all observations even though some
may be numerically the same. The calculated mean is
more satisfactory when it is obtained by taking account of
a number of observations agreeing very closely in value,
provided that each las been made conscientiously and
without bias, and that the conditions of the experiment
have been varied when possible.

Make a liberal use of simple diagrams and sketches,
tabulate data and plot results when possible. Plan these
to as large a scale as the paper permits.

Indicate by their reference number or description the
particular instruments used. Give descriptions of special
pieces of apparatus, novel methods, etc. Record the place,
date, and time at which the experiment is performed. In
many experiments mention also the temperature of the
room, the height of the barometer, and, especially in mag-
netic experiments, the bench or position at which the
observations are made.

The object of the fiboratory note-book is thus to give a
full account of an experiment and the results obtained.
Highly important parts of the laboratory work, viz. those of
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the adjustment of apparatus and preparation of material
cannot be recorded. The student should, however, give
very careful attention to these; he should regard “ results ”
not as the real object of the experiment but the test of the
care and skill exercised in performing the whole of the
operations. In this respect an experiment requiring skilful
manipulation and yielding comparatively poor results may
be of a higher order than one that can be done by the mere
reading of the indications of elaborate instruments. The
time spent in “getting things ready” is by no means wasted.

Home experiments.—A careful record of these should be
kept and submitted to the criticism of the Superintendent
of the laboratory. (See Preface and p. 8.)

Laboratory Note-book.—The following type is recom-
mended : size of page, 9" X 7”, both sides of page ruled by
Jfaint lines (blue) into squares, distance between lines, 1/5”,
or 1/10”, or 1/5 cm., every fifth line a little more prominent
than the others.

Use the left page to record, in pencil, the observations
immediately they are made, and the necessary calculations,
also to plan diagrams, sketches, etc., and the tables and
curves for exhibiting the results. On the right page place
a brief, accurate account of the experiment, with diagrams
and descriptions of the apparatus, the data (those directly
observed and those obtained by calculation) tabulated, and
the curves obtained by plotting the numbers. Write up
this report, in ink or pencil, during the progress of, and
immediately after completing the experiment.

If certain experiments require more finely ruled or larger
sheets of squared paper than those provided in the book,
these can be obtained separately. Fix such sheets into the
note-book by gummed slips of paper (stamp). If several
curves are drawn with reference to the same axes, use inks
of different colours.

The note-book as used above is a combined rough and
fair book ; the student should, however, avoid carelessness
on the rough side. The right side should show a lucid
and readable digest of the work on the %ft, yet the condition
of the rough page should be such that the details could
be followed and understood by another person if required.
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7. Laboratory rules.—Rules similar to the following
have generally to be obeyed.

1. No student is allowed to take apparatus from the
cupboards, workshop, or storerooms; the necessary instru-
ments, tools, etc., will be supplied when requested.

2. Apparatus must be used with every precaution, and
left, when finished with, in good condition, ready to be put
away: glass and tin vessels swilled out, inverted and put
to drain: connecting wires rolled up: gas, water and
electricity turned off, lamps out.

3. All breakage and damage must be immediately re-
ported and will be charged for. Each student is required
to deposit 2s. 6d. on joining a class. The balance after
deducting the cost of breakages, etc., will be returned at
the end of the session. ‘

4. Students are expected to avoid the following bad
habits :—Unnecessarily touching surfaces of glass, ebonite,
ete., with fingers, ete.: fidgeting with screws and handles:
marking or scratching scales, or apparatus: playing with
magnets, switches, gas taps, etc.: using mercury except
with a tray: interfering with fittings and apparatus.

5. Hach student is expected, when necessary, to adjust
or prepare the apparatus he is about to use.

6. Each student must supply himself with a laboratory
note-book. No student can pass from one experiment to
another until the former has been completed, written up in
the note-book and passed as satisfactory by the Super-
intendent.

Home Experiments.

In the following chapters all experiments marked by an asterisk may -
be conveniently performed by the student at home. If not done at home
they should be worked in the laboratory : these experiments deal with very
tmportant parts of Experimental Physics and therefore should not be
neglected.



PART 1.
 MECHANICAL QUANTITIES.

CHAPTER I.
WEIGHING AND MEASURING.

8. In this chapter a short course of experiments requiring
only simple and inexpensive apparatus is described. The
work may, with advantage, be done at home. While work-
ing these experiments the student should read the account
of the methods of weighing and measuring as given in
Chapters I1.-V.

The following pieces of apparatus are required :—

(1) A boxwood scale, twenty inches or half a metre long, divided
into tenths of inches on one edge, centimetres and millimetres on the
other. Cost, 9d.

(2) A boxwood scale, one foot long, divided into tenths of an inch
(cost, 4d.): or a second scale like (1).

(3) Half-a-pound of wire nails (1" long, " diameter). Cost, 2d.

(4) Tin tacks. Cost, 1d.

(5) Several cylindrical canisters (cigarette tins).
(6) Cylindrical lamp chimney and cork or plug. Cost, 2d.

(7) A flat-bottomed glass tube (spemmen tubej, (a lamp chimney
plugged as in Exp. 22 can be used). Cost,

(8) A rough pipette (picce of wide glass qm]l tubing, 9" long, one
end nearly closed). Cost, 1d.

(9) A glass tumbler or bottle, cotton, pins, a few screws, etc.
(10) Compasses, set-squares, protractor and drawing-board.
(11) A rough box.

(12) Glass stopper, pieces of coal, stone, salt; etc
( 3) A medicine bottle divided into tea or table spoons.
14) A large ‘ marble”’ (stone). Cost, 1d.
9
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*Exp. 1.—Prepare the borwood scales. (1) In a 20" scale
bore two holes as in Fig. 2, one at the middle division,
the other 1 inch from an end. To make a hole long
enough to take the blade of a penknife, bore two holes,
1" diameter, close together, then cut away the division
between them. (2) Bore the 12”7 scale as in Fig. 8, viz. a
large elongated hole at the middle division, a small hole
through division 1 and another through 11. Number each
inch division as shown. Or prepare a 20" scale as in
Fig. 2.

Make a set of weights from the large nails. Tie together
in bundles, two of 7 nails each, two of 14, one of 85. (To
be adjusted as in Exp. 11.) Call these weights P, 2P, 5P.
(If the nails are 1" long, 3" diam., then P is about 14

. grammes or half-an-ounce.)

Malke a scale pan (three required). Pierce the edge of a
canister lid with three equidistant holes: pass a string,
knotted at one end, through each hole, tie together the
other ends, and form a loop to hang from the boxwood
scale, Make a small hole through the centre of each
pan.

LENGTH.

*Exp. 2.—Find the ratios of the sides of a right-angled

triangle.

I. Measure in inches and centimetres each side of a 60°
set-square.+ Show that when measured by either unit the
sides are as 1:1-73: 2.

Similarly measure a 45° set-square.f Show that the
sides are as 1:1: 1°41.

* All experiments indicaled by an asterisk may be performed by the
student af home and in this chapter require only the simple apparatus
mentioned in § 8. Also see the Appendix, the Preface, and p. 8.

1 Or draw an equilatepal triangle (side 6", say). From ome angular
point drop & perpendicular on to the opposite side.

1 Draw two lines at right angles: then make an isosceles right-
angled triangle,
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- I1. Draw any two lines intersecting at 4. From a point,
B on one line draw BC perpeudlcular to the other line.
Measure AB, BC, CA. From any point, b, on AC draw be
perpendlcular to AB. Measure Ab, be, cA. Calculate, in
decimals, the proportion AB: ZC:CA, also Ab:bc:cA.
(These should be equal.) Calculate sin 4, cos A4, tan A.

Confirm by measuring the angle A (with protractor) and
obtaining the trigonometrical ratios from mathematical
tables.

Repeat with other values of angle A.

*Exp. 3.—Comparison of the Yard and Metre. Open the
dividers so that the distance between the pointed ends of
the legs is a definite number of inches, then apply to the
metric scale, and measure the distance to a fraction of a
millimetre: similarly measure a definite number of centi-
metres in fractions of an inch. Plot the results, inches
horizontally, centimetres vertically (the graph will be
a straight line), and deduce the relations between the
units.

Recorp
lengthinems.: 5 79 11 13 . . . . .
lengthinins.: . .. . .23456
Hence 1 em. = ..inch and 1 metre = .. yard
linch=..cms. and 1 yard =.. mstre.

*Exp. 4—Find from a map the distances between places—
(1) direct, (2) by road, (8) by ratl. TUse the methods of
§§ 12, 13 for straight lines, and of §16 for curved. Refer
the lengths to the scale of the map.

*Exp. 5.—Measure the circumference and diameter of a
circle. Find the value of w.

From the same centre describe three quadrants of
circles, of radii, say, 8, 10, 12 cms.

1. Measure arcs and radii by bow-Jdompasses only (no
scale), counting the steps and judging fractional parts.
(Repeat once.)
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I1. Measure with thread and scales. (Repeat once.)

RECORD as below— }

Quadrant 4. Are. i Radius. | Arc/Radius. | .
By spring bows, Exp. (i) | .. steps | .. steps | ..........
ys »» Exp. (i) | .. steps | ..steps | ..oiiuiltn
\
— — - e
By thread,....Exp. (i) | .. cms. ems. | Liaeiann.

' Exp. (i) | .. cms.

Similarly for quadrants B and C.

*Exp. 6.—Measure the width of a neck, or diameter of a
cylinder (Fig. 1). Rest a scale and set-squares on books.
Place the cylinder or neck (of a bottle) between the set-
squares. Press together so that one side of each set-
square is in contact with the edge of the scale, and the
second side of each square touches the cylinder. Then
the distance between the set-squares equals the width of
neck or diameter of cylinder.

Fig. 1.

The dia,ﬂleter of a tube, or cylinder, should be measured
at different positiong along its surface in order to test the
uniformity of its figure.

This illustrates the principle of the sliding calipers (§ 20),



WEIGHING AND MEASURING. 13

*Exp. 7.—Find the circumfdrence of a disc by rolling it
along a scale. Deduce the value of w. A large coin or
canister lid may be used. Make a mark (by gummed
paper) on the edge of the disc, rest the edge on a scale
with the mark against a unit division, then roll the disc
(without slipping) one revolution along the scale: note
the division reached by the mark on the disc. Deduce
the circumference of the disc. Repeat several times.
Calculate the mean value. Measure the diameter. Cal-
culate circumference - diameter. 'The result is an experi-
mental value of =.

*Exp. 8.—Measure the girth and diameter of a canister.
Deduce the value of w. Measure girth (§ 17) and diameter
(Exp. 6) in several places. Calculate from mean values.

THE LEVER.

9. Apparatus.—Fig. 2 shows an arrangement for experi-
ments with the lever. A penknife with'open blade is held,
edge upwards, against the side of a box ‘Y\y three screws so

Nz

0

Fie, 2,

that it does not shake. The shank of a pen (a) is squeezed
into the large hole of the scale. Weights (bundles of
iron nails, Exp. 1) are hung on the scale by loops of
cotton. These may be pushed along the beam. Two nails,
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b, ¢, act as stops: when the scale lies evenly between these
it may be considered to be in equilibrium. (The face of
‘the box below the dotted line should be removed so that
the scale pan, etc., does not, rub against the box.)

A simpler arrangement is to drive a nail into the box,
and pass it through a large hole in the scale. The pre-
ceding is more satisfactory, the movement of the beam
being less affected by friction.

*Exp. 9.—Demonstrate the Principle of Moments.t
Arrange that the fulerum (f) is at the centre of the scale.
Place a weight, P, successively at the 2 and 5 inch marks.
Find in each case where (i) an equal weight must be
placed to produce equilibrium, (ii) a weight 2P, (iil) a
weight 8P, (iv) three equal weights in different positions,
(v) three unequal weights in different positions, and so on.
In each case note the values of the weights used and their
respective positions.

CarcvraTe the force (F) through the fulerum (= the
sum of all the weights hung on the scale) ; the moment of
each weight and of the force, F, about the fulerum
{(moment of a weight about the fulcrum = weight X dis-
tance from fulerum). Of these moments add together
those that tend to produce rotation of the lever round
the fulerum in a counter-clockwise sense, and then
those that tend to produce clockwise rotation. (The
former moments are conveniently indicated by +, the
latter by —.) The sum of the positive or counter-clock-
wise moments should be equal to the sum of the negative
or clockwise moments.

Sintlarly calculate the moment of each weight and the
force, F, about one end of the sonle (the moment of a force
about any point = force X distance from the point), and
show that the total clockwise or negative moment equals
the total counter-clockwise or positive moment,

Repeat the caleulation, using another reference point,
say, a point 3" from the right-hand end.

)

1 The Principle of Moments.—When a body acted on by several
forces in one plane is in equilibrium the algebraic sum of the moments
of the forces about any point in that plane is zero.
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RECORD of an experiment.

15

Weights (bundles of iron nails) wer

N

" balanced on a boxwood scale, 20" long, fulcrum at the middle. (Th
numbers in thick type were obtained by experiment after arranging
under the conditions recorded in ordinary type.)

Exp. number. 1. 2. 3. 4. 5. 6.
il (P .. 2] 2 2 2 2 2
3 SV\Q .. 2 2 2 2 2 2
3 B¢R . — — 4 4. 4 4
i 38 .. _ — — 1 1 1
g = lr . 4 4 8 9 9 9
[ R
-E “w (P 2 5 2 2 2 p)
2 g \Q .. 179 1495 5 5 7 47
A 2 (R — | = 1655 14'55| 18-8| 15
g8 R — 18 17 17
& LF 10 10 10 10 10 10
o o (Dandf 8 5 8 8 8 8
S8\ Qandf ..{ T9| 495 5 5 3 53
S5 ! Randf — | = 655 455 38| 5
g:g’ Sand f — — — 8 7. 7
; Fand f 0 0 0 0 0 0
oo fofP.o 416 1410 (418 |+16 1418|416
Enlof Q.. ..[=158/— 99 [+10 |+10 |+ 6 [+106
EB(ofR.. ..| — +262 [—182 |-152|—20
glg8 ofs .. | — | = — =8 |-7 |-7
=T Lof F .. 0 0 0 0 0 0
@ —
s | %
2 = { + moment| 16 10 26 26 22 26°6
K| S | — moment| 15:8) "o | 262 [ 262 | 222, 27
A )
= e
Ol g (ofP.. =4 [-10 [~4 |-4 [—4 |-4
g8 \of@Q.. ..-358/-299 |-10 [-10 |-14 |— 94
g5 (ofB.. .| — | — [-662 |-582 |—452|—60
S8 oS ] — | — —  |=18  |=17 |=-17
@ \of .. ..+40 |[+40 |+80 |+90 [+90 {490
-
= { + moment| 40 40 80 90 90 90
E | — moment| 39:8| 39-9 802 902 90-2| 90-4
L

T The practical equality of the + and — moments demonstrates th.

truth of the Principle of Moments.
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THE BALANCE.

*Exp. 10.—Prepare a balance. Take a boxwood lath, say
a ruler, 12” long, graduated in one-tenths of an inch. Inkin
plainly each inch and }-inch division. Prepare the lath asin
Fig. 3, and mount on a knife-edge as in Fig. 2. If when
the pans are unloaded the lath does not balance horizon-
tally, bind to the lighter side a piece of wire suflicient
to make equilibrium. One of the weights, P, is hung by a

-
1ol 1o o A DT [ T T G ]

foar

Fig. 8. It 3a.

loop from the balance beam and can be adjusted to diffe-
rent positions upon it. It acts as a rider (§ 45): eg.
since the half-beam is divided into tenths, on division
38 the rider is equivalent to 0-3 P in the scale pan, on division
4 to 04 P, etc.

Fig. 3 shows a body, X, being weighed in a liquid. The body is
conveniently suspended by & thread, the upper end of which is knotted
after being passed through the hole at the centre of the pan.

The amount is @ + 0-36 P, If @ = P, then X = 1-36P; if Q = 2P,
then X = 2-36P, etc.

A 20-inch ruler, subdivided into ¢ inch, does very well; it will
turn with less than 0-1 gramme. 'The seale pans are fixed to the ends
as in Fig. 3a (the string ends go through a hole and then under
the beam, where they are tied). Each scale division is in this case
one-hundredth of the hadj-length of beam. If then P is 10 grammes,
a change in its position on the beam of one scale division will be
equivalent to the addition or withdrawal of 134 of 10 = f& gramme
from the scale pan.
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*Exp. 11.—Adjust the set of masses to be relatively correct:
Method of substitution (§ 50). (1) Place the heavier, P, of
the two smallest bundles of nails, P;, P,, in the right pan;
add npails, tin tacks, etc., to the left pan until there is
equilibrium. (2) Substitute the second bundle, P, in the
right pan, cut down a piece of wire until the (wire 4- P,)
is m equilibrium with the left side. Bind the wire round
P,. The two weights P,, P, are now equal in value,
= P grammes, say. (3) Place both bundles, P, in the
right pan, equilibrate by adding nails, ete., to the left.
(4) Substitute in the right pan one of the bundles nearly
equal to 2P, adjust it by wire, ete., into equilibrium with
the load in the left. (5) Substitute in the right pan the
second bundle nearly equal to 2P, and adjust similarly.
The doubles are now each twice the singles. (6) Put
2P, 2P, P in the right pan, equilibrate on the left, sub-
stitute the bundle nearly equal to 5P in the right pan and
adjust it to equilibrium with the left. The absolute
values (in lbs. or gms.) of the masses are found in Experi-
ment 12.

*Exp. 12.—Find the values of the masses in grammes.

MerHop I. Measure in cms. the internal diameter and
depth of asmall cylindrical canister: calculate its volume,
¥V, in cb. ehs. Weigh it, using the bundles of nails, empty
(=m;.P) and full of water (=m,. /). Then numerically

V=m,.P—m,.P, [ P=TV/(m,—m,) grammes.

Care must be taken in filling the vessel. Add water
until the surface appears above and bending down to the
edges of the can, Then remove water until the surface
is ftush with the edge. This can be done by repeatedly
touching the surface with a finger, then withdrawing, and
drying the finger. Xeep the outside of the can dry.

Merwop II. Tt is better to measure the buoyancy on
an immersed body (Exp. 60). Measure in cms. the proper
dimensions of a regular solid (glass cube, prism, large
marble, etc.), calculate its volume, V, irscb. cms., weigh it,
using the bundles of nails, in air (=m,.P) and in water
(=m,.P). Then

P = V/(m, — m,) grammes.
PE. PHY, 2
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To find a mass in grammes, first weigh it by the bundles
of mails, P, 2P, ete. Multiply the value found by the
value of P in grammes.

The value of Pin grammes may be called the constané of the set of
weights. It is the factor that converts an arbitrary measure, P, into a
conventional one; viz. the gramme. Such constants are frequently
used in connection with all kinds of measuring instruments.

*Exp. 13.—Find the masses of coins, efc.

*Exp. 14.—Find the specific gravity of glass (stopper),
stone, coal, parafiin-waz (candle), beeswaz, methylated spirit,
petroleum, salt solution. The mnecessary operations,t etc.,
are described in § 65.

*Exp. 15.—Find the specific gravity of methylated spirit,
petrolewm, salt solution, etc., by means of a bottle. For the
necessary operationst see § 64. For bottle use a
medicine phial. Mark its neck by twisting a thread or
fine wire twice round and tying tightly, or stick on a strip
of stamp-paper.

*Exp. 16.—Find the specific gravity of glass (stopper), a
piece of coal, stome.f Arrange the knife-edge to be in
the hole near theend. Suspend a body (whose weight need
not be known, e.g. a bottle filled with nails) somewhere on
the short arm. Suspend the body whose specific gravity
is to be determined, on the long arm, adjust into equi-
librium, and note its distance from the fulerum when
weighed (1) in air, (ii) in water (bring up in a glass).
For the necessary formula see § 66.

*Exp. 17.—Find the specific gravity of candle waz, methy-
lated spirit, petrolewm, salt solution]. For the mnecessary
operations see § 65; formulae, § 66. Compare the results
with those of Exps. 14, 15.

®
T Note that in many of these experiments the values of P, 2P, etc.,
in grammes or lbs. need not be known.
1 This illustrates Walker’s Specific Gravity Balance or Steelyard.
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*Exp. 18.—Graduate o steelyard (§ 51). (1) Support
the scale on a knife-edge through the large hole, 4 (Fig. 2).
(2) Hang a pan from the small hole, B. Add nails to the
pan until the right side is moderately overbalanced. Bind
the nails into a bundle and attach it to the scale pan (this is
then equivalent to the heavy end of a steelyard). (8) Make
another bundle (W) of nails and suspend from the long
arm (this is eqgmvalent to the movable weight of a steel-
yard) ; adjust into equilibrium with the scale pan, etc., on
the short arm. Note the reading of W on the scale: this
is the zero of the steelyard. (4) Adjust W into equilibrium,
and note its position when 2P, 4P, 6P, 8P, 10P are suc-
cessively put in the pan. (5) Plot the added masses,
2P, 4P, etc., vertically and the scale readings horizontally.
The graph obtained is practically a straight line, but does
not pass through the origin,

To find the weight, X, of a body in the scale pan.
Adjust W into equilibrium, note its reading, =, and refer to
the graph. The ordinate through the reading, x, gives the
weight, X, in terms of P.

Since the graph is a straight line, X can also be caleu-
lated : let y be the distance of W from the zero of the
steelyard when in equilibrium with X in the pan, ¢ the
distance when a known mass, P, is in the pan. Then

X = Puy/q.

EXPLANATION.—Let the weight of the scale pan and its accessories
be S, and its moment (arm, s) about the fulcrum be S.s. .

Let U, ¥ be the respective weights of the short and long arms
of the steelyard; U.w, V.v, their moments about the fulerum.

Let the distance of the movable weight, #, from the fulcrum be
z,, when there is no body in the scale pan;
z, when the pan contains an unknown weight (mass), X;
», when the pan contains a known weight (mass), P.

Take moments about the fulerum, then the following relations, .

corresponding to each of the conditions above, are obtained :

Ss+4+ Uuw=Vo+ Wz,
Xs48s+ Uu=Vv+ W
Ps+8s+Uu=Vo+ Wp
o X = W(:v—za) - P.s‘,= W(p—xa)
- X/P= (z_zo)/(p—zo) o X/P=.'//Q-
®Exp. 19.—Obtain the masses of coins, efc., by the steel-
yard. Compare the results with those of Experiment 18.

\ .
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AREA.

i
*Exp. 20.—Measure the area of a triangle. On a sheet
of squared paper draw an acute-angled triangle, 4ABC
(sides, say, 7", 6", 5").
Mrruop I. Estimate the area by counting squares (§ 56).

Mzraon II. Draw AD, BE, OF respectively perpen-
dicular to BC, CA, AB. Measure the length of each per-
pendicular; record and caleulate as below:

AB= .. .......CF= ... ...
BC=........ AD= ............
CA=....... BE=.......
X ABX CF = ............ Fach of these will
A x BO X AD=............ ; be equal to the area
31X CAX BE= wcoerne.. of the triangle.

Merrop III. Calculate s = (4B + BC + C4),
(s —AB), (s — BC), (s~ CA), and show that
~s(s — AB)(s — BC) (s — CA) = Avea of triangle.

*¥Exp. 21.—Deduce the rule that the area of a civcle is
proportional to the square of its radius or diameter.

Merzop I. On a sheet of squared paper draw 5 quadrants
from the same centre, say 6, 53, 5, 41, 4 inches radius re-
spectively. Obtain the area of each quadrant by counting
the squares within its figure. Tabulate (i) radius, (ii)
(radius)?, (iii) area. Plot (radius)® horizontally and area
vertically. The graph will be a straight line: hence

(radius)? is proportional to area.
The slope of the line will be such that an ordinate = 314
(its abscissa) : hence, practically,

aren of o circle = 314 (radius)®.

Meraop II. On a sheet of thin cardboard draw 5 quad-
rants from the sarge centre. Cut out the largest one and
weigh, similarly the next largest, and so on. Finally
weilgh a rectangle cut from the same cardboard. Calculate
as in § 56, MersoD II.; plot as in Exp. 21, MeraoD L
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e VOLUME AND DENSITY.

*Exp. 22.—Make and graduate o measuring vessel. (1)
Close the small end of a cylindrical lamp chimney with a
cork. (To avoid leakage put some pieces of candle wax in
the tube, and expose to a fire so that the wax melts and
‘soaks into the cork.) Gum a strip of stamp paper along
the outside. Mark every fifth notch of the stamp paper,
beginning to count near the cork. Number every tenth
notch, 1, 2, 8, etc. Read intermediate notches as decimals.
(2) Mark the stem of a rough pipette (§ 8 (8)) (bind a
piece of cotton or fine wire round). Fill up to the mark
with water (§ 57). Discharge the water into the measuring
vessel, allow the pipette to drain, blow out the last drop.
Note the reading of the water surface in the vessel. (3)
Again fill the pipette, add the water as before to the
measuring vessel, and note the height to which it rises.
Repeat until the vessel is full. The measuring vessel has
thus been calibrated or divided into parts of equal volumes.

REecorp as below:—

Volumes N 1 2 3 4 5 ete
Readings of water sur}ace . .o
Plot volumes vertically, readings horizontally.
The graph will be a straight line through the origin if the bore of
the tube 18 upiform. 7This is unlikely: then the curve will bend.

In either case the graph shows the volume for any scale reading in
terms of that of the pipette as unity.

*Exp. 23.—Find the volume, k, of the pipelte in cubic
centimetres. Weigh a small vessel (express in grammes).
Fill the pipette up to the mark with water, allow it to dis-
charge into the vessel, blow out the last drop; weigh the
vessel again. The increase in weight is that of the water
required to fill the pipette. It is numerically equal to the
volume (%) of the water and of the pipette in cubic centi-
metres.

The quantity, %, may be called the constant of the pipette. It isthe
factor that converts volumes measured in an arbitrary unit (that of the
pipette) into a conventional measure (the cudic centimetre), For a
similar reason % is also the constant of the measuring vessel. Such
constants are frequently used in conneetion with all kinds of measuring
instruments.
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To express in cubic centimetres the volume of k quantity
of liquid, etc., contained in the measuring vessel.-—The
scale reading of the liquid surface having been observed,
refer to the graph obtained in Exp. 22 and find the volume
corresponding to the reading. Multiply the volume by %.

To find the volume of a body by the measuring vessel.
—Put water in the vessel, read its surface. Slip in the
body, and again read the water surface. Obtain the
corresponding volumes from the graph obtained in Exp.
22. The difference between them multiplied by % is the
volume of the body in cubic centimetres.

*Exp. 24.—Obiain the volume and mass of a piece of coal,
a stone, ete. Calculate the density of each. The masses
can be determined in grammes by the balance and
weights of Exp. 10, the volumes in cubic centimetres by
the measuring vessel. Divide the mass of each by, its
volume, the quotient is the density of the material in
grammes per cubic centimetre. '

Also find the volumes of the bodies by weighing in air
and water (§ 61).

*Exp. 85.—O0btain the volume of a cylindrical canister.

Meraop 1. Pour water into it from the measuring
vessel of Exp. 22 (see § 59 (1), also § 59 (1a)).

MrerHOD II. Measure length and diameter in centi-
metres. Calculate the volume in cubic centimetres (§ 57).

MerHop III. Weigh the can (i) empty, (i) full of
water (§ 59 (2)).

*Exp. 26.—Obtain the volume of @ spherical ball. Use
glass or stone “marbles.”

(1) By displacement in the measuring vessel (§ 60).
(2) Measure a diameter (§ 14). Calculate the volume.

*Exp. 27— Obtain the volumes of a medicine bottle marked
in tea or table spoops. Fill with water up to one of the
marks, then empty into the measuring vessel. Deduce the
value of the tea or table spoon. Repeat two or three times,
using different marks.



WEIGHING AND MEASURING, 23

PRINCIPLE OF ARCHIMEDES.+

10. Apparatus.—A tube (Fig. 4) closed flat at one end
(a specimen tube, 8 inches long, 4 inch
diameter), open at the other, is provided.}
Take a strip of ruled paper, ink in every
fifth line, number 0, 5, 10, ete.; roll it
(lines perpendicular to length), press it
close to the inner surface of the tube, and
fix by stamp paper.

*Exp. 28.—Demonstrate the Principle
of Archimedes. Add sufficient nails to
the flat-bottomed tube (§ 10) to sink it
in water up to mark 20, say. Suspend
the tube from the pan of the balance.
Weigh in grammes the tube and nails,
firgt in air, and then when immersed in water as far
as the lines 4, 8, 12, 16, 20 in succession. (Hang the
tube from the scale pan by cotton.) Calculate the
difference between each weight when partially immersed
in water and the weight in air: in each case the
difference i3 the magnitude of the buoyancy acting on
the body.

Measure in centimetres the outside diameter of the tube
and the lengths between the closed end and the lines 4, 8,
12, ete. Calcnlate the volumes immersed in the several
cases,

Tabulate (i) length of tube immersed, (ii) apparent
weight of tube when immersed, (iii) buoyancy acting on

the tube, (iv) volume of immersed part. The volumes . -

immersed should be numerically equal to the respective
buoyancies in water. Plot volumes horizontally, buoyancies
vertically. The graph will be a straight line, showing that
the buoyancy acting on the tube is proportional to the
volume of the immersed part. .
Repeat substituting, say, methylatqii spirit for water.

+ For the Principle of Archimedes and Law of Flotation see Exp. 60.
+ A lamp chimney, plugged as in Exp. 22, can beused. Ymrnerse in
water in a large bottle or jug.
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*Exp. 29.—Law of Flotation. 1. Measure the length
(L cms.) of the tube from the end (outside) to a line, m,
on the paper (say, 16). Measure the outside diameter
(D ems.). Place the tube in a vessel (tumbler) of Liquid
and put in nails until the liquid surface outside stands at
the mark, m. Remove and dry the tube, then weigh
(tube -+ nails) in grammes. Also find the specific gravity
(8) of the liquid by the bottle (§ 64) or common hydro-
meter (§ 68). Calculate the volume of liquid displaced

= ELDZ eu. cms.), and the weight of liquid displaced

= Z SLI” gms.). The latter should be equal to the weight

of the tube and nails.
Float in turn in water, methylated spirit, salt solution.
Repeat by working to, say, mark 20.
Compare Nicholson’s hydrometer (§ 67).

#¥Exp. 30.—Law of Flotation. 1I. Add nails so that the
tube floats upright in salt solution, say, at mark 10.
Weigh (tube - nails) in grammes. Then place in turn in
water, methylated spirit, etc. Ineach case note the reading
of the liquid surface (estimate tenths by eye) on the paper
scale. Measure in centimetres the length from the end
of the tube to the scale reading, also the diameter of the
tube; then calculate in cubic centimetres the volume of the
tube immersed. Obtain the Sp.G. of each liquid. Multi-
ply together the volume immersed in one of the liquids
and the specific gravity of the liquid. The product
should be numerically equal to the weight of the (tube 4
nails). Proceed similarly with each liquid.

Plot the scale readings horizontally and the specific
gravities vertically. The instrument can then be used as
a common hydrometer (§ 68). To find the specific gravity
of a liquid by means of it immerse the tube in the liquid
and observe the reading of the liquid surface. The
ordinate of the grgph having the reading as abscissa
denotes the value of?l)ue specific gravity.



CHAPTER II

MEASUREMENT \}F LENGTH AND ANGLE.
LENGTH.

11. Measurement of Length.—This is usually done by
applying to the length some kind of measure, e.g. a 2-foot-
rule, a yard stick, or a tape, on which lengths of a foot
are marked and subdivided into inches and smaller parts.
In the laboratory a steel rule, about a foot long, graduated
in British and Metric units is of value as a standard.
Boxwood rules (less accurate) half a metre long are also
convenient. A flexible tape measure, 7 or 8 feet long, is
serviceable. The tape may be of linen or steel. In the
former case the accuracy of its graduation should be tested
by comparing it with a standard scale.

A steel tape is generally attached to a spindle con-
tained in a metal case. The spindle is controlled by a
spring and ratchet. The tape may be unwound, more or
less, by pulling at the free end. It winds up, owing to
the action of the spring, when a button at the side of the
box is pushed in. In winding up let the tape run and be
gently pressed between the finger and,thumb, so that it
does not move very quickly. '

The units of length and the relations between them are

shown in the Appendix.
25
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Observe that on a length measure (i) the graduation
marks are at equal distances, that is the scale is one of
equal parts; (ii) certain marks are numbered ; the lengths
along the edge of the scale between the numbered divisions
are either inches or centimetres: (iii) each inch is sub-
divided ; if into 20 parts, then the scale measures to %
inch: (iv) each centimetre is subdivided ; if into 10 parts,
then the scale measures to %5 centimetre, that is to a
millimetre.

In deciding whether a measure, if not specified, is
British or Metric, remember that a halfpenny is one inch

in diameter, that 25 centimetres =1 inch nearly, and
beware that the difference between % inch and % milli-

metre cannot be detected by the naked eye.

Exp. 31.—Ezamine the measures provided and describe
them as below.

A. Ezamination of & boxwsod rule. The meagure is just 1 metre
long. Ore edge is divided into centimetres and millimetres. Every
second c¢m. division is numbered. The other edge is divided into
inches and i inch. Each inch division is numbered. There are
nearly 39°4 inches on the scale.

B. Ezamination of a steel rule. The rule is about a foot long. On
each edge there is a scale of equal parts.

One edge marked ‘‘metre’’ is divided into centimetres and milli-
metres. Each centimetre division is numbered. A length of 10 em.
is subdivided into 3 mm. Total length of scale 30'5 cm.

On the other edge there is a scale of inches divided into tenths.
Each inch line is numbered. Total length 12 inches. The first two
inches are further subdivided into fortieths of an inch, the next
three into twenticths, the eleventh inch into fiftieths, and the last
into hundredths.

On the reverse side the scale on one edge is of inches divided into
twelfths. The first inch is further subdivided into forty-eighths, the
next three into twenty-fourths, and the last into ninety-sixths. Each
inch line is numbered. Total length 12 inches.

The remaining edge is of inches divided into eighths,  The
first three inches are subdivided into thirty-seconds, the last inch
into sixty-fourths, Each inch line is numbered. Total length
12 inches. .

*Exp. 32.—Find and note which of your fingers is practi-
cally 10 cm. long.
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12. To measure the distance between two marks.—
Place the rule against the marks as in Fig. 6, not as in
Fig.'5. If the distance to be measured 18 not an exact
number of scale divisions the length of the bit over should
be estimated by the eye.: (Exp. 34.)

.
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\ /
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Fig. 5.

ot D fd
2N C

Fig. 6.

In Fig. 5 observe (1) that there would be inaccuracy at
A because the end of the scale is not “square.” The end
of a scale becomes, in time, worn in this manner. Also ob-
serve (2) that owing to the thickness of the rule the reading
of B would be judged differently when the position of
the eye is changed. In the figure it is 163 when viewed
along mB, 158 along nB, 148 along pB. To avoid
this uncertainty (called a parallaz error; § 120) the
graduated edge is placed (Fig. 6) on CD. The position
of Cis 100, of D, 2:64; . AB=264—-100=164,

Use of and limit to subdivision. Altbough the steel
~ scale is partly divided into 1/1Q0 inch, it is difficult to use

8o fine a subdivision unless the eye is aided by a lens.
The naked eye cannot easily read fractions less than 1/50
inch, or 1/2 mm. In order that meas'jrements to smaller
values may be readily made, devices such a8 the diagonal
scale (§ 14), vernier (§ 18), and graduated screw head
(§ 23) are adopted.
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13. Use of compasses, calipers, ete.—A short length
is conveniently measured by compasses. The legs are
opened out and adjusted until the distance between
their ends equals that under measurement. This is tested
by placing, always after their adjustment, the point of one
leg at an end of the length to be measured, and seeing
if the point of the second leg just reaches the other end
of the length.

In compasses the adjustment is made by trial, the dis-
tance between the legs being slightly but indefinitely

altered by hand. It is better to use hair-dividers (Fig. 7)
or bow compasses (Fig. 8) in which the adjustment is
quickly and accurately performed by slightly turning the
nut at the side.

The compasses, after being adjusted to the
unknown length, are next made to span the
divisions of the steel or diagonal scale and the
distance noted.

Calipers.—Fig. 9 shows the com-
pass calipers used for gauging the
diameters, widths, etc.,, of rods,

Fig.8. bipes, flanges, etc., of machines.
The ““inside” end measures inter-
nal, and the “ outside” external dimensions.
The opening between the tips is adjusted
until they touch the surfaces, the distance
between which is to be measured. For
instance, the diameter of a cylinder or
sphere is obtained by adjusting the “out-
side” gap until the body is very slightly
pinched.  Finally the distance between the eunds is
measured by laying them on a centimetre or inch scale,
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14. To measure the diameter of a sphere or altitude
of & cone or pyramid.—Pinch the figure between
rectangular blocks, press the blocks against the edge of a
scale (Figs. 10, 11).

8

/
i\
A
P @&;‘//
e { baseC

777

£ =3

Fig. 10.

The blocks need npt be similar nor equal, but each must
have three adjacent faces, 4, B, €, and P, @, B, mutually
perpendicular. This should be tested by a set-square, or
carpenter’s square.

——

i TR
y \]ﬂﬂ[m 2H M |;l lUl.lwﬂ[Hﬂ
Fig. 11

The following method is sometimes used to test whether
the faces of rectangular blocks are actually perpendicular.
(1) Take two blocks: put a face of each in contact; press
the blocks on a flat surface. If the faces do not keep in
contact, but allow light to pass between them, then the
block is not rectangular. If they do keep in contact, then
(2) turn one block through two right angles and press the
faces, as before, on the flat surface. . I¥ now the faces do
not, keep in contact, the bloek is not rectangular, If they
do, repeat the tests with other faces in contact.
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The second test is necessary because two blocks cut with
equal angles fit in one position (Fig. 12), but not in the
other (Fig. 13).

e,
c Q P Cc R
Fig. 12, Tig. 13.

If all the faces and angles of each block exactly fit botk
blocks are rectangular. The method by the carpenter’s
square is less confusing.

15. Measurement of the length of a curved line.—
Mzetraop 1. By spring bow compasses or dividers. Open
the points a short distance (about } inch, or less if the
curvatures are sharp) and step along the curve from end
to end.t Count the number of steps. Then take, say,
20 steps along a measuring scale, and note the distance
traversed. Calculate by assuming

(length of curve) __ (number of steps on curve)
(length on scale)  (number of steps on scale)’

Meruop II. By thread. Place an end of the thread
at the left extremity of the line,t and hold it there Ly
pressing it with the nail of the left hand forefinger.
Adjust & short length (3 inch, say) of the thread along the
curve and fix by the nail of the right hand forefinger.
Place the nail of the left hand forefinger close to the right
and press the thread by it. Then adjust another short
length of thread along the curve and repeat the opera-
tions until the end is reached. Finally, cut the thread at
the end of the curve and stretch it over a scale. Its
length will be equal to that of the curve. A flewible tape
measure (§ 11) can sometimes be substituted for the
thread with advantfige.

¥ If the curve is elosed, e.g. a circle or ellipse, start from a mark on
it, and continue round until the mark is again reached,
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. 16.—Measurement of circumference or girth.—This is
eonveniently done by a tape measure or string.

Mztaop I. By string.

Closely wind a piece of fine string round the body,
say, 10 times. Cut the string at the begmnmg and end
of the number of turns; then unwind and measure the
distance between the ends of the string in inches or centi-
metres. Calculate

. length of string
th = 20" "7 7,
grr number of turns -

/

Mernop IL. By a strip of paper.

Wrap a strip of paper tightly round the figure so that
the ends overlap. Prick through both thicknesses of the
paper somewhere on the overlap. Unroll, and measure
accurately the distance between the pin- “holes e.q.," place
a finely divided scale over the points as Fig. 6.

Meraop 111, By a flewible tape.

Wrap a tape measure round the body so that several
inches of the tape overlap and the graduated edges nearly
coincide. Read the position on the upper lap of division

(1) on the lower, then of divisions (2), (8), etc. Deduce
the mean value of the girth.

- *Exp. 33.—Muake a cenfimetre scalet Draw a straight
line on cartridge paper and lay a metric scale edgewise
along it. Prick the line at the points under the centimetve
divisions of the scale.

Or better, open the dividers to span exactly 4 cm.
measured on a standard scale, prick along the line
divisions 0, 4, 8, etc. Reduce the width of dividers to
3 cm. exactly and prick off the remaining points.

Mark the points by short lines, and number every
second, counting from left to right: 0, ?, 4, 6, ete.

In a similar manner make a scale of Aalf-centimetres.+

+ These scales are required in Exp. 34,
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*Exp. 34.—Eye estimation of tenths of a division. 1.
Draw a line, AB, about half the width of the page.
Measure itg length in millimetres by the paper centimetre
scale (Exp. 33). Since this is not subdivided into mm.,
the fractions of the cm. must be judged, in tenths, by the
eye. After estimating the value, confirm by applying a
millimetre scale. Similarly measure other lengths.

2. Similarly measure various lengths by the half-centi-
metre scale, estimating to tenths, that is half-millimetres.

This exercise is of great importance : eye-estimation should
be conscientiously and frequently practised.

THE DIAGONAL SCALE.

17. The Diagonal 8cale (Fig. 14).—The points 4, B, C,
N are, say, 1" apart. The

P R linesuAlP, BQ, CR, etc., are
parallels, practically (but not

008 ‘H%%lﬁ A ) necessarily) perpendicular to
006 AC. AP is any convenient
002 e c | sy tenths; AP into, say,
AR s o . fifths. The first division, M, of

. AB is joined to P; through

Fig. 14. the others are drawn parallels.

to MP. Through each division

of AP are drawn parallels to AC. The least count or

smallest difference indicated by the scale is 1 of &5 = J-inch;
length (see below) of zy = 1-84.

In any diagonal scale if the unit, 4B, is divided into p parts and
AP into ¢ parts, then the least count = 1/p.q. Thus when the least
count is 1/40, there are six ways of drawing the scale; when p = 20,
g=2;p=10,9g=4; orp=26,¢=25; and when p and ¢ are inter-
changed. Hence when the least count is given, select two convenient
fa(};ltors of the denominator, take p equal to one of these, and ¢ to the
other.

In numbering the sca'{e it is necessary to divide only the first unit.
Call the right-hand end of the first unit length, 0, number the unita
from left to right, the subdivisions from right to left.
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To use the diagonal scale. Suppose the unknown length
is finally found to be zy = 1-84. Adjust the dividers to
be equal to the unknown length (§ 18). TPut the point of
one leg of the adjusted compass at 4, and observe that the
other point will lie on 4, between the unit divisions 0, 1.
If now the compass point is placed on division 1, the other
point will lie on BA between divisions 0:8 and 0'9. Thus
the base line, A B, shows that the length is between 1-8 and
1-9. Now keeping the compass point on the line, CR,
through division 1, place it in turn at the points of inter-
gection of this line with the several parallels to the base
line, AB.

Observe the position of the other compass point on the
game parallel: thus, when one point is at p the other will
be at m; when at ¢, then at n; at «, then at y. In the first
and second positions it is between diagonals, in the last it
is at the intersection of the diagonal
through 08 and the horizontal through €2 1T
0-04. Hence the reading is 1'84. i

‘ 072 -

*Exp. 35.—Make a diagonal scale ; least ‘\% TJ\ |
count 1/25 inch. (See Fig. 15.) Make a 004 1Y
unit scale of inches (Exp. 38). Take Lo 04\

=05, g=>5. Number the divisions of oFi 15 0
AB,1, 08,06, 04, 02, 0, putting 1 at 4, g 1
0 at B; and those of AP, 020, 0-16, 012, 0-08, 0°04,
putting 0-20 at P,

\
+-
\

THE VERNIER.

_ 18. The Vernier is a device, invented by Pierre
Vernier, for readily estimating the fractions of the smaller
Fa.rts of a measuring scale; its use avoids the necessity
or minute subdivision. It is an aquailiary scale that slides
along the principal one, and is graduated so that a number
(n) of its divisions is equal to one legs (n — 1) or one
more (n 4~ 1) than those of the principal scale.
.. Bee § 33, Notg, for hints concerning the illumination
and reading of finely divided scales, ;
PR. PHY, 3
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*Exp. 36.—Construct a scale and verniers as follows
(see Fig. 16): ;

(1) Principal scale. On a piece of paper draw a straight
line and on it mark off (by dividers) equal parts, say about
4 inch long. Number from left to right 0, 1, 2, 3, ete.

(2) Vernier A. On another strip draw a length equal
to, say, 5 divisions of the principal scale. Divide this into
six equal parts. Number from left to right 0, 1, 2, 3, 4,
5, 6. Then each part of the vernier = 3ths of a division
of the principal scale, and the difference between the two
is th of the same,

e e >
IE“Z"'v;;;:z"* Vernier 8
a0 12345{’654321

:_I T J;llll_llll FIITLII F)l [ VT TT 1
" o' Tl T T he T bg
Prinu'pal Scale
Fig. 16,

(8) Cut out the vernier along the line of graduation
and arrange it to slide on the principal scale. Put the
vernier zero, or mark 0, in line with 10 of scale, vernier
division 6 will then coincide with 15 of scale. Now move
the vernier until its line 1 coincides with 11 of the scale:
the zero of the vernier will then have moved through a
distance equal to the difference between a vernier and scale
division (fth in this case). Next bring vernier mark 2 up
to 12 of scale; the movement is equal to the previous
step and the total displacement of the zero from its first
position is 14+ % =% Bring in turn the succeeding
marks of the vernier into coincidence with 13, 14, ete.,
respectively of the principal scale and verify the numbers

below.

Vernier mark coincident with a scalemark, 0, 1, 2, 3, 4, 5, 6
Scale mark coincident with a vernier mark, 10, 11, 12, 13, 14, 15, 16

Displacement in scale divisions of zero of
vernier from its firs position .. . 0, % % 3 & 3 1

(4) Vernier B. On another strip draw a length equal
10, say, seven divisions of the principal scale. Divide this
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.into six equal parts.  Number the marks 0,1, 2, 3, 4, 5, 6
from right to left. RKach part of the vernier is Zths of a
division of the principal scale, and the difference between
the two is 1th of the same.

(5) Cut out the vernier along the line of graduation
and arrange it to slide on the principal scale. Put vernier
zero, or mark 0, in line with 10 of scale, the vernier line
6 will then coincide with 3 of scale. Then, as in the
case of Vernier A, bring in turn the vernier line 1 and
succeeding marks into coincidence with 9, 8, 7, etec,
respectively of the principal seale and verify the numbers
below.

Vernier mark coincident with a scale mark .. 0,1,2,8,4,5,6
Scale mark coincident with a vernier mark .. 10,9,8,7,6,6,4
Digplacement in scale divisions of zero of vernier

from its first position .. . o . 0,4,%3 4351

In both verniers the movement of the zero is for each
step equal to ith of a scale divigion. Fach of these ver-
niers is thus equivalent to a subdivision into sixths.

In every case the fractional value of the zero displace-
ment has the number (6) of divisions on the vernier for
its denominator, and for 1ts numerator the number of the
vernier mark that coincides with a line on the principal
gecale. To effect this, however, the vernier (A) in which
the parts are less than the scale divisions has to be num-
bered in the same direction as the principal scale, and the
vernier {B) in which the parts are greater than the scale
divisions has to be numbered in the reverse way.

*Exp. 37.— Measure with the scale and verniers constructed
as above the length of a pencil, length and breadth of an
envelope or card, diameter of a penny, etc. The results will
be in terms of the divisions of the principal scale. Find
the valuest of these in inches and centimetres by comparison
with a standard measure. Then express the above lengths
in inches and centimetres. 3

1 The ratio of the length of the scale division to a centimetre may be
called the metric constant of the scale (see Exps. 12, 23, etc.).

b
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*Exp. 38.—Construct a vernier to work with the above
principal scale and to read to {5th of its divisions. Mea-
sure the above lengths by means of it and express them in
inches and centimetres.

METHOD OF EXAMINING A VERNIER.

19. (1) ¥ind the wvalue in fractions of an inch or
centimetre (degrees if the measurement is angular) of
the smallest parts of the principal scale. To do this
either compare it with standard measures directly or use
dividers (§ 13). .

(2) Count the nmuwmber of parts into which the vernier
is divided.

(3) Find the relation between the divistons of the vernier
and of the principal scale. Bring the zero of vernmier into
coincidence with a scale division: the relationship can then
be observed. Generally

n (vernier divisions) = (n — 1) (scale divisions)
or
n (vernier divisions) = (n + 1) (scale divisions).
In the former case the vernier divisions are smaller than those

of the scale, larger in the latter. Also the vernier reads forwards
with the scale in the former case and backwards in the latter.

In some cases, e.g. the barometer, 10 vernier divisions = 19 seale.
Tmagine each vernier division bisected. Note that the vernier reads
forwards with scale (§ 22, 4).

(4) Calculate the least count of vernier, that is the
smallest difference that can be read by it. When
» (vernier divisions) = (1) (scale divisions)

the least count ::% {scale divisions).

{5) Show in diagrams the numbering of the scale and vernier,

In actual instruments the numbering of the graduation marks
given by the maker Trequently requires some practice in reading on
the part of the obgerver. Until he can readily decide the reading by
s simple observation of scale and vernier he should check his guesses
by calculations similar to those of § 22.
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© (6) To measure a length by the vernier.—(i) Adjust
one end of the length to be measured to the zero of the
principal scale, and the zero of the vernier to the other end.

(i) Observe the numbers, p, and p + 1, of the lines of
the principal scale between which the zero of the vernier
lies. ‘

(iii) Note the number of the mark, g, on the vernier
that most nearly coincides with a scale division.

Then, n being the number of the divisions on the vernier,
the length = (p +4- ¢/n) scale divisions. Reduce from scale
divisions to inches or centimetres as required.

In the more fully divided verniers two or even three graduations
may appear equally coincident with lines on the principal scale. In
the former case take the mean of the two, and in the latter the read-
ing of the middle line.

In Fig. 16, which illustrates a scale and vernier constructed as in
Exp. 36, X = 4% = 43, ¥ = 182 = 131

The ““model verniers for students’’ of the reverse-reading type are
often arranged to take the length under medgurement between the
scale zero and the nearer end of the vernier (it8 zero being at the far
end). In Fig. 16, Z is such a length: Z =112 = 111, The verniers
on instruments however do not measure in this way.

20. Vernier Calipers (Fig. 17).—The principal scale is
graduated on a steel strip, and the vernier on a frame that
slides along the
strip. A steel jaw @ M. 4
projects at right | 7
angles to the strip z
and is fixed at one -
end of it. Another (I wﬁi‘ﬂ]\'\‘u\\u T[rrrrm
steel jaw, also at / 4 ad
right angles to the :
strip, formsone end
of the slider. The f---- X-==~
constructionis such Kmmm e y--—-- ]
that the two jaws Fig. 17.
are in contact when
the zero of the vernier, Z, coincides,with the zero of
the principal scale. Hence the scale reading at any
time measures the gap between the jaws. In Fig. 17 the
distance between the tips, a, b, is equal to that between the




38 MEASUREMENT OF LENGTH AND ANGLE.

jaws, X. These, a, b, can be introduced into tubes, and
measure thicknesses that can-
not be reached by the jaws,

¢, d (see Fig. 19). The
distance, Y, between the out-
side edges of the projections,
¢, d, 18 2 mm. (usually)

Fig. 18. Fig. 19. greater than that between the

jaws. These serve to measure

the internal diameter of tubes, ete. (see Fig. 18). The catch,

T, clamps the slider to the strip when required. Be sure
that the slider is free before trying to move it.

The reading in Fig. 17 is 2:43 cm.

Notk.—-If a cylindrical body is slowly turned while between the
jaws the feeling of alternate tightness and looseness experienced will
enablo the observer to judge whether the figure is fairly circular or not.

Exp. 39.—Find the external and internal diameters, and
the length of a piece of tubing, by the vernier calipers.
Take five or six measurements in several positions and across
different diameters. Tabulate external diam., D; internal
diam., d; length, L. Calculate the means. Calculate the

volume = Z (D~ d*)L.

21. ExaMprEs. (1) Vernier on a travelling mcroscope (§ 31). The
parts of the principal scale are millimetres. There are 10 divisions on
the vernier. 10 vernier d1v1sxons are equal to 9 scale divisions.
Therefore the vernier reads to {; mm.

(2) Barometer verniers.

Metric (Fig. 20). British (Fig. 21).

Principal'scale ., millimetres 2 inch
Number of vernier
divisions . 10 25

Relation  between | (10 vernier=19 scale.
principal  scale | | Imagineeachvernier
and vernier divi- division bisected, | 25 vernier = 24 scale
sions .. ..7| then

20 vernier = 19 scale

Least count . g DI, a% of & = ghg inch
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Metric vernier. (i) -By inspection (Fig. 20): {
Reading by principal scale, 76'5 cm. = 765 mm.

A mark midway between 6 and 7 of vernier would
‘ comcude with a scale division.

| 52 .-.reading by vernier =065 mm.,

-. total reading is 765-65 mm.
= 76565 cm.

(i) By calculation: It is seen
at

X + 65 vernier divs. = 77'8 cm.
= 778 mm,

By construction
1 vernier div. = 1'9 scale divs.,

X + 6'5 X 1'9 scale divs. .
= 778 scale divs. y

. X =778-1235 \
= 765 65 scale divs.= 76°565 cm\
British vernier. (i) Byinspection :

Reading by principal scale
=304 inches (Fig. 21).
22nd mark on vernier coincides
Metric 8- with a scale division,
Fig. 20. Fig. 21. .. reading by vernier
= 0'044 inch,
*. total reading = 80-4 + 0-044 = 80444 inches.
(ii) By calculation: It is seen that
X + 22 vernier dive. = 31-50 inches.
By construction 25 vernier divs. = 24 scale divs.,
*, 1 vernier div. = 2% scale div. = 3£ . 5% = 0°048 inch,
Y X 422 x 0:048 = 31°50.
X = 31-50 — 1056 = 30444 inches.
Exp. 40.—Read the Barometer Verniery. Set the vernier
slide in any position. Read the Metric and British scales.

Deduce the relation between inches and centimetres,
Repeat several times with the slide in different positions.
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22. ExaMPLES. (1) Verniers on a labdle cathetomeler (§ 32). ;

Vertical slide. Circle. !
Divisions of prmclpal T
scale . } millimetres degreos
Divisions on vernier 20 6

6 vernier = 11 scale.
Bisect each vernier
division: then 12

Relation  between
vernier and prin- | ; 20 vernier =19 scale.

cipal scale vernier = 11 scale.
Least count of vernier, 75 mm. Hot1° =4
(2) Cireular verniers on spectrometer (§ 151).
_— Number of | .Relation between Least count
leel;clgpal vernier vernier and of
divisions. scale divisions. vernier,
I
A L 30 30 vernier = 29scale | Zgof £ =&° =1
B. ¥ 40 40 vernier = 39scale | A5 of 1 = {1° =¥
(Fig. 22)

10 15 20 -

i Yeree
nmmmmnuumnmuum,,,,” "

5 60

T
‘ I

Fig. 22.

Vernier B (Fig. 22). (1) By inspection: Reading by principal scale = 461, ’

Division 23 of vernier is coincident ; therefore, since the least count
=¥, the reading by vernier = 23 X 4 minutes = 11' 30",

. total reading = 46° 20" 4 11" 30" = 46° 31’ 30",
(i) By caleulation: 1t is seen that X 4 237 = 54°,
By construction 40 ‘wernier divs. = 39 scale divs. or 7 = 28 gcale,
& X+ 23 x 23 scale divs, = 54 x 3 = 162 scale divs.,
o X 4 22-425 scale divs, = 162 scale divs.,

* X = 139575 scale divigions = 139:575 x 20 minutes = 46°31' 30".
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by N
GRADUATED SOR&GV& HEAD.

- ®Exp. 41.—Principle of Screw. Take a large screw and
piece of wood. Lay the edge of a'measuring scale against
the screw thread and count the number of threads per inch
or centimetre. Then calculate the pitch or distance between
adjacent threads. (1) Turn the screw a little way into the
wood. Measure accurately the distance between the wood
and the edge of the screw head. (2) Rotate the screw, say,
five times. Measure the distance between the wood and
the edge of head. Observe that the head of the screw
moves through a distance

' = (pitch) X (number of revolutions).

(8) Turn the screw through, say, & or i revolution.
Measure the distance between the wood and the edge of
head. Observe that the head moves through a distance

= (pitch) X (fraction of turn of screw).

Thus in any case the end of the screw moves through a
distance equal to the pitch multiplied by the number of
revolutions and parts of a revolution through which the
screw has been turned. N

23. When short lengths have to be measured with
considerable accuracy, a screw gauge, spherometer, etc.,
may be employed. In these instruments an accurately cut
screw moving in a fixed nut is twrned by hand until the
end is felt to be in contact with the body o be measured.
The adjustment is thus effected by the sense of touch, not
by sight. It affords an example of end measurement,

The instruments are provided with two scales:

(1) A pitch-scale,t running parallel with the axis ot
the screw, and showing the number of complete
revolutions.

(8) A head-scale,t round the edge of the screw-
head, by which the fractions of a turn are
indicated. "

+ It is not usual to give names to the scales. The above are
convenient.
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24. Micrometer Calipers or Screw Gauge.—A. pattern
of screw gauge or caliper is illustrated in Fig. 23.
It consists of a rigid U-shaped frame having a tubular

Vi B
A 023
GAP 20 H
15

Fig. 23.

hub fixed to the right hand limb. The measuring
screw works through a nut fixed inside the hub. The
screw head or thimble, H, moves over the outside of the
hub, and is attached to the screw spindle at the right hand
end. By turning the screw head, H, the end, 4, moves
and makes a wider or narrower gap. The end, B, of the
thimble is often milled. The body to be measured is put
into this gap and the screw-head turned until the body is
just held. Care must be taken not to screw up tightly,
nor to force or hurry the movement. The instrument will
soon deteriorate if used harshly.

In some instruments the milled end, B, is not fixed to the head, H,
but turns it by a spring and ratchet arrangement. Then when the
body in the gap is pinched sufficiently, the spring gives, and the
milled end turns without moving the measuring screw.

On the outside of the hub there is a scale, p, of
fractions of an inch or centimetre. This is the pitck scale.
Its base line running along the hub is called the line-of-
graduation. The equidistant marks, f, on the left hand
bevelled edge of the head, H, form the head scale for
measuring the incomplete turns of the screw.

In some instruments there are two pitch scales along the hub, one
of half-millimetres (= 0-0197"), the other of fiftieths of an inch
(=0-02). Their lines of graduation are not coincident, but slightly
diverge after starting ffom the same zero-point., If the pitch of the
screw is & 3 mm. then the line of graduation of its pitch scale is parallel
to the axis of the hub, and the line of graduation of the scale of one-
fiftieth inch slowly spirals round the cylindrical hub.
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TO EXAMINE A SCREW GAU(!E.

25. (1) Turn the head so as to ezpose the pitch scale, p
(Fig. 23). ¥Find what fraction of an inch or centimetre is
equal to its smallest parts. To do this compare by
dividers (§ 13) the length of, say, 12 divisions of the pitch
scale with the subdivisions of the standard measure.
Beware that 2; inch is practically equal to 3 mm.+

(2) Find the pitch of the measuring screw.—Bring the
zero mark, 0, of head scale, f, into coincidence with
the line of graduation. Observe now the position ou the
pitch scale, p, of the graduated edge of the head, H, and
also after turning the head round once. The difference in
the readings is the pitch of the screw. Express it in
fractions of the inch or centimetre.

(3) Count the number (n) of divisions of the head scale.
‘When the head is turned each division of its scale, £, as it
passes the line of graduation on the hub indicates t%t the
screw has made one¢-nth of a turn, and that the width of
the gap has altered by one-nth of the pitch of the screw.
This quantity is the smallest reading or least count of the
instrument.

(4) Zero error. Screw up until the gap is closed. If
the division, 0, of the head scale is on the line of graduation
of the pitch scale, then the reading of the instrument when
measuring a body equals the width of the gap. If the
lines are not coincident the reading is subject to a zero
error. The value of the zero error is obtained by observ-
ing what mark of the head scale coincides with the line of
graduation when the gap is closed. The number of
divisions between this mark and the zero of the head scale
gives the fraction of a revolution required to bring about
the coincidence of the scale zeros. The zero error is added
to the readings of the instrument if the gap is slightly
open when the zero of the head scale coincides with the
line of graduation, and subtracted if it {8 closed before this
is the case.

1 mm. = 0°01969 inch.
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The following are data of two screw gauges—-

Zero error .. ..

Numbering of
pitch scale

Numbering of head

Metric. British, |
|
Smallest parts of 1 millimetre 25 inch,
pitch scale
Pitch of measuring : 1 millimetre 25 inch.
8CTew A
Divisions of head 50 25
scale .. .. ..
Least count of in- | 5 of 3 = 3z mm. | Jgof 5 = fypinch,
strument ..

- 03 (Note 1)
Every tenth division,
.0, 5, 10, 15, etc.
Every tenth division,

+ +004 (Note 2)
Every fourth division,
0, 1,2, 3, ete.t
Every fifth division,

gcale .. .. .. 0,51,2, 3 4 0, 25, 5, 10, 15, 20t
—— —_——

Note.—(1) The gap is closed 3 divisions of the screw head before the
zeros would coineide. Hence, subtract & of £ =03 wm. from the
readings of the instrument, (2) The gap is closed 4 divisions of the
screw head after the zeros come 1nto coincidence. Henco, add
5 of ;45 = 0-004 inch to the readings of the instrument.

Exp. 42.—Find the diameter of a wire. Measure the
diameter at five or six positions along the wire (1) by the
Metric screw calipers, (2) by the British. Record each
value: calculate the means.

Uso wires of different substances and diameters.

Exp. 43.—Find the density of the material of a wire.

I. Measure (1) the mean diameter in cm. by screw
calipers, (2) length in cm., (3) mass in grmms. Calculate
volume in cb. cm. : then density = mass/volume. See § 69.

+ The numbering of, the scales is unsatisfactory. The instrument
could be read more eaﬁly if every fourth division of pitch scale was
numbered ‘1, ‘2, '3, etc., and every fifth division of head scale,
0, -025, *005, 010, -015, 020,

—— .
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THE SPHEROMETER.

© 97. A metal frame, 4 (Fig. 24), resting on three equidistant feet, has
a nut at its centre through which'the measuring screw passes. The
screw spindle can be turned by a knob, B, at its upper end. It
carries a disc, O, graduated in equal parts; this is the Aead-
scale for measuring the incomplete turns of the screw. The move-
ments of the disc are referred to the pitch scale, on the side arm, D,
that rises parallel to the screw spindle. The parts of the pitch

t f:’i(t/z Scale ©

, scale are usually a fraction of an inch or centimetre. =~ When the
knob, B, is turned the screw end, E, rises or falls. In one position it
is in the same plane as the outer feet. The zeros of the scales are
then in or near coincidence.

The plane of the three outer feet is the reference or ground plane
of the spherometer. It is practically realised by resting the instru-
ment on the flat surface of a piece of plate glass, and adjusting (§ 28, 4)
the screw until its end touches the surface.

28. To examine a Spherometer :—(1) Find what fraction of an inch
or centimetre is equal to the smallest parts of the pitck seale. To do
this compare by dividers (§ 13) the length of, say, 12 divisions of the
pitch scale with the subdivisions of the standard measure. Bewarethat
#5th inch is practically equal to 4 mm.

(2) Find the pitek of the measuring serew. Bring the zero mark of
the head scale up to the edge of D. Observe now the position on the
pitch scale of the edge of disc €, and also after turning the screw
round once. The difference in the readings of the pitch scale is the
pitch of the screw. MHxpress it as a fraction of &n inch or centimetre,

(3) Count the number, #, of divisions of the head scale. When the
head is turned each division of its scale, as it passes the edge D,
indicates that the screw has made one-nt of a turn, and that the end
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of thoe screw has moved through one-nth of its pitch. This quantity is
the smallest reading, or least count of the instrument.

(4) To find when the end of the screw is in the same plane as the three
outer feet. TRest the instrument on a piece of plate glass or other flat
surface. Turn the serew until ifs end touches the surface. When
this is the casea gentle knock against one of the legs of the instrument
with a loosely held pencil will make it spin round a little way, or on
touching the frame lightly with the finger it can be felt to rock.
Find the division of head scale at which the instrument just begins to
rock or spin, and the division at which it just sticks. The mean of
these may be taken as the reading for which the end of the screw comes
into contact with the surface.

Place the instrument on other parts of the surface, and determine
the readings as above. If all agree to within one or two divisions it
may be concluded that the surface is sufficiently flat. :

Zero error, If in the above adjustment the 0 mark of the head
scale is against the 0 of the pitch scale, the instrument has no zero
error. If this is not the case the number of divisions between the
zero of the head scale and the edge of the arm, D, is the zero error,
Note whether itshould be added to or subtracted from the scale reading.

In a similar manner the end of ¢Ae serew is adjusted to touch any other
surface. The exactness of a measurement depends considerably on
the precision with which the point of contact is determined.

(5) When at the zero position ((4) above) measure, by placing the feet
on a standard scale, the distance between (1) each pair of the outer feet,
(ii) the centre and each outer foot. The former should be equal to one

another, also the latter. The latter = 7}?} (former) = 0°58 (former).

29. To find the thickress of a lamina by the spherometer.— (1)
Place the spherometer with its three outside feet resting on the flat
reference surface; also the lamina whose thickness is to be measured
(Fig. 24). Adjust the measuring screw until its end touches the upper
surface of the lamina. Note the reading of the scales.T Repeat three
times.

(2) Remove the lamina, adjust the screw until its end touches the
flat surface. Note the reading of the scales.T Repeat three times.

(3) Calculate the mean scale readings. The mean difference is the
required thickness.

Exp. 44.— By the spherometor find the thickness of a piece of (1) plate
glass, (2) patent plate, |3) microscope oover-glass,

Exp. 456, —Tost the flatness of a piece of common window glass by the
spherometer, Place the instrument in turn on each surface. Adjust,
etc., as in § 28 (4). Repeat at various positions on the surfaces.

+ NoTE.—It is bette®'to note in (1) what division of the head scale
is against the edge of the pitch scale, then count from this the whole
and fractional turns of the screw needed to realise the adjustment
in (2). i
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80. To find the radius of a spherical suifa.ce by means of a
spherometer.—The surface may be either convex or 'concave.

(1) Place. the instrument on the spherical surface and adjust the
screw until its end touches the surface. Read the scales. Repeat
three times, placing the instrument in dlfferent positions. Record
each readmg and caleulate the mean,

(2) Place the instrument on the flat surface and adjust the screw
until its end just touches the surface. Read thescales. Repeat three
times, placing the instrument in different posmons Record each
reading and calculate the mean.

Find the difference (4) between the mean readings.

(3) Measure the distances between the centre a.nd outer legs and
calenlate the mean (5). Then \

P

__.+~,

Or measure the distances between the outer legs aﬂd calculate the
mean (c) Then \

_ e n
Tt T2

PROOF OF FORMULAE.—The diagram
(Fig. 25) representaa side view of a sphero-
meter resting on a spherical surface. The
third leg is hidden by B. Eis the position
of the screw end on the spherical surface.
D would be its position if the surface was
flat.

DEis therefore the quantity () measured
by the gpherometer. EDF is a diameter
of the spherical surface (=2.R). DA
is the distance (b) between the centre and

‘\

outer feet when on a flat surface. S -
By Euc. iii. 35 N
ED.DF=AD . DG. Fig. 25.

Also EF bisects 4@ at right angles, )
.~ ED (EF — ED) = AD?, S e (2R —a) =
a
Since D is the centre of the equilateral triangle formed by the three
feet 4, B, 0, if the distance between the feet is ¢, then
[ 2 L oe . 3a? -+ ¢? ﬁ 4
_=—V—3’ A b=W' S R= 6z =ttt
The distance, DE, depends on the curvature of the surface, being

smaller or greater as the surface is flatter or sh Fper. 1t is sometimes
called the sagitta.

Exp. 46.— Find the radius of @ large lens, concave or convex, by the
spherometer. (See § 30.)

‘e
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31. The Travelling Microscope (Fig. 26).—A micro-
scope is mounted on a mgid metal frame so that it

Vig. 26.
can be moved (by a rack and piniont) horizontally along
a substantial base. The microscope is usually set with its
axis vertical. Sometimes it can also be placed horizontally.

4

To measure the displacement of the microscope a vernier .
is fixed to the slid+r, and the principal scale to the base.
T The frame carrying the microscope (Fig. 26) is stid by hand along

the base. A fine adjustment muy be effected by turning the screw
head seen to the right of the centre.
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31. The Travelling Microscope (Fig. 26).—A micro-
scope is mounted on a rigid metal frame so that it

T T

\

it

mumulﬂ :

S

Fig. 26.
can be moved (by a rack and piniont) horizontally along

a substantial base. The microscope is usually set with its
axis vertical. Sometimes it can also be placed horizontally,

To measure the displacement of the microscope a vernier .
is fixed to the slid+r, and the principal scale to the base.
+ The frame carrying the microscope (Fig. 26) is slid by hand along

the base. A fine adjustment may be effected by turning the screw
head seen to the right of the centre.
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In some forms the slider is moved by a screw with grad-
uated head (Fig. 27). The eye-piece of the microscope is
provided with a spider-line (§ 147). The length to be
measured is clamped parallel to the principal measuring
scale, and within view of the microscope; 1t is focussed,
the spider-line in the eye-piece adjusted to one end of the
length, and the reading (z,) of the scales taken. Next the
microscope frame is moved until the spider-line is adjusted
to the other end of the length, the scales are then read (z,).
The length = =z, ~x,.

32. The Kathetometer.—This is an instruwment for
measuring vertical heights. Tt
consists of a small astronomical
telescope arranged to slide along
and be clamped to a long vertical
graduated rod. The tube of the
telescope is adjusted horizontally
by a spirit level. Its eye-piece
is provided with a spider-line. Its
position with vreference to the
vertical principal scale is read by
a vernler on the telescope holder.
The telescope holder is attached to
the slider by a screw with a large
head, so arranged that a slight
movement of the telescope can be
made by turning the screw after
the slider has been clamped. This
forms a fine adjustment.

Table Kathetometer (Fig. 28).—
This is a short pattern of the
former instrument suitable for the
beneh. The rod carrying the scale,
etc., rests on three levelling screws, =% .
and can be adjusted vertically by a Fic. 28

. 13, .
plumb-line. ’ >

Fig. 29 shows a useful combination instrament. Either a micro-
scope or telescope can be set with its axis horizontal, vertical, or
oblique. The frame supporting it may be slid up and down & vertical

- A
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In some forms the slider is moved by a screw with grad-
uated head (Fig. 27). The eye-piece of the microscope is
provided with a spider-line (§ 147). The length to be
measured is clamped parallel to the principal measuring
scale, and within view of the microscope; 1t is focussed,
the spider-line in the eye-piece adjusted to one end of the
length, and the reading (=,) of the scales taken. Next the
microscope frame is moved until the spider-line is adjusted
to the other end of the length, the scales are then read (z,).
The length—= 2, ~x,.

32. The Kathetometer.-—This is an instrument for
measuring vertical heights. It
consists of a small astronomical
telescope arranged to slide along
and be clamped to a long vertical
graduated rod. The tube of the
telescope is adjusted horizontally
by a spirit level. Its eye-piece
is provided with a spider-line. Its
position with reference to the
vertical principal scale is read by
a vernler on the telescope holder.
The telescope holder is attached to
the slider by a screw with a large
head, so arranged that a slight
movement of the telescope can be
made by turning the screw after
the slider has been clamped. This
forms a fine adjustnent.

Table Kathetometer (Iig. 28).—
This is a short pattern of the
former instrument suitable for the
bench. The rod carrying the scale,
etc., rests on three levelling screws, =% :
and can be adjusted vertically by a Fice. 28
plumb-line. ' =T

Fig. 29 shows a useful combination instrument. Either a micro-
scope or telescope can be set with its axis horizontal, vertical, or
oblique. The frame supporting it may be slid up and down a verfical

PR. PHY.
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graduated pillar. The pillar also may be slid horizontally along the
base. The positions of the sliders on the vertical or horizontal scales

are read by verniers. The rotation of the axle carrying the telescope
tube can, 1n some patterns, be measured on a graduated circle.

33. Nore.—Scales and verniers should be well illumi-
nated. A naked flame, e.g. a lighted match, must on no
account be brought near them. It is usually sufficient
to reflect light on them by a piece of mirror or
white card. A lens is often useful in reading minute
subdivisions.

Exp. 47.—Measure by a travelling microscope the distances
between the following divisions of a thermometer: 0 to
100, 0 to 50, 50 to 100, 0 to 30, 30 to 60, 60 to 100. Plot
thermometer readings horizontally, distances vertically.

Exp. 48.— Meagyre by a travelling mieroscope the distances
between the graduations of a common hydrometer; 0-800
to 0-900 to 1-000 to 1-100 to 1-200. Plot specific gravities
horizontally, distances from one end vertically.
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graduated pillar. The pillar also may be slid horizontally along the
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33. Nore.—Scales and verniers should be well illumi-
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to reflect light on them by a piece of mirror or
white card. A lens is often useful in reading minute
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between the following divisions of a thermometer: 0 to
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MEASUREMENT OF ANGLE.

34. Angles.—The practical standard is the right angle.
The working unit is the degree: this is 1/90 of a right angle
(see Appendix for subdivisions, etc.). Angles are measured
by a protractor, an instrument consisting of a sheet of
metal, paper, or celluloid upon which is engraved a circle
or semicircle divided into degrees, etc. The marks all
radiate from a conspicuous cenire. Sometimes the pro-
tractor 1s rectangular in shape, there is then no circle, but
the radiating degree divisions show round the edges.

To measure an angle, place the centre of the protractor
at the angular point, bring the zero line iuto coincidence
with one arm of the angle, and note the mark at or near
which the other arm crosses the divided circle.

An angle may also be obtained by measuring one of the
trigonometrical ratios (Exp. 2).

In instruments of the highest accuracy there is a complete graduated

circle.  An arm carrying a vernier and telescope turns about the
centre (see the spectrometer, § 151). (For circular vernier see § 22 (2).)

35. In some instruments the angular movement of a -
suspended body has to be measured, e.g. that of the magnet
in a galvanometer. The body then has attached to it a
long pointer that can move close to a divided 01rcle which
to avoid parallax (§ 120) is
mounted in front of a plane
mirror. The axis about which
the body turns should pass
through the centre of the
graduated circle. As, however,
this adjustment is not likely
to be exact, it is important to
note the position of each end
of the pointer, and to take
the mean of the two readings.

ProOF.—(See Fig. 30.) Let NS F
be the diameter of the graduated Fig. 30.
circle that passes through the zero,
and A the centre. Let 4B be the pointer attached to the suspended
body.
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Join M4, MB. Then the reading of 4 will be the angle NMA
or a;; and the reading of B will be the angle SMDB or a,. The actual
angle between 458 and NS is a.

Now ay=c+p and a=a,+B, .. a=35l +a).

To measure an angular deflection read the position of
each end of the pointer over the graduated circle (1) before
(let the values be d,, d,), (2) after the deflection has been
produced (let the values be Dl, D,). The difference between
the mean of the latter [ = (D, +D, ,)] and the mean of the
former [_ Hd, +d,)] 1s the value of the angular displace-
ment. It is generally an advantage to obtain a deflection
to the other side of the initial or zero position. When this
can be done, again read both ends (D,, D,) of the pointer,
calculate the mean deflected position of the pointer,

D =3(D,+ D, + Dy + D)),
and subtract from it the mean initial position = %(d, +4d,).

The pointer should be stiff, and as light and long as
possible. It is frequently a thin doubled strip of aluminium
placed edgewise, or a fine glass tube. A reflected pencil of
light (§ 36) is an ideal index: it can be made as long as
convenient, it is massless, and always straight.

36. Measurement of small angles.—If light is caught
on a wirror it can be reflected to form a bright patch on
a surface in another direction. If the mirror is twrned,

the patch of light

is displaced; and
it can be shown

(Exp. 137) that the

veflected ray is de-

Slected through an

angle equal to twice

that through which

1 the mirroristurned.

Also, if the spot of

Fig. 31. hOht moves along

a Stl&lght scale, its

displacements are proportional to the angular deflections
of the mirror when these are small in value.
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Proor.—Suppose (Fig. 31) a light at Z, mirror at' ¥, and a scale
along 8. Let SAf be perpendicular to 85, and ML an incident ray.
When the mirvor is along AP, et the reflected ray, Ma, produce a spot
of light at #; when the mirror is along 2/Q, lct the spot be displaced
to b, Then the angle (allb) = 2 ., angle (PAUQ). Now

o5 _ a8

tan (aMb) = tan (BIMS — alLS) = %
@

V¢rowsm

_ ab 1
T8 38 oS ).
Lt or si

When the angles are small (less than about 12° their tangents are
equal to their circular measures; also the product of two tangents
is negligible in comparison with unity. Hence the angle, B betwcen
the reflected rays = tan («lMl6) = ab/SA, and the angle between the
two positions of the mirror = ¢4/2.SH. Hence, when SH is kept
constant, the displacement of the spot of light, ab, is proportional to
the angle (@), and therefore to the angle (PA/Q) through which the
mirror is turned.

Fig. 32. »

The light may be in any convenient position: usually it is along
M8, a little below and behind the scale (say at Z,) and shines through
a slit or hole (see Iig. 32). In order that deﬁm‘ce measurements may
be made, a clear imngc of a wire or slit must be produced on the screen ;
to effect this certain optical arrangements are necessary (§ 37). The
above method is frequently employed for galvanometers, etc.
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ProoF.—Suppose (Fig. 31) a light at Z, mirror at M, and & scale
along 8. Let SM be perpendicular to 85, and ML an incident ray.
‘When {he mirror is along MP, let the reflected ray, Ma, produce a spot
of light at #; when the mirror is along M@, let the spot be displaced
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by _ aS
tan (aMB) = tan (BMS — alfS) = uﬁfb_i‘f_
1458 a8
SH - SH

_ ab< 1
TS bS8  aS
14+ .-/
+é’.1[ §Aa1,

When the angles are small (less than about 12°) their tangents are
equal to their circular mecasurcs; also the product of two tangents
is negligible in comparison with unity. Hence the angle, B between
the reflected rays = tan (aM¢) = ab/SHM, and the angle between the
two positions of the mirror = a4/2.SM. Hence, when SM is kept
constant, the displacement of the spot of light, «b, is proportional to
the angle (aMd), and therefore to the angle (PH Q) through which the
mirror is turned.

Fig. 32. +

The light may be in any convenient position: usually it is along
M8, a litile below and behind the scale (say at ;) and shines through
a slit or hole (see I'ig. 32). In order that definite measurements may
be made, a clear image of a wire or slit must be produced on the screen ;
to effect this certain optical arrangements are necessary (§ 37). The
above method is frequently employed for galvanometers, etc.
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37. Common arrangements for obtaining a clear image on the scale
of an illuminated slit, wire, scratch, or other object.

1. 4 plane mirror with a short-focus converging lens some way off
(Fig. 33). The lens is placed about two feet from mirror, between it
and the scale, and would produce & magnificd inverted image of the
glit behind the mirror, but the light is reflected to and the image

Fig. 33,

formed on the screen. Hence the slit and the sereen are related like
conjugate foci (§ 135). The image is considerably magnified—a dis-
advantage ; the object and scale need not be equally distant from the
mirror—an advantage.
II. A4 long - focus concave
...., mirror (Fig. 34). The object
T and scale are both near the
Ay %’g’,{l!!’””’ll.’!,’,’f'//ﬂ‘ i centre of curvature of the
unmmlllnniﬁ:unm.'.mmummﬁ’",,.ln mirror.
-’.!!M/". 111. A plane mirvor and long-
focus converging lens close to it
Fig. 34. (Fig. 356). The object and scale
are both near the principal focus
2 of lens.
In both IL. and ITI. the image
is the same size as the object—
an advantuge; the object und

e

gy

g
:m,Z,,,llfll

mmm— 1L

| R sl S o
vantage.

Fig. 35.

The scale is generally of millimetres, or 1/40 inch. Often the
zero of the scale is at the middle, and the divisions numbered
consecutively to the right and left of it. It is, however, more con-
venient to have the z&fo at one end—say, the left. The scale may be
engraved on nearly transparent paper. The spot of light can then
be geen at the back, i.e. when the scale lies between the mirror and the
observer,
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An effective way of getting a well defined line imaged across a round
patch of light on the scale is to scratch a line across the centre of a
short focus lens; mount this in a hole in the screen (Fig. 32), and
place it near the light with the scratch vertical, and its side of the
lens away from the light. The lens acts as a lantern condenser, and
the scratch as the object on the slide.

The light is usually that of an oil or gas flame, or an electric glow
lamp may be used. The last may be placed so that a straight portion
of the filament is focussed by the mirror as a bright line of light on
the screen: the lens and scratch, etc., mentioned above will then not
be necessary.

A poorly lighted room or corner is required for the measurements.

IV. Poggendorff’s method with plane mirror and telescope.—A
telescope 18 arranged at L, (Fig. 31), and focussed so that the image
of the scale ig seen in the plane mirror. 'I'he eye-piece of the telescope
must be provided with spider-lines. The scale should be well
illuminated. The scale and telescope may be at different distances
from the mirror. A darkened room is not necessary, but the telescope
and mirror may need to be screened from bright lights. A bright
well-defined image is seen in the telescope, it is not distorted but is
¢ laterally inverted.”

38, To set up scale, wire, etc., for measuring the deflections of &
suspended mirror.—(i) See that the suspended body and mirror can
turn freely: if not, make the mnecessary adjustments of levelling
screws, etc. If the body is a magnet it can be easily deflected by
bringing a pocket-knife near to it.

(i) Place about two yards in front of the mirror (which must be
at rest) a lighted candle and look for its image. When found keep an
eye on it. If the arrangement is that of II. or III. the image will
be in front of the mirror, inverted, and should be diminished (if not,
place the eandle further off). If there is a plane mirror only, the image
will be behind tho mirror, erect and of the same size.

(iii) Get, by small, carefully followed movements, the candle, its
image, and the mirror nearly in line.T

A. If the arrangement is that of II. or III.,

(iv) Hold a sheet of card or paper necar the candle and slowly move
it towards the mirror, until the image is defined. (If not found, place
the candlo further off.) 'Take care that the card does not prevent the
light from the candle reaching the mirror.

(v) Slowly push the candle towards the mirror and follow the image
(it should move from the mirror) with the card until the candle and
its image are side by side.T 'Then mark {he sjosition.

T Move, in turn, each thing a little bit at a time. It is well to keep
one hand in the pocket.
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(vi) Substitute lamp and scale for candle and paper, and adjust
until a well focussed and iliuminated image is got on the scale, over
the object.t 'The lamp flame should be put nearly edgewise to the
scale,

(vii) Set the scale perpendicular to the line joining the mirror and
image by making its ends equidistant from the mirror (measure with
string),

B. If the arrangement is that of 1.,

(iv) Place the lighted lamp and scale perpendicular to the line
obtained in (iil) and as far from the mirror as it finally should be.
Put a piece of card beside the mirror. Place the lens between the
object and mirror, and close to the former. Slowly move it away from
the light until an image is formed on the card.

(v) Adjust the lens without altering its distance so that the light
that passes through it falls on the mirror; then move it, say, an inch
towards the light, and catch the image reflected from the mirror on a
card. (Be careful that the card does not cutoff the light {from the
mirror.) Then again move the lens slightly towards the light, and
follow up the image with the cardt until the image iy near the scale.

(vi) and (vii). Adjust as in A(vi) and A(vii) above.

+ Move, in turn, each thing a little bit at a time. It is well to keep
one hand in the pocket,



CHAPTER III.

MEASUREMENT OF MASS.

THE BALANCE.

39. Weighing.—The balance is used for the comparison
of masses. For convenience and accuracy it is made with
arms of practically equal lengths. The operation of com-
paring masses is called weighing, and a body whose mass is
required is usually compared with certain bodies of known
mass, e.g. the members of a set of « weights.”

The balance compares forces. But the forces being weights are
proportional to the masses used. The set of weights is really one of
masses; the mass of each is the same everywhere, the weight varies
slightly from place to place. However, the ratios of the members of
the set are constant everywhere whether we eonsider the weights of
each, or their masses, and the result of a comparison by the balance
is the same wherever it is performed.

Other weighing machines are the steelyard (§ 51)—a balance with
\unequal arms—and the spring balance (§ 52).

The units of mass and the relations between them are given in
the Appendix. Simple experiments on the measurement of mass,
etc., are given in Chapter I.

40. The Balance (Fig. 36).—The following is a useful
form for elementary work. The beam, AB, has a central
knife-edge or fulerum, C, of agate or steel. This rests ona
flat surface of hard material fixed to the top of a support,
Q. It is midway between, and about 5 or 6 inches from
two other knife-edges, at A and B, close o the ends of the
beam. The edges of the latter point upwards and support
the stirrups, D, from which the scale pans, S, are hung.

57



58 MEASUREMENT OF MASS.

The masses to be compared are placed in these pans. A
pointer or index is fixed to the beam. This, when the beam
1s swinging, moves in front of a short scale of equal parts
(unit unimportant) fixed at the foot of the pillar. Thus
the index marks the position of the beam, which is practi-
cally horizontal when the end of the pointer is in front of
the middle line of the scale. The adjusting nuts, n (some-
times there is one only), consist of a screw stemupon which
the nut can travel. Turning either nut so that it moves to-
wards the right or left displaces the pointer in the opposite

bl

Fig. 36.

-way owing to the change in the equilibrium position of
the beam. For instance, if, when the beam is free, the end
of the pointer is opposite division 6 on the left, then it may
be brought nearer the middle mark, that is displaced to
the right by moving either nut to theleft. It is convenient
to have the beam graduated in equal parts (§ 45).

The Avyestment. The. central support, &, can be moved
slightly up and down within the pillar, P, by the handle, H.
When the handle & over to the left the support is in its
lowest position, and the beam is lifted from it by the rods
and frame gpringing from and fixed to the top end of the
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pillar,t also the scale pans rest on the base-board. The
beam 1s now arrested, or the balauce is out of action. The
arrangement saves wear and tear of the knife-edges.
Turning the handle completely over to the right (as in
Fig. 36) raises the support, and lifts the beam and pans.
The beam is now free and the balance is in action.

The pillar is fixed upright to a base-board, and is some-
times provided with a plummet and the base-board with
levelling screws. By these the pillar may be adjusted into
a vertical position.

41. In practice.—The balance is in working adjustment
if, when both pans are urloaded, and the beam free, the end
of the pointer moves to and fro in front of the short scale.

The to and fro or vibratory motion of the pointer

gradually diminishes in range or amplitude, and presently .~

the movement stops. The scale division in front of which
the end of the pointer comes to rest is called the resting
point when the pans are loaded, or the zero point or equili-
briwm position of the balance when the pans are unloaded.
To determine a resting point at any load it is convenient
not to wait until the swinging stops, but to proceed as
follows : Observe the end of the mioving pointer from a
position in front of, and about two feet away from the
short scale. Note the turning poinis or the two scale
ivisions on the right and left that mark the ends of the
movement of the pointer. The resting point may be
wssumed to be midway between these divisions.f

The zero point of the unloaded balance is determined
before bodies are weighed. The mass of a body is obtained
by manipulating the standard masses, etc., as deseribed
later, until the pointer makes equal excursions to the right
and left of the zero position. The balance is then said
to be in equilibrium, and the mass of the body is
practically equal to the sum of the known masses in the
dther scale pan.

+ Insome balances the beam is not lifted off ‘jhe central knife-edge,!
the scale pans are merely let down on to the base-board.

T An accurate method of finding the resting peint of a covered
balance is described in § 43.
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42. More sensitive balances, capable of measuring a diffcrence of
0-0001 gramme between two masses of 100 grammes each (that is one-
millionth of the mass measurcd), are built in a similar manner to the
rougher balance shown in Fig. 36. The maker, however, pays greater
attention to the kecnness of the knife-edges, and the smoothness and
accuracy with which the arrestment works. The arrestment handlc is
often at the left hand side of the base board. The balance is enclosed
in a glass case with sliding doors in order that its vibration may be
undisturbed by air currents. The set of weights, each of which must
have, ag exactly as possible, the value specified upon it, consists of brass
units of mass and aluminium or platinum fractions. A centigramme
rider is used to detcrmine the third and fourth decimal places. The
weighing is performed with the case open until it is necessary to use
the rider. The doors are then closed. The rider is manipulated by
means of a sliding rod. The left end of this carries a fork by which
the rider may be picked up from or laid upon the beam ; the right end
projects through the side of the balance case, it can be pushed and
twisted by the hand so that the rider may be placed on any part of the
beam.

43, The resting point of a very sensitive balance is not determined
quite so simply as in § 41. Owing to the falling off in the range of
vibration an excursion on one side 1s slightly further than that of the
succeeding excursion on the other side. Henee the resting point is
not exactly midway belween two turning points. To determine a
resting point at any load set the balance vibrating, obscrve three or
five successive turning points, calculate the mean of the turning
points (i) on the left side, (ii) on the right, (iii) the mean of these
two means; this is the required resting point (Kxp. 49).

To read the position of the pointer on the scale.—Call the middle
division 100, and number from left to right .. .. 70, 80, 90, 100, 119,
120, 130, ...... Watch the moving pointer and estimate the position
of a turning point by mentally dividing the space in which it occurs
into tenths (Example, § 50). To avoid parallax error (§ 120) it is
convenient to place a strip of mirror behind the pointer, close to, and
parallel with the scale.

44. Set of Metric Weights,—These are usually as
follows :
(i) Brass weights (gilded)
100, 50, 20, 10, 10, 5, 2, 2, 1gms,
(i1) Platinum
05, 02, 02, 01 gm.
marked 500, 200, 200, 100 mgmns.
(iii) Platinum & aluminium
005, 002, 002, @01 gm.
marked 50, 20, 20, 10 mgms.
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In a “box of weights” each member of (i) fits into a
hole, and there are compartments for the fractional values.
Tweezers or pliers are provided for handling the weights.

By set (i) above, any mass from 1 to 200 grammes
may be measured in multiples of the gramme,

By sets (ii) and (iii), decimals of a gramme may be
measured in multiples of 10 milligrammes.

Examples :
176:35 = (1004 5042045+ 1) gms. + (20041004 50) mgms.
99:08 = (604204104104 54242) gmx. + 504204 10) mgms.

In weighing a body 1t is best not to add the weights
haphazard but in descending order of magnitude, the
equilibrium being tested by releasing the balance after
each addition, Consider the following:

Weights in pan. Equilibrium test.
100 too little

100 + 50 too much
100 4- 20 too much
100 + 10 too litile

100 + 10 45 too little

100 + 104+ 542 too much
1004+ 1045641 too much

Thus the mass is greater than 115, less than 116. The fraction can
be found by adding the smaller weights in a similar manner, and
finally by using a rider.

45. Weighing with a rider.—The rider is a plece of wire
of definite mass (say 0°01 gramine, or 1 gramme) bent to
straddle over the beam, which between the central and
right hand knife-edges is divided into equal parts, con-
veniently 10. The dividing lines are pmnbered 1, 2...9,
the mark nearest the centre being 1.

The use of the rider may be understood if the moment
of its weight about the centre is considered.
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Thus, if its mass is 1 gramme and the half-beam is divided into
tenths, then whken the rider is

on division, 5 it is equivalent to 0'5 grm. in the scale pan
on division 4 s 0-4 ” "
midway between 6 and 7 ” 065 »
&5 of length from 7 to 8 " 073 »

A rider of mass 001 gramme is used in a sensitive
balance to estimate fractions less than 0-01 gramme.

For balances like Fig. 36 it is very convenient to have
a rider of mass 1 gramme and the half-beam graduated
into tenths. The rider may be pushed along the beam by
a pencil. With such a rider weights less than 1 gramme—
so easily lost—need not be used.

The rider may be a |J-shaped piece of slout brass wire, about 2 long,
cut down to a mass of exactly 1 gramme, The division marks may
be determined geometrically and scratched across the beam.

RULES TO BE OBSERVED IN USING A
BALANCE.

46. (1) Before commencing to weigh see that the pans
are clean and dry, the rider off the beam, and the stirrups
not dislodged ; also that the plummet or spirit level shows
the balance to be correctly levelled. Use a camel-hair
brush for dusting the scale pans, etc., if necessary.

(2) While weighing observe the short scale of the balance
from a position directly in front, and about two feet off.
Press the left hand on the balance base, work the arrest-
ment handle with the right.t Hold the handle wniil it is
turned completely over to the right or left. Release or
arrest the balance slowly and without jerking.

(3) Determine the zevo or resting point of the unloaded
balance (§ 41).

(4) Place the box of weights near the right hand end of
the balance base; the body to be weighed in the left hand

+ This is importan@io beginners: the right hand should work the
handle and manipulate the weights in turn. Two pupils should not
be permitied to cooperate in weighing. When there is a partnership
one should do the weighing, the other look on,
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pan; add the weights to the right hand pan. Weights,
except small ones, or those of the greatest accuracy, may be
carried by the head between the finger and thumb. The
fingers, etc., must be clean. On no account should weights
be kept in the hand: they must be either on the balance or
in the box. The balance must be arrested when a weight is
to be added to or taken from the pan.

(5) A body must not be weighed when hot. All
substances liable to injure the pans must be put in
appropriate vessels.

(6) Add the known masses in descending order of
magnitude (§ 44). The larger masses should be put in
the centre of the pan. On no account must the balance be
loaded with a weight greater than the maximum it is
constructed to carry. (This is sometimes stamped on the
ingtrument.)

(7) If the balance does not swing when released, either
arrest and release agaiu, or, by moving the hand in the
neighbourhood, beat some air down on a pan. The pointer
must not be touched.

(8) When equilibrium (referred to the zero point of
the balance) has been obtained sum up the masses in the
scale pan, and confirm by observing what spaces in the box
are empty. Add to this the amount indicated by the
rider. Note the total value. Finally replace the weighis
in the boz.

47. Requirements of a balance.—It is important that a
balance should be

(1) true, that is, the mass in one pan should be equal to
that in the other;

(2) stable, that is, whatever the load, within limits, the
balance should vibrate abous its original resting point or
nearly so;

(3) sensttive or senstble, that is, a very small overweight
should produce a perceptible displacergnt of the resting
point.

A balance should swing somewhat quickly (period, .10 to
15 secs.) in order that weighing may be done rapidly.



64 MEASUREMENT OF MASS,

A balance is constructed, as nearly as possible,

(1) With arms of equal length and scale pans of equal mass, to secure
truth,

(i1) With a long and light beam to attain sensibility, but shaped
and stiffened so as to be rigid. When rigid it will be in stable equili-
brium for all loads, within limits, it it is stable for any load.

(i) With the central and end knife-cdges in one plane. The
gensibility is then practically constant for all loads.

(iv) With the centre of gravity of the beam below, but very close to
the central knife-edge. The smaller the distance between these, then the
greater the sensibility, the slower the swing, and the less the stability.
In practice some sensibility is sacrificed in order that the period of
vibration may be moderately rapid.

(v) With three keen knife-edges working on hard surfaces. This
ensures that when bodies are put in the scale pans the forces exerted
on the beam always act vertically throngh the knife-edges, and there-
fore the forces through the end knifc-edges are at constant distances
from the central knife-edge. The positions of the masses in the scale
pans are then unimportant.

48. Testing a balanee.—(1) Stability. A balance when unstable
will not vibrate about its central knife-edge. The gravity bod on
the top of the beam (G, Fig. 36) influenccs the stability. The
nut can be screwed up and down the vertical stem : the lower the nut
the lower the C. G. of the beam. Hence, when a balance is unstable,
the gravity bob should be lowered.

A change in the position of the gravity bob also affecta the sensibility.
The gravity bob should be altered as seldom as possible.

(2) Zime of vibration. 'This should be from 10 to 15 secs. To find
it set the balance oscillating and note the time of 12 complete swings.

The vibration period increases, that is, the beam swings more slowly,
as the sensibility increases.

(8) Comstancy of zero point. Arvest and release the balance two or
three times: then determine the zero point. Repeat several times.
Also load the balance with, say, 25 grammes, release and arrest two or
three times, then remove the masses in the pans, release, and determine
the zero point. Replace the load and operate as hefore. Also use
loads of 50, 75, etc., gramues, and repeat the operations. The differ-
ences in the values will indicate the degree of inconstancy of the zero
point. This should be observed frequently.

(4) Equality of masses of scale pans. Determine the resting point of
the unloaded balance before and after interchanging the scale pans,
Tf their masses are cqual the resting points should not differ more
than would be expected from the observed inconstancy of the zero

oint.

(5) Ratio of the balo@ce avins (see § 50).

(6) Sensibility of a balance atload, P. (1) Place the mass,
P, in left pan: adjust masses and rider on the right-hand
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side so that the resting point will be near one end of
scale. (2) Determine the resting point (). (3) Shift the
rider through d (two or three) divisions of the beam so
that the resting point will be near the other end of the
scale. (This may be done, if care is taken, without arresting
the balance.) (4) Determine the resting point (y).

Thus, when the load is P, the resting point is displaced
(z—y) divisions when the rider is shifted d divisions. If
the mass of the rider is m, and the half-beam is divided
into tenths, then the shift of the rider is equivalent to a
change of mass in the pan of ;d.m. Then, since a mass
% d.m displaces the resting point (z — %) divisions, unit mass
will displace the resting point (x—y)/(;%5 d.m) divisions.
The displacement per unit mass measures the sensibility.
In a delicate balance the sensibility is reckoned as the
displacement of the resting point due to a milligramme. In
practice it is also convenient to calculate the mass required
to produce a displicement of 1 division. It is equal to
g dm/(z—y), that is, it is the reciprocal of the sensibility.

ExaMPLE.—Toad, 50 gms Resting point, (1) 62,
Shift of rider (0-01 gm.), 4 divs.  Resting point, (ii) 15'7.
Displacement of resting point = 9-5.
Mass in pan equivalent to shift of rider
= X 4x 001 =0004gm. =4mgm.

Then displacement of resting point due to 1mgm. in pan or sensi-
bility = 9°5(4 = 2'4 divisions.

Mass in pan that would produce a displacement of 1 scale division
= 4/9°5 = 0°42 mgm.

PracricE—The sensibility of a balance should be de-
termined for several loads (0, 25, 50, 75, 100, etc.), and
two curves plotted, viz.:

(1) The senstbility curve: divisions per unit mass
as ordinate, load as abscissn.‘)

(2) The weighing curve: mass per unit displacement
(one” division) as ordinate, load as abscissa.
See weighing by vibration (§ 49).

PR. PHY.
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49. Weighing by Vibration.—The determination of the
sensibility leads to a simple and accurate method of weigh-
ing by vibration, as follows:

(1) Determine the zero point, a.

(2) Obtain approximate equilibrium between the un-
known mass, X, and standard masses - rider
(total = P). Determine the resting point, z.

(8) Shift the rider (mass, m) through 1 division (% of
half-beam). Determine the resting point, y.

Suppose the resting points are in the order a, 2, .
Now (y — z) is the displacement of the resting point due
toa
mass = & m.

Therefore unit displacement is due to a
mass = {5 m/(y —=2).
Hence to displace the resting point from z to a would

require a Mmass
p=rsm@E—a)/(y—a.

Then X=P+p.

NOTE.—In an actual experiment carc must be taken to decide
whether p is to be added or subtracted. Work from first principles.

EXAMPLE.—Balance unloaded ; zero point, 10.

Mass of rider, 1 gramme.

X grms. on left side; 474 grms. on right side; resting point, 157,

X grms. on left side; 475 grms. on right side; resting point, 13-3.

Then difference between the zero point and one of the resting points
=133 ~10 = 33,

Displacement of the resting point due to 0°1 grm. = 24,

.. To displace the resting point one division requires 0:1/24 = 0-04
grm.

.. To displace the resting point 3-3 divisions requires 0-04 x 33

= 0132 grm.
o X =475+ 013 = 47-63 grammes,
[ 7

Exp. 49.—Find the mass of a coin by the method of vibra-
tion. TUse a less sensitive balance and gramme rider.
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Exp. 50.—Find the sensibility of a balance at loads 0,
125,560,775, 100, etc. (§48 (6)). For a more sensitive balance
find the several resting points as in § 43; other balances

asin § 4

1.

RrcorD of an experiment on the sensibility of a balance. The
index scale was counted as in § 43, the scnsibility determined as in

§ 48 (6).
& * &p Sensi-
Load, | fuming | 25 | Added to | Tuwming [.E2 | bility
Points. £°5 || one side. Points. 2o for
{ e =7 |11 mgm.
— | S & —
0 160 I10-003 gm.| 13
95 635
156 17
98 62
154 19
96-5 156'7\!‘ 126-6 17 63-3 | 40-3 288
| —
25 gms. | 17 0:002 gm. | 120
129 137
21 120
125 136
26 121
213127 | T42 © | 12031365 | 128 | 2771
50 gms. | 30 0-002 gm. 72
161 30
83 71
159 50
86 70
83 160 | 122 50 71 61 31-0
»
SUMMARY: Load .| 0 25 gms. | 50 gms. | T5gms. | 100 gms.
Scale divs. per mgm. | 29 27 31
Gms. per scale div. 0:00034 | 0:00037 | 0.00032
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50. Exact Weighing.—The determination of mass is
affected by three important errors. \

(1) Inequality of the arms of the halance.

(2) Difference of density between the weights and the
body weighed.

(3) Errors in the relative values of the weights.

(1) The effect of inequality of the arms is eliminated by
adopting the method (A) of Borda, or (B) of Gauss.

A. Method of Borda (Substitution, or Taring).—(1) The
body to be weighed is placed in the right pan, and counter-
poised by lead shot and clean dry sand in the left. (2)
The body is removed from the right pan, known masses
substituted, and the rider adjusted until equilibrium is
obtained. The substituted mass equals that of the body.
This method is applied in the steelyard and spring balance.

IN PRACTICE adjust so that any resting point, 2, may be found for
(1), and any resting point, y, for an approximate value of (2). Calculate
from the sensibility what mass is required to displace the resting point
from y to .

B. Method of Gauss.—(1) The unknown mass, X, in, say, the left
pan is balanced against known masses, P, in the right.  (2) The
masses, P, are then removed, X is put into the right pan, and balanced
by knowu masses, @, in the left.

If L and R are the lengths of the right and left arms respectively,
then X.L = P.R, Q.L = X.R;

S X = w(D.Q).

Thus the true mass is the geomelric mean of the observed masses.
Usually @ and R are nearly equal. Hence the arilhmetic and geo-
metric means are practically equal Hence

X=3(P+ Q).

Ratio of the balance arms.—From the above equations it follows
that IL/R = ~(F/Q). Hence the ralio of the balance arms may be
calculated. One of the weights from the box may conveniently be
used for X.

®
IN PRACTICE adjust so that any resting point (¢) may be found for
(1) and any resting peint (y) for an approximate value of (2).
Calculate from the sens1b111ty what mass is 1Lqu1red to dlsplace the
resting point from y to 2. .
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(2) Difference of density between the weights and body weighed.
—Owing to the buoyancy due to the displacement of air the so-called
apparent weight (= true weight — buoyancy) of a hody is not quite pro-
portional fo its mass. Let M be the mass of a body, A, its density,
then, in C.G.S. units,

voluine = [ a.
If the air has density, §, then
mass of air displaced by the body = 8] A
oo the apparvent weight of body = (]I[y - 6)1?//) = My(l - %)
If a standard mass, P, of density, D, is used, then

the apparent weight of P = Pg(l - ’1(?)) .

Hence when 3 and P equilibrate on the balance, assuming that the
apparent weight of the body = apparent weight of standard masses,

5 5
th (1 -3 = Y
meo M( A) Pg<1 1))

Since M and Pare nearly equal and 6/ is small, assume M3/a
= F§/a,
1 1
S M=P PB(- ~ ——)
+ a D
Assuming § = 040012, and for brass (weights) D =84, then
8 (% - %) may be caleulated for different values of A. The results

give the amount per gramme to be added to the observed mass, P,

TABLE oF CORRECTIONS FOR BUOYANCY.

Density of substance Add per gramme to

weighed. mass observed.
0-8 -+ 000136
1-0 -+ 0-00106
15 + 0-00066
25 + 0-0003+4
540 + 0-00010
84 (brass) 0 '
12:0 — 0-00004
13+6 (mercury) — 0°00005
200 — 0-00008

The above values should be plotted by taking densities as abscissae,
and the increments per gramme as ordinates. ¢

(3) Errors of weights.—Their determination is difficult {sec a more
advanced work on Practical Physics). In a first class set of weights
the errors are practically negligible for ordinary work.,
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Exp. b1 — Find the true mass of a sovereign and the ratio of the balance
arms. Use amoresensitive balance. Weigh (i) by Borda's, (1i) by Gauss’
method. Correct for buoyancy.

51. The Steelyard is a lever balance with unequal arms.
In Pig. 87, the beam, 4B, is movable about a knife-edge,

Fig. 37.

C, fixed near one end. From B a scale pan is suspended,
in this the body to be weighed is placed; the movable
weight, P, is pushed along the arm, €A, which is

Fig. 38.

E AN

graduated and numbered, so that the
division at which P rests, when there is
equilibrium, indicates the mass of the
body in the scale pan in lbs., ete.
Sometimes the scale pan containing
the body to be weighed is adjusted on
the graduated aym, and a weight 1s kept at
one position on the short arm (Exps. 16
and 17). Inthe Danish steelyard the whole
beam is shifted with regard to the fulerum.
Exps. 16, 17, 18, 19, in Chap. I, illus-
trate the steelyard. _

52. The Spring Balance.—In this the
weight of a body is measured by the
extent to which it lengthens a spring.
(See Exp. 76.) A simple form is shown
in Fig. 38. The tube, B, moves easily
igside another, A. A spring connects
the ends of the tubes. A plate, 0, is fixed
to the outer tube. The Pplate is slotted :

an index, I, fixed to the inner tube passes through the
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slot. When the spring is sfretched the index moves
downwards, the extension being indicated on the scale
graduated on the plate. The scale (one of equal parts)
18 direct reading; it is graduated so that the value of the
force applied to the spring in Ibs. wt., ete., is indicated
by the number of the division to which the index is
pulled. When the force is due to a body in the scale
pan the spring balance indicates the mass of the body in
1bs., etc., because the weight of unit mass is the unit
(gravitation) of force in terms of which the instrument is
graduated.

By using springs of different lengths and thicknesses a wide range of
forces may be measured. The spring balance, however, is far less
sensible than a lever balance. It has, however, the advantages of
being direct reading, quick, compact, and portable.



CHAPTER IV.
TIME. THE PENDULUM.

53. Measurement of Time.—This is generally done by
clocks and watches. In these a wound-up spring or lifted
weight is prevented from running down freely, and com.
pelled to move very slowly and regularly by a controlling
agent, e.g. a vibrating pendulum or balance-wheel. Ex.
periments show that for either of these agents the time
of vibration is practically constant. In timeleepers the
swinging pendulum or balance-wheel moves, at regular
intervals, an escapenent ; this is an arrangement by which
a, toothed wheel of the mechanism is alternately released
and arrested at each tooth in succession. Such proportiony
are taken, and things are so arranged that the hands and
face of the instrument measure the hours, ete., of the mean
solar day (§ 3). We shall assume that the student can
tell the time, and will ckeck his watch by comparison with g
standard clock or chronometer showing mean solar seconds,
As a rule it is not important in a physical experiment to
know the exact time of day. It 1s, however, necessary fo
rate the watch, that is, to find accurately what fraction of
the mean solar second is indicated by it. To do this,
observe simultaneously, at a convenient moment, the time
by the watch, and a standard clock. Repeat the observa-
tion about 24 hours afterwards. If the interval of time by
the standard clock is ¢ mean solar seconds, and by the
watch z seconds, then 1 second by the watch =t/ mean
solar seconds.

The stop-watch is frequently convenient for measuring
intervals of time, A common kind is wound, like a
keyless watch, by ‘fwisting the head. Pressing down the
head first sets the watch working, pressing down the

head a second time stops the watch, a third time, brings
72
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|
the hands back to zero. The dial over which the large hand
moves is divided into fifths of a second. A small hand
records the complete turns of the large, that is to say
minutes. Hours are not shown. In an accurate experi-
ment the stop-watch must be rated (see below) by com-
parison with a standard clock.

'The metronome (Fig. 39).—In this instrument a spring
is wound up by a key at the side. A vertical bar is kept

Fig. 39.

in vibration, and at regular intervals a loud #ick tack is
heard. The interval is altered by sliding a small weight, 3,
along the vibrating bar. By this means the instrument
can be adjusted to beat seconds, halileconds, ete. In
some metronomes a bell is struck, say, every second, or
fourth beat, etc., as arranged. .
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The metronome is a fairly accurate time-keeper. It
must be frequently wound up. Its beating should be
rated. To do this put the instrument some distance off
where it can be heard but not seen, look at the seconds
hand of a standard clock, count the number of ticks of
the metronome in a given time by the clock (5 minutes,
say). If there are » ticks in s seconds, then the time
between two ticks is s/(n — 1) seconds.

Tuning-fork.—To measure minute intervals of time, say
1ioth second, a tuning-fork is used. This is kept in vibra-
tion by an electro-magnet (Fig. 40). A stiff bristle or
fine needle-point attached to ome prong is adjusted to
touch a smoked surface. A waved line is traced when the

Fig. 40.

fork vibrates and the surface moves simultaneously.
Electro-chronographs are based on this principle.

Standard clock and chronometer.—These instruments,
which serve to measure time with very great accuracy, are
notable for the care and gkill that have been devoted to
their design and construction.

The pendulum of the standard clock is about a metre
long, and has a period of two seconds. It is compensated
for temperature, usually by Graham’s method (mercurial).
The minute hand moves over a large dial, the second and
hour hands each over a smaller dial. The final regulation
of the pendulum is best done, not by adjusting serews, ete.,
but by loading with small pieces of metal.

The chronomete? is practically a large watch. The
mechanism is worked by a spring, and &ontrolled bv a
compensated balance wheel.
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The metronome is a fairly accurate time-keeper. It
must be frequently wound up. Its beating should be
rated. To do this put the instrument some distance off
where it can be heard but not seen, look at the seconds
hand of a standard clock, count the number of ticks of
the metronome in a given time by the clock (5 minutes,
say). If there are » ticks in s seconds, then the time
between two ticks is s/(n — 1) seconds.

Tuning-fork.—To measure minute intervals of time, say
s34th second, a tuning-fork is used. This is kept in vibra-
tion by an electro-magnet (Fig. 40). A stiff bristle or
fine needle-point attached to one prong is adjusted to
touch a smoked surface. A waved line is traced when the

Fig. 40.

fork vibrates and the surface moves simultaneously.
Electro-chronographs are based on this principle.

Standard clock and chronometer.—These instruments,
which serve to measure time with very great accuracy, are
notable for the care and skill that have been devoted to
their design and construction.

The pendulum of the sfandard clock is about a metra
long, and has a period of two seconds. It is compensated
for temperature, usually by Graham’s method (mercurial).
The minute hand moves over a large dial, the second and
hour hands each over a smaller dial. The final regulation
of the pendulum is best done, not by adjusting serews, etc.,
but by loading with small pieces of metal.

The chronomete? is practically a large watch. The
mechanism is worked by a spring, and &ntrolled bv a
- compensated balance wheel.
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54. The Simple Pendulum.—Mathematically this con-
sists of a material particle at the end of an inextensible
massless string. 1t is practically realised by hanging a
heavy ball (called the bob) at the end of a thread or fine
wire.

To set up a simple pendulum.—Get a heavy lump of
metal (preferably a small lead ball), hang it from a nail by
a fine string or wire, five or six feet long. The attachment
needs care. Lay about an inch of the wire along the
nail, and bind it #ighély there by several turns of fine wire
or strong thread. If not fixed closely enough the point
about which the bob swings will be indefinite.

This can be shown by making a loop an inch or two long, hanging
it over the mail, and sctting the pendulum swinging: its plane of
vibration soon gets askew. 'The experiment is especially worth trying
with a long loop hung over two nails a foot or two apart. Vary the
length of the loop. The arrangement illustrates a Blackburn pendulym.

If the bob of the pendulum is pulled aside and then let
go, it begins and maintains a to-and-fro movement or
vibration in the arc of a circle whose radius is the distance
between the point of suspension and the centre of the ball.
This distance is practically the so-called length of the
pendulum. Half the distance between the ends of the arc
18 the amplitude of vibration. The equilibrium position, or
point on the arc vertically beneath the point of suspension,
1s the lowest position through which the bob passes and
the one at which it will eventually rest. It very nearly
bisects the arc, but not quite so, for the awmplitude
gradually diminishes, owing mainly to the resistance of
the air to the movement of the bob. If the bob is light
for its size the extent of its vibration will decay, or be
stilled or damped, sooner than if heavy (Exp. 52).

In vacuo the position of equilibrium would be more exactly the mid
point of the arc, and the vibration would keep up much longer. (It
an electric glow lamp with a snapped filament is shaken, the filament
vibrates much longer when air has not leaked in than when it has,
This well illustrates the damping or stilling effech of the air.)

The time taken by the bob in swinging to and fro is
called the time of a complete vibration, or the period of
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the pendulum. The time of going to or fro is sometimes
taken, and called the time of semi-vibration, or time of
vibration, or time of swing.

It can be shown mathematically + that when the arc of
vibration is anything less than about 10°, the

. /length of pendulum (I)
d (£) = ¢ o T .
Period (£) = 2= acceleration of gravitation (g)

Hence (1) for any small arc the swings are isochronous
(equal-timed).

(i1) The period is independent of the mass of bob.

(ii1) The square of the period is proportional to the length,
or [/t is a constant quantity = g/4=".

(iv) =47l and log g=logdn*+logl— 2 logt.

g will be in feet see. sec. when ¢t is in secs. and / in feet.
g ’s ems. sec. sec. ,, L ,, secs. ,, lin cms.

55. To measure the period of a pendulum.—When the
pendulum is at rest make a mark on the wall or erect a
rod (retort stand) behind the bob. Set the pendulum
swinging. Stand 4 or 5 yards off and note by a watch, or
start a stop-watch at the moment when the bob makes
a tramstt, that is, passes in front of the mark. Again
observe the time of transit when the pendulum has
performed, say, 100 complete swings. This can be dome
by counting either each transit from right to left or the
reverse way.

The experimenter will find it convenient to go to the point
of observation, write down a time of day in hours and
minutes slightly ahead of the actual time, then observe
how many seconds after this nofed time a transit occurs.
Add the seconds to the noted time, and call the next
transit in the same direction, one, the following transit,
two, ete.

K

T LExpressions of the same form as that for the simple pendulum
give the periods of bodies whose vibrations are due {o forces other than
gravitation. (See §§ 76, 170.)
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*Exp. 52.—Show that the period is independent of the
mass of the bob, but dependent on the length of the pendulum.
Hang up 3 pendulums (say 1 yard long) with bobs of
different materials (say iron, glass, wood). Push them
aside (by a book): release them at the same moment
(withdraw the book). Adjust the lengths so that each
bob passes its equilibrium position simultaneously in
successive swings, that is the periods will have been made
equal. Each will then be equal in length. (There will be a
shight difference in length if the bobs have different shapes
and sizes; it is best for each to be spherical.) If after
a time the pendulums are no longer in step, it shows
that the adjustment in length has not been exactly done.
Readjust by slightly lengthening the quicker pendulums.
Even when each is adjusted to have the same period a
difference in amplitude will soon be apparent: the lighter
wood bob will be dumped or stilled sooner than the heavier
irom.

Repeat the experiment with shorter lengths (say 30
mehes). Observe also that now all the pendulums vibrate
more quickly.

*Exp. 53.—Show that the square of the period is propor-
tional to the length of pendulum. Hang up a bob by a fiue
wire or string. Male determinations of (1) the time (read
in half-seconds) of 100 swing-swangs, or complete swings,
and (2) the length of pendulum when the wire is about
(i) 9 feet, (ii) 7 feet, (iil) 5 feet, (iv) 4 feet long. Calculate
the mean period in each case. Tabulate (i) Exp. number,
(i1) length of string, (iii) ¢, (iv) &, (v) I/

From the mean value of I/#, calculate g.

Plot 7 and ¢: the graph should be a parabola.

Plot I and #, also log I and log ¢: each graph should be
a straight line.

*Exp. 54.—From the graphs find the lengths of the
pendulums whose periods are respectively (i) 2 secs., (ii)
1 sec. Set up one of each of these”lengths. Observe
that the shorter goes to and fro while the longer goes to
or fro, and confirm the values of the periods.
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Exp. 55.—Fwnd the value of g by a simple pendulum.
Two observers, 4 and B, are requred. Suspend a heavy
ball, about 5 cm. diameter, by a fine wire, say, 4 metres long.
Arrange two rods (say retort stands), one about 6” in front,
the other as far behind the bob, so that from a convenient
place of observation, or station, several yards away, the two
rods and suspending wire appear in line. Set the pendu-
lum swinging. 'I'his is conveniently done by catching the bob
in a loop on a silk thread, pulling it aside through a small
are, fixing the end of the thread and finally burning the silk.

1. Find the period roughly. Let A stand at the station,
and B watch the clock.t A gives a signal by skarply
knocking a piece of wood just when the bobmakes a transit,
that is passes between the rods: B notes the exact time
when he hears the sound. A however must prepare B by
saying “ready” a second or two before the transit occurs.
In a similar manner the moment when, say, 50 complete
swings have been doue is noted. See § 55.

Let ¢ = (Interval of time) -+ (Number of complete
swings) ; then ¢ is, roughly, the period.

II. Find the mean period. The observers resume their
positions. A gives signals when 6 successive transits oceur,
and B notes the times. (This requires practice.) The
pendulum is now allowed to swing for 10 or 15 minutes.
Then again' A signals any 6 successive transits, and B
notes the times. Tabulate as in the record below.

Exp. L. is conveniently done while waiting hetween the two series
of observations of transits in IT.

Calculate the interval of time between the first transits
of each series, between the second transits, etc. Divide
the mean of these intervals by ¢. The nearest whole
number (n) to the quotient] is the probable number of
complete swings in the interval.

+ This experiment can be done by one student if he uses a stop-
watch, but the above is better practice.

+ If the value of the quotient comes practically midway between
two whole numbers a fresh determination of #, i3 necessary. The
new value of #; must be determined from the tim® of a largoer (60 or
70 per cent.) number of vibrations than that used in the eaxlier
observation : e.g. 80 or 85 vibrations instead of 50.
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Divide the mean interval by n. The quotient is the
period (1) very approximately.

Carefully measure the length (L) of the wire and
diameter (d) of bob; then approximately

length of pendulum, ! =1L + %
Calculate (use logs) g = 4n?l/t% \

RECORD OF AN EXPERIMENT—

Determination of g by a simple pendulum.

Y. — Ezperiment giving rough value of period. \\‘
Time at start, 4h. 6m. 16°8s. ; finish, 4h, 9m. 5-3s. ; interval, 168-5a.
Number of swings, 50. A

Therefore period = 3-37s. nearly. 4\
\
X1.—Successive transifs. v
Signals by [Observer]. Clock by [Observer]. |
S s , - s . Interval
Transits, Time by elock, .)Tlansl.tsz Time by clock, " vibmtior’ls,
1st series. k. m. s 2nd series.| 5. . s,
m. 8.
0 3 22 425 n 3 34 17-8 11 353
1 3 22 49-3 n+1 3 34 246 11 353
2 3 22 56 n+ 2 3 34 314 11 354
3 323 28 7+ 3 3 34 381 11 353
4 3 23 96 n+44 3 34 448 11 352
5 3 23 164 w45 3 34 516 11 352

Mean interval for » vibrations, 695-3 secs.
695+3/3:37 = 206-29. Nearest whole number = 206,
695°3
“206
lIength of wire, 281 eru. ; diameter of bob, 3 cm.
. length of simple pendulum = 282'5;
4 x (3:142)2 x 282°5

., period = = 3-375 secs. approx.

g = 979 cm. sec. see.



CHAPTER V.,
VOLUME, DENSITY, ELASTICITY, ETC.

56. Measurement of Area.—Areas enclosed by regular
figures are most readily obtained by calculation. In every
case the area is the product of two lengths and numerical
constants. (For units and their relations, and formulae
for calculating areas of regular figures, see the Appendix.)

To find the area enclosed by a figure.—Merraon I. By
squared paper. (1) Find the number, N, of squares on the
paper that make a square inch, or the number, #, to a
square centimetre. (2) Outline the figzure to be measured
on tracing paper. Fix the latter on the squared paper,
and count the number, 4, of complete squares within the
figure. Count each part of a square equal to, or greater
than a half as a whole square. Tet B be the number of
them. Neglect each part less than a half. Then

Area of figure = A+B 8q. in. = A+ B
N n

Note. If possible transfer the figure direct to the
squared paper without using tracing material.

Mzeraop II. By weighing. Cut a piece of tin plate, or
foil, or cardboard to fit the figure or its tracing: also a
rectangle from the same material. Find the weight of each
piece. Calculate the area of the rectangle from its dimen-
sions. Then

Avea Irreqular + Area Reguler

® = Weight Irregular + Weight Regqular.
Experiments on the measurement of @rea are given in

Chapter 1.

§q. cm.

80
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Exp. 8§6.—An obligue circular cylinder is provided.
Measure (i) girth (Methods II. and IIL., § 16), (ii) the
major and minor azes of the elliptical end (§ 14). Also
measure the area of the elliptical end by § 56, Method 1.

Measure the angle of slope of the cylinder. This is
conveniently done by first cutting a sheet of paper half-
way across, then folding back the cut edges until the angle
between them fits that between the end and slanting
surface of the cylinder (one edge of the paper must rest on
the flat end of the cylinder and pass through its centre,
the other touch the surface along a generating line): finally
measure by a protractor the angle (a) between the edges
of the paper. Find sin a from trigonometrical tables.

Calculate (see Appendix) (i) the area of a right section
(perpendicular to the axis of the cylinder), (ii) area of the
elliptical end. Calculate (drea right section) + (Area

A\

elliptical end); this should be equal to sin a. Compare the

measured area or the elliptical end with the calculated.

The relation is usually expressed in terms of the obliquity (§) or
angle between the axis of the cylinder, and the perpendicular to the
base: @ is the complement of a above. Hence the measurements show
that (drea right section) < (Area elliptical end) = cos 0.

MEASUREMENT OF VOLUME.

€

57. Volume.—The volume of a regular solid may be
caleulated when the appropriate dimensions have been
measured. In every case the volume is the product of
three lengths and numerical constants. (For units and
their relations, and formulae for calculating volumes of
regular figures, see the Appendix.)

The volume of an ¢rregular solid is obtained experiment-
ally by immersing it in a fluid, and measuring either the
volume of the fluud displaced by it, or the force of buoyancy
acting upon it. For the former measuring vessels are
used, and for the latter a balance.

The volume of a quantity of ligquid is determined by
some form of measuring vessel (Figs. 41, 42), or less directly
by the balance. Similarly, the cubical content or capacity

" of a veasel may bé obtained.

Volume of a gas, see § 70. .

PR. PHY. 6
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Measnring Vessels (Fig. 41).—For scientific purposes
these are usually made of glass; trade measures of wood

e

(bushel, ete.) or metal (quart, ete.).
Measuring flask, F: when
filled up to the mark, m, it con-
tains a definite volume (500, or
250 ¢b. em,, ete.) of a liquid.
Measuring or graduated
cylinder, C: the marks on the
side show the volume between
a division and the bottom. These
are graduated in cb. cm., one-

Fig. 41, eighth of an ounce, one tenth of

a cubie inch, ete.

Burette, B (Fig. 42): a narrow tube with a tap or
pinch-cock (indiarubber tube and clip), by means of
which the liquid may be let out; these are frequently
graduated in tenths of a cu. cm. and read downwards,

so that the volume of liquid delivered can be
measured. Burettes are clamped in a vertical
position to a wood or iron stand.

Pipette, P (Fig. 41): when filled to the mark,
m, it holds a definite volume (100, 75, 50, or 25
cb. em.) of fluid. A pipette is useful for adding
or removing a small quantity of liquid to or from
a vessel.

To fill a pipette by suction—Hold the upper
stem between the middle finger and thumb. Im-
merse the lower end in the liquid, apply the mouth
to the upper end and withdraw air so that the bulb
fills with liquid. Continue until the liquid rises
. a little above the mark. Then press the forefinger

S S3al

i

LR

T

ko)
on the end in the mouth, and remove the pipette |
from the mouth. Relax the pressure of the fore- 3{
finger so that the liquid drops from the pipette. -
‘When it has reached the mark on the stem, increase ;g 42,

the pressure of the forefinger to stop the dropping;

transfer the pipette to the place required, remove the
forefinger, and allow the liquid to run oht. Finally blow

out, the last drop.
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Readings of measuring vessels should not be hurriedly
done; the liquid requires a little time to drain down.
from the wet walls of
the vessels. The reading,
especially of the burette,

1l

i

is very liable to parallax =

error. The eye should —— =
look along the liquid sur- w{f=s| -~ =
face (ab, Fig. 43) and -ap=2f-4- =
the reading of the lowest ISHIRY |

part taken. If a piece
of white paper is held be- —
hind and close to the tube
a well defined dark band Fig. 43. Fig. 44,

is seen (Fig. 44). The

reading of the lowest edge of this may be taken as the
position of the surface. The curvature of the whole of
the liquid surface is more pronounced in narrow tubes.

:IIHJ

58. To find the denomination of a measuring vessel, that
is, to determine whether its ‘graduation marks represent
cubic centimetres or cubic inches, ete. ,

A. (1) Weigh a clean, dry beaker or flask (= J7; grms.).

(2) Fill the measuring vessel with water up to a definite
mark (= volume X).

(3) Pour the water from the measure into the weighed
vessel. Weigh water + vessel (=W, grammes).

The volume is then

(W,—W,) cubic centimetres,
or (W, — W )/16°4 cubic inches,
or (W,— W,)/283 fluid ounces.

- Work out each of these expressions in turn. Pro-
bably a simple numerical relation will then be indicated
between X and one of the above common units of capacity.
If not, the relations between the cubic centimetre and other
units of capacity must be tried.

B. If a cu.cm. measure is provided discharge the water
into it from the graduated vessel of unknown denomination,
and thus measufe X directly in cu. cm. Then divide as
above by the several conversion factors.
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59. To find the volume of a vessel. —(I) Fill the
measuring cylinder up to a mark with water. Note the
position. Pour water from it, without spilling, into the
vessel whose volume is to be found. Observe how much
water i8 left in the measure. Deduce the volume of water

oured out: this equals the volume of the vessel.

(Ia) Fill the vessel with water. Pour the water from
it into a meaguring cylinder, and note the volume.

(1T) Weigh the vessel (i) empty, (ii) full of water. The
increase in weight (i) in grammes is numerically equal to
the volume in cu. cm., (i) in ounces is numerically equal to
the volume in thousandths of a cubic foot. The volume in
cubic inches is obtained by multiplying the increase of
weight in ounces by 1-73.

Nore~—Since 1 cb. ft. = 1728 cb. ins. and 1 cubic
foot of water has a mass of nearly 1000 ozs. .. 1 ounce
of water has a volume of 1728/1000 = 1'73 cb. ins. nearly.

60. To find the volume of a body (which may be frag-
mentary) by displacement—(I) Add some water to a
measuring cylinder. Note the reading of the surface,
(3) before, (i1) after the body is introduced. The differ-
euce is the volume of the body, The water introduced at
the beginning must be sufficient to cover the body.

(1II) Place the body in a dry measuring cylinder. Run in
water from a burette until the body is completely im-
mersed, and the surface stands at a definite division of the
measure. Read the burette before and after discharging
the water, and deduce the volume delivered. The differ-
ence between the volume delivered from the burette and
the reading of the measuring vessel is the volume of the
body.

({Ia) Make a mark (strip of stamp paper) on a convenient
vessel (if the body is fragmentary, use a flask and place
the mark on the neck). Find the volume up to the
mark of the vessel (§ 59), introduce the body, add water
from a burette until it is filled to the mark. Read
the burette beford, and after, discharging the water. The
volume of the body is the difference betwebn the volume of
the vessel and that of the water from the burette.
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61. To find the volume of a body by the balance.—
Weigh first in air, then in water. The difference in the
values measures the buoyancy, and (i) when in grammes
is numerically equal to the volume m cubic centimetres,
(ii) when in ounces, 18 numerically equal to the volume in
thousandths of a cubic foot. The volume in cubic inches
is obtained by multiplying the numerical value of the
buoyancy in ounces by 1-73.

Exp. 57.—Pind the denominations of the measuring
vessels provided (§ 58).

DENSITY, SPECIFIC GRAVITY.

62. Density.—DzewiniTion: The density of a substance
is the mass of it contained in unit volwme, e.g. the number
of grammes per cu. em. or of lbs. per cu. fi.

Note that in the specification of the density of a substance there is
no reference to any other material.

To measure the density of a substance, take a body com-
posed of the material, measure its mass (by weighing in air)
and its volume. Express these quantities i absolute units.
Then the
(density of substance) = (mass of body) + (volume of body).

63. Bpecific gravity. —Derinirion : The specific gravity
(Sp. G.) of a substance is the ratio of the weight of any
volume of the substance to the weight of an equal volume
of water.

Thus specific gravity is a numerical {quantity ; its specification for
a particular material makes reference to a standard substance, e.g.
water.

Since 1 cu. em. of water bas a mass of 1 grm., the Sp. G. of
a substance is numerically equal to its densily in grms. per
cu. em.

Since 1 cu. ft. of water has a mass of 62'4 lbs., the
(Sp. G. of a substance) X 624 is numeyically equal to the
density of the substance wn lbs. per cu. ft.

Also since 62°4 1bs. = 1000 ozs, nearly, the density of a substance in
0zs. per cubic foot = 1000 X {Sp. G. of substance
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Volume of a body\ _  Mass of bedy in ounces
Hence the ( in cubic feet T 1000 x Sp. G. of substance’

The specific gravity of a liguid is readily determined by a
specific gravity bottle (§ 64) or a direct reading hydro-
meter (§ 68).

The specific gravity of a solid is obtained by a balance
(§ 65), advantage being taken of Archimedes’ Prmc1ple
At least two weighings are necessary.

64. The specific gravity, or density bottle' (Pyknometer),
(¥ig. 45).—This is a glass bottle with a carefully fitted
stopper. A small hole, ab, is bored through
the stopper. Sometimes it carries a thermo-
mefer. (In very accurate experiments the
temperature should be noted and allowed
for.) The bottle is filled with liquid, which
overflows through the hole when the stopper
ig put in. The outside is then wiped dry.

For many experiments it is sufficient to use a flask,
about 3" diameter, or a common bottle. Mark the
neck by twisting a piece of fine wire twice round if,
or stick a piece of stamp paper on it.

Fig. 45, Note.—The bottle must not be held in

the palm of the hand, but by the neck

between finger and thumb. This is to avoid warming and

expanding the liquid. To clean and dry the bottle, see
Appendix.

A. To find the specific gravity of a liguid by the
bottle.

(1) Weigh the empty bottle, clean and dry (= W,).

(2) Fill the bottle with some 'of the liquid whose Sp. G.
is required and weigh (= W ).

(8) Remove liquid from bottle, clean, fill with water, and
weigh (= W,). “

Lo W=W
Then SE. G. of liguwid = W, =W,
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B. To find the specific gravity of a solid by the bottle.—
The solid may be in small fragments or a powder.

L. When the fragmenis are numerous and small :

(1) Weigh the bottle empty, clean, and dry (= W,).

(2) Put in the solid: weigh (= W).

(3) Add water to fill the bottle : weigh (= w).

Nore.—Use the bottle about half full of fragments.
Cover them with water. Hold the bottle slantwise, and
slowly rotate it : air bubbles will then be dislodged. Finally
fill up with water.

(4) Remove all fragments, and fill the bottle with water
only: weigh (= W,).

wW—W,

Then Sp. G. of solid = W Wi—w’
1

Any other liquid may be used instead of water. H a substance
that dissolves in water is to be experimented with, use some liquid
that has no chemical action upon it (Exp. 614).

ProOF.—Weight of solid = W — W,.

‘Weight of liquid displaced by solid \

= W, — {w — (weight of solid)} = W, —w + W W

, II. When the fragments can be weighed separately :
(1) The weight of the bottle need nof be found.
(2) Weigh fragments apart from bottle ( = M).
(8) and (4) as L. (3) and L (4) above.

. M
. @G. A=
Sp. G. of soli T —w

Exp. 68.—Find the Sp. G. of methylated spirit, salf
solution (saturated and half-saturated) by the bottle.

Exp. 59.—Find the Sp. Q. of brass (nails), iron (nails),
lead (shot), sand by the bottle.

Exp. 59a.—Find the Sp. G. of mercury. Proceed as in
B. Method L. (§ 64). Put about 50 glammes of mercury
in the bottle instead of a solid. (A bottle full of mercury
is likely to break or to be too heavy for the balance.)



88 . VOLUME, DENSITY, ELASTICITY, ETC.

Exp. 60.—Demonstrate the Principle of Archimedes:t that
when a body 18 wholly or partly vmmersed in a fluid, a force,
. called the buoyancy, acls upon it, whose direction is vertically
wpwards, and whose magnitude i equal to the weight of the
Juid displaced by the body.

Law of Flotation.—A4 body floats when the force of buoy-
amcy acting wpon it is equal to the weight of the body. This
can be easily deduced from the Principle of Archimedes.f

(1) Determine the volume of a solid body (glass
stopper “marble”). If regular, measure the proper
dimensions and calculate the volume, Expressin cb. cm.

Weigh in (2) air, (3) methylated spirit, (4) water, (5)
concentrated salt solution, (6) concentrated solution of zine
sulphate. (Hang, in turn, in glasses, each containing one
of the solutions: as in § 65. Well rinse and dry after
each weighing.) Express weights in grammes.

(7) Find the Sp. G. of each of these solutions (by Sp. G.
Bottle or by a Hydrometer (§ 68)).

(8) Calculate the weight of each liquid displaced by the
body ( = volume of body X Sp. G. of liguid).

(9) Calculate the buoyancy on the body due to each
liquid (= Weight of body in air — Weight of body in liquid).

The values of (8) and (9) should be equal.

RECORD of Experiments:

A right cylinder (iron) was used.

Measured lengths .. . .. meanlength = ., em.
Measured diameters .. - .. mean diam. = .. em.
Volume of cylinder .. = .. cu. cm.
Mass of cylinder (weight in alr) = .. grms.
Methyl- Zinc
ated | Water. Solsilf)n Sulphate
Spirit. uhon. 3 Solution.
Apparent weight of body
inliguid............
Sp. G. of liquid.........
Buoyancy due to liquid..
Vol. of body x Sp. G of ]
liquid J
! ”

t See Experiments 28, 29, 30 on Flotation, ebo,, in Chap. I.
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65. To find the specific gravity of a substance by means
of the balance—The body provided is hung by a thread
(loop at upper end) from the hook at the end of the balance
beam (Fig. 36) so that it can be immersed in a vessel of
water. The water should have been well boiled to remove
air, but must be cold at the time of the experiment. The
body should lie, when the pan is raised, halt an inch below
the surface of the liquid and free from the walls of the
vessel. If air bubbles appear on its surface these should
be brushed off just before the completion of the weighing.
Use a small brush or parrow folded strip of paper.

A solid body that sinks in water.—(1) Weigh clean and

dry in air (= W).
(‘)) Weigh in water ( = W)). _
(S G.oofy Weight in air w
substance (Wezglzt) - ( Weight W= w,’
w air n water

A solid body that floats in water.—(1) Weigh in air
(= W). (2) Attach the bodv to another so that the com-
bination sinks in water. Weigh body + sinker (= W,).
(3) Weigh the sinker only in w ater (=W,.

Sp. G. of subst W L4
(s substance =W W, = W) T W+ W,— W,

A liguid.—Take a body that is not chemically affected
by the liquid, weigh it (1) in air(= W), (2) in liquid
(=W), (3) in water (= W,). Then

. W—W,
Sp. G. of liquid = W

A substance chemically affected, or dissolved, by water
should be weighed in a liquid that has no action on it,
The specific gravity of the liquid must be determined.

Carcurarion.—Let § be the Sp. G. of the solid; D, the
Sp. G. of the liquid. Let W be the weight of the solid in
alr, W’ its apparent weight in the hqmd Let V cb. cm.
be the volume of the solid, and hence of’liquid dlsplaced
Then (§ 62) W==8.V, and (Exp. 60) W—W'=D.7V,

. 8/D = W/(W — W").
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Exp. 6l.—Determine the Sp. G. of glass, sulphur, iron,
copper, lead, aluminium, waz, alcohol, ether, ete.

Exp. 6la.— Find the Sp. Q. of copper sulphate crystals.
If two or three large crystals are provided, tie them mto a
bunch and suspend froni the arm of a balance as in § 65.
Weigh (i) in air, (ii) in a liquid, say, petroleum oil, in
which the crystals do not dissolve. If the crystals are
small put them into the Sp. G. hottle and proceed as in
§ 64, B., filling the bottle however with petroleum oil
Instead of water.

66. Modification of formulae.—ILet numerator and denominator in
each of the above be divided by the weight in air ( #7), then (see table
below) the values of Sp. G. will be expressed in terms of the ratios of
the several apparent weights to the weight in air.

In Jolly’s spring balance (Exp. 77) the weights are proportional to
the respective elongations (e, ¢;, ¢, ¢;, ¢,) of a spring.

In Walker’'ssteelyard (Exps. 16, 17) the weights are inversely pro-
portional to the respective distances (I, 1}, [, 5, ;) on the long
graduated arm.

The formulae in the table below are the expressions required in the
several cases. The proofs are left to the student. Ie should mnot,
however, attempt to remember these, but should in all cases work
from the formulae printed in bold type.

RemeMBER the formulae in bold type.

Heavy Solid. Light Solid. Liquid.

Ordinary Balance. w w wW-W,

Weight measured wW-W. WA Wy— W, wW-w,

directly. W
1- %4
ditto. ! SRS SN
(alternative 1-" 1+ Wy W, 1=
formulae) W W w
Spring (Jolly). e e e — e,

Extension propor- e—e et e, — e, e—e

tional to Weight.

Steciyard (Walker). 4 1A L, — U
Arm inversely = Wt i = I i =1
proportional to h=t byt gl hle =t

Weight.
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67. Nicholson’s Hydrometer (Fig. 46).—A closed hollow
vessel, O, carrying two scale pans is arranged to float in a
Liguid with one scale pan, B, immersed,
the other, A, not. The hydrometer is
one of constant tmmersion. It is adjusted
by adding known weights to the upper
pan until a mark, w, on the stem 1s at
the surface of the liquid. This is best
observed by looking at the stem below
the surface. Adjust so that the mark
and its image (by reflection from the
surface) come into coincidence.

. The stem should have been well cleaned by
rubbing it with a rag moistened with alcohol,
to remove grease. A slotted tinplate cover, #,
is laid across the top of the tall glass cylinder
containing the liquid, to prevent weights from
falling in and the hydrometer from touching
the sides. If air bubbles adhere to the instru- .
ment or substance, remove them by rubbing with a folded strip of
paper. When water is used it should have becn boiled, or distilled.

-~ To find the specific gravity of a solid by Nicholson’s
Hydrometer.-—¥loat the hydrometer in water.

(1) Adjust the hydrometer by adding weights, W, to
the upper pan. The substance should not be in either pan.

(2) Place the substance in the upper pan, adjust to the
mark by adding weights, W, to upper pan.

(3) Place the substance in the lower pan, adjust to the
mark by adding weights, W, to upper pan.

W, —~ W, = the apparent weight of substance in air.
W, — W, = difference due to moving the body from the upper pan
to lower = weight of liquid displaced by the body.

. Sp. Q. of substance :—%{%,

2
Nore.~If thg substance is lighter than water it must
be attached to the lower pan by wire. The wire must be
keot attached to the lower pan during all operations.
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To find the specific gravity of a liquid by Nicholson’s
Hydrometer.

(1) Weigh the hydrometer, clean and dry { = M).

(2) Float the hydrometer in the liquid and adjust by
adding weights, W,, to the upper pan.

(8) Float in water and adjust by adding weights, W,
to the upper pan. Since the hydrometer displaces equal
volumes

Sp. G. of liguid = ———=_*.

NoTE.—If the hydrometer will not float upright in the liquid, put a
piece of glass or lead in the lower pan. Consider this to be a part
of the hydrometer. Then go through the operations above.

Exp. 62.—Find Sp. G. of glass, iron, sulphur, etc., by
Nicholson's Hydrometer.

Exp. 63.—Find Sp. G. of alcokol, petrolewm, salt solution
(saturated and half-saturated) by Nicholson’s Hydromeler.

. 68. The Common Hydrometer (Fig. 47).—These are
usually made of glass, and consist of a long tube, AF, closed
at one end and having a bulb, G, containing mercury or

shot at the other. A little above the lower

bulb the tube is considerably enlarged, B. The
whole is arranged to float vertically with more
or less of the stem showing above the surface of
the liquid. The less the Sp. G. of the liquid the
greater the amount submerged. The instru-
ment is hence a hydrometer of variable immersion.

A scale is fixed within the tube by which the

Sp. G. of the liquid may be read off directly, the

value being the reading of the scale division

against the surface of the liquid. When, for
ingtance, the hydrometer is floated in- water
Fig. 47. the reafing is 1000, i.e. Sp. G. = 1'000. 1If in
another liquid the reading is, say, 1125, then

Sp. G. of liquid = 1-125. If the instrument is gradnated
to show equal increments in the value of specific giavity
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the scale is then not one of equal parts, the lengths of the
divisions nearer the bulb are shorter than those more
remote.

A hydrometer to measure a range of values of Sp. G,
say from 0'7 to 20, would be either very long or very
insensitive. Generally a set of hydrometers is used, each
member measuring a part of this range, i.e. (1) 07 to 10,
(i) 10 to 1-35, (ii1) 1-35 to 17, (iv) 17 to 2.

Exp. 64—Find by the common Lydrometer the Sp. G. of
(1) concentrated sulphuric acid, (2) saturated copper sul-
phate, (8) saturated salt solution, (4) petroleum, (5) methy-
lated spirit, (6) glycerine.

. After each observation the hydrometer must be well
rinsed and wiped dry.

Exp. 65.—Find the mass of liguid in a vessel. (1) Obtain
the Sp. G. of the liquid. (2) Measure the volume of the
part of the vessel filled by the liquid Ly determining the
appropriate dimensions if regular, or as in § 59. (3) Cal-
culate the mass of liguid = Vol. of liquid X Sp. G. of liquid
X Mass of unit vol. of water.

Find the mass of acid in a “ Winchester” (bottle), of
petroleum or spirit in a drum, ete.

69. I. To find the mean diameter of a wire indirectly
from its mass, length, and density.—(1) Stretch the wire
across the bench by hanging weights from its ends. Make
two fine file marks on it about a metre apart. Accurately
measure the length (7) in cm. between the marks, and cut the
wire at these points with pliers. (2) With a very sensitive
balance weigh the length of wire, in air ( = W grm.), and
(8) in distilled or boiled water (= grm.). (4) Cal-
culate .

diam. i cm. = \/7(77834 <7’ !

and density (D) of substance = W+ (W — w).
Also, for comparison, measure the mean diameter by
screw calipers (Fixps. 42, 43), and calculate the density. -
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PROOF OF FORMULA.—Since 1 grm. of water has vol. 1 eu, om., the vel,
of wire = (W — w)eu. em. But for a round wire of diam., 4 em.,
length, 7 ¢em.,

volume = 0°7854 d*] S 0T84 A =TV — w.
Algo if D is the density in grins. per cu. em., W — w =1V/D

- W W—-w
Sod= — = A
v0'7854 i.D 0-78541

NotE.—If very carefully done, the result of this experiment is
likely to be more accurate than the direct measurement with
calipers.,

II. To find indirectly the mean thickness of a lamina.
—Measure the area (§ 56) in sq. cm., weight in air (W grm.),
weight in water (w grm.). Theu thickness = (W — w)/area.

Exp. 66.—Find the diameters of pieces of wire—copper,
steel (piano), ete. Use Method L., § 69.

Exp. 67.—Find the mean thickness of a coin, a piece of
assay lead foil, tin foil, copper foil, etc. Use Method II.,
§ 69.

Exp. 68.—Find the mean diameter of a capillary tube. Introduce into
it a thread of mercury. (Use a mercury tray. Attach india-rubber
pipe to one end of the tube; place its other end under mercury, slope
the tube, suck sufficient mercury in, close the rubber piping by a
pinch cock.) Measure the length of the thread (by a finely divided
scale or travelling microscope). Alter the position of thread several
times and repeat the measurements of length. Run the mercury into
a weighed vessel. Weigh (vessel + mercury). Deduce the mass of
mercury. Calculate as in § 69, I. (4).

70. Volume of a gas.—To express this completely it is
necessary to observe (1) the volume, V, of the quantity of
gas, (2) the pressure, P, exerted by it, (3) its temperature, £.
It isusual finally to specify the volume (V,) in cu. cm. when
the pressure (P,) is that of the standard atmosphere (see
Appendix), and bthe temperature, 0°C. To effect this
reduction assume p

PY/(273 4+ 1) = P, V, / 278.
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To measure a volume of gas.—Fill a measuring tube
graduated in cu. cm. with water. Cover the end of the
tube with the thumb (take care that no air enters) and
immerse it in water. Pass the gas into the measuring
vessel by introducing the end of the delivery tube. Com-
pletely immerse the measuring tube in water contained in
a wide cylindrical glass vessel, allow it to remain thers, say,
ten minutes. Finally observe (i) the volume (¥ cu. em.)
of the gas, (i) the temperature (#) of the water (the
temperature of the gas is assumed to be equal to this), (iii)
the vertical distance (e cm.) between the surface of the
water exposed to the atmosphere and the surface in the
measuring tube, (iv) the height (H cm.) of the barometer,
(v) if the liquid used is not water, observe its specific
gravity, D.

The pressure, P, exerted by the gas equals that of the
atmosphere, H, plus that due to a depth, a, of liquid of
density, D. The latter equals ¢.D/13'6 cm. of mercury.}
Hence

P=H+4 aD/18'6 cm. of mercury.

If the level of the liquid inside the collecting vessel ig

above that outside, then
P=H—aD/136.

Then at normal temperature and pressure (N.T.P.), that

ig, at 0°C. and 76 em. of mercury, the volume of gas}
_ H*aD/136 273
Vo=""—7 Xomg i XV

Exp. 69 —Find the volume at N.T.P., and mass of the

quantity of air provided.

71. Mass of a volume, V cu. cm., of dry air at temperature, t° C., and
pressure, P em. (mercury af ice-point).

Density of dry air at 0°C. and 76 cm. = 0001293 grms. per cu. em,
Hence mass of ¥V ew. em. of dry air at °C. and 2P em.

= 0001293 x _. 273 X Eit X ¥V grammes.

213 +¢ 76

t The effect of temperature on the densies of the liquids is
neglected. 13°6 is jhe density of mercury.

I The proofs of these formulae involve the laws of Boyle (§ 83)
and Charles (§ 97). See also the acconunt of the Barome ter (§ 78 ef sey.)
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Mass of a volume, V cu. em., of aqueous vapour at temperature, t°C,,
and pressure, f cm. (meroury at ice-point).

The mass of a volume of aqueous vapour is practically five-eighths
(actual value = -622) of that of the same volume of air at the same
temperature and pressure. Hence mass of ¥ cw. em. of aqueous vapour
at ¢° C. and f em. ;

273

= % x 0:001293 X 573 Tt X 7f—6 X V' grammes.

Mass of & volume, V cu. em,, of moist air at temperature, t° C., pres.
sure, P’ em. Pressure of aqueous vapour present, fem.

There is a volume, ¥, of dry air at °C, and (P’ — f) om. .

There is a volume, ¥, of water vapour at £°C, and f em. T

Hence total mass \
_ 0:001293 x 278 ( 5.

(273 + ¢ x 16\

v

——g-f}VgTammes. i

CENTRES OF GRAVITY.

72. Centre of gravity or mass centre. To find the
C.G. of a uniform sheet (lamina) of material of any
shape.—Mgeraop I. (1) Suspend from the same point
(1) the lamina so that its plane is vertical, (ii) a plum-
met in front of, and close to the lamina. Mark on
the lamina the positions of two points (as far apart
as possible) on the plummet thread. Draw a straight
line through the two points. (2) Alter the suspension
of the lamina so that it hangs with the line of (1) in-
clined. Proceed as in (1). (3) Two intersecting lines
are obtained. The C.G. is behind the point of intersection,
half-way through the lamina. (4) Similarly determine
other lines. All should intersect at the C.G.

Pracrice. To suspend the lamina: (I) pass a stout
needle through a slightly larger hole in the lamina, push
the needle into a support or clamp it. (II) Tie a piece of
cotton round the lamina, leave an end by which it may be
suspended. Plummet: loop the end of its thread and put
over the needle, ete., from which the lamina is suspended.

Meruaop II. Balance the lamina on the bevelled edge
of a ruler, mark two points at which the edge touches the
lamina, draw a line through them. Repeat for another
position. The point of intersection of” the two lines
indicates the C.G. Repeat for other positions.
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*Exp. 710.—Find the C.G. of a triangle. Use a cardboard
figure. Use Method I. or II. (§ 72).

Join the mid point of each side with the opposite angle.
Observe that the three lines (medians) intersect at the
C.G. Show, by actual measurement, that the C.G. is one
of the points of trisection of each median.

*Exp. 71.—Find the C.G. of a four-sided figure (in card-
board). Use Method I. or IT. (§ 72). Mark the C.G.
'when found. Then divide the figure into two triangles,
find (i) the C.G., (ii) the weight of each. Reconstruct the
ficure, and show by measurement that the C.G. of the
whole is on the line joining the C.Gs of each triangle, and
divides this line into two parts whose ratio is inversely
proportional to the weights of the triangles.

ATWOOD’S MACHINE,

73. In Atwood’s machine (Fig. 48) a light pulley is
placed at a considerable height (at least  Puley

7 feet) above the ground. A fine cord
passes over it; at the ends of this are @
jnc
Rll

bhung equal masses P, Q. The axle of the
pulley must turn with as little friction
as possible. A scale of 1 ft., or deci-
metres, is arranged vertically beneath the
pulley so that the distances through which
P and ¢ move may be measured. A is a
platform by which @ may be supported.
It is arranged so that the projecting part
may be pulled down when required, leaving
Q free tofall.+ B is a ring through which ¢
can pass; C, a platform that arrests its
motion. A, B, and C can be clamped in
different positions. An additional mass or

1

Ring

E&)H(
o

B NN ENEE

rider, R, is provided: this if placed on @ | o
falls with it, but, being made too wide, will PLITT Fiagorm
not pass through the ring, 17'1—3" »

P and @ being equal they remain at rest
wherever they aro placed, or when set in motion move with
+ An electromagnetic arrangement is sometimes provided.

PR. PHY. '
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uniform velocity.} When R is on @ and the system moves,
the motion is uniformly accelerated, for the constant mass,
P 4+ Q + R, is being moved by the constant weight of R.
Let f be the acceleration of (P 4- Q4 R) and g the
acceleration of gravitation, then (P + @ + RB)f = Ry.
After R is lifted off Q the system moves with uniform
velocity (=w, say). Between 4 and B the system moves |
with uniform acceleration, f. Let s be the distance and -
¢ the time taken. Then 5= 3/ ‘
Between B and € the system moves with uniform
velocity (v). Let S be the distance, and 7, the time taken.
Then S =oT. By measuring s, S, £, 7, P, ¢, B deter-
minations of £, v, and g may be obtained experimentally.

PRrACTICE.—Support @+ rider on the platform, 4, at the top
of the machine; place € near the bottom, and the ring, B, between.
Be careful that P does not acquire a swinging movement.

I. Time should be measured by observing the seconds hand of a
watch, the experimenter noting the moments (estimate fractions of a
second) when he permits @ to start, and hears R strike the ring or Q
the lower platform. The time for each distance must be measured by
four or five observations, and the mean value taken.

II. Another method is to set a metronome going, and rate it (§ 53),
Adjust the positions 4, B, or ' so that @ starts and the blows with B,
or O, are heard simultaneously with beats of the metronome. The
moments may be accurately judged by counting successive beats,
one, two, three, ete. ; let @ start at eight, the ring be struck at nine,
the platform at ten.] ¥our or five adjustments of the distance must
be made for each value of the time and the mean taken.

L. To find the acceleration of the moving bodies.—Adjust the
distance (s em.) between A and the ring, B, so that @ is onesecond in
falling to B from rest at 4. Then the acceleration, f = 2.5 em. see. see.

The acceleration of gravitation, ¢ = (2+ Q + R)f/R.

II. To find the velocity of the moving body.—-Adjust the distance
(S em.) between B and € 8o that © is one second in falling (rider left
on ring) from B to €. Then the velocity, . » = § em. per sec.

+ This i8 not quite true in practice owing to the friction at the axle
of the pulley, ete. To compensate for this, cut a piece of wire so that
when placed on Q it is slightly too small to set Pand @ in motion.
Fix the wire to @, regard it as a part of Q.

I Do not look at the metronome or the fal]ingabodies; use the ear,
not the eye. )

A\
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Exp. 12.—Show that when the total mass moved 13 constant the accelera-
tion 13 proportional to the weight of vider. T'wo riders are supplied,
one (R) having thrice the mass of the other (). Adjust the metro-
nome to beat seconds.

1. Place (R + ) on Q. Find the acceleration (f7).
2. Leave Ron Q. Place r on P. Find the acceleration (fy).

In both cases the mass moved = P+ @Q + 4r. The acting force or
overweight in (1) 18 Q +4r — P=4r,in (2)is Q + 3r — (P+ 1) = 2r.
The acting forces being as 2:1, then the accelerations should be
ag 2: 1.

Exp, 78.—Show that when the applied force is constant the acceleration
is inversely proportional to the mass moved. Change P and @ for values
P and . Place the riders £ + » on @, Find the acceleration (f).
Also find f; as in Exp. 72 (1).

Calculate f'/f;, and (P+ Q@+ R+ 7+ (P +Q + R+ 7).

Since the acting force (= weight of R + r) is the same in both cases,
these ratios should be equal.

Exp. 14.—Show that after the rider is removed the velocity is wniform.
Set the metronome to beat seconds. Adjust (1) so that @ starts, and
the ring and lower platform are struck at three successive ticks of the
metronome; (2) so that the interval between 4 and B is one stroke of
the metronome, and that between B and C, two strokes; (3) .4 to B,
one stroke; B to (, three strokes. The times taken in going from
B to ¢ being as 1:2:3, the respective distances should be as
1:2:3. ’

Exp. 15.—Show that s« ¢ and v « £. (1) Set the metronome to
beat seconds. Adjust so that @ starts, and the ring and lower platform
are struck, at three successive ticks. Measure the distances, 48 (= s,),
and BC(= §,).

(2) Alter the metronome to beat faster than seconds: rate it (let
the interval = ¢,). Adjust the positions, 4, B, (, asin (1). Measure
AB, BC (= s,, 8,, respectively).

(3) Again alter the metronome to beat more slowly than seconds :
rate it (interval, ¢3). Adjust 4, B, C as in (1). Measure 48, BC
(= 83, 53, respectively).

Show that 8y 18yt 8y = 02 t% 1 4R

Also that in each case the distance BC=2.4B, or §=2.s

Then 08 00} 05ty = 818,18 = 818,08 = 62162147

S U3t UtV =ttty is.
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ELASTICITY OF SPRINGS, ETC.

*Exp. 76.—Fatension of a spring. A long spiral spring
is provided. Fig. 49 shows a convenient arrangement.
A stout wooden rod, held vertically
by a clamp and stand, carries a nail 4.
A boxwood measure is hung from the
nail, then the spring in front of it. The
lower end of the spring after forming a
loop is twisted back, and finally turned
(p) to point to the scale divisions; or
the end is passed axially through a cork,
that also carries a needle (n) horizontally
(Fig. 50). A scale pan is hung from the
lower loop by a length of string so that
it lies clear of the support, ete.
Observe the reading of the pointer, p,
when the pan is unloaded, and when
. loaded successively with 20, 40, 60, ete.,
rammes. :
Plot the readings with reference to
loads. The graph is practically a straight
line, and shows that the extension of
the spring is proportional to the load
or force applied. From the graph deduce
the extension per gramme, and the mass
Fig. 49. required to produce unit (1 cm.) extension.

*Exp. 77.—Find the specific gravity of glass, iron, coal,
stone, sulphur, waw, methylated spirit, petrolewm, salt
solution, etc., by means of a spring. (The experiment
illustrates the use of Jolly’s specific gravity balance.)
Hang the spring ag in Fig. 49. (Remove the scale pan.)
Observe the readings of the pointer, p, (i) when the spring
is unloaded, (ii) when a body is hung from it in ajr, (2ii) in
water. The differpnce of the readings is the extension due
to the load on the spring.

The necessary operations and formulie are given in
§§ 65, 66.
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*Exp. 78.—Graduate o spring balance. Remove the
boxwood scale, and fix, with drawing pins or small nails, a
strip of paper behind the spring. Mark on the paper the
position of the pointer for no load, and loads 10, 20, 30,
ete., grammes. Number the lines 0, 10, 20, ete., and sub-
divide the spaces between into halves or fifths.

Find by the spring the weights of coins, etc. Place the
body in the s¢ale pan, note the number of the division to
which the pointer is drawn.

*Exp. 79.—FEuxtension of an india-rubber cord. Make
loops at both ends (Fig. 51), and push two pins, 4, B,
through the cord about an inch away from the loops.

Measure the diameter, in several places, with screw
calipers at the beginning and the end of the experiment.
(Care must be taken not to squeeze the cord unduly.)

Suspend the cord in front of a measure as in
Exp. V6. Hang a scale pan from the lower loop. A
(i) Add weight sufficient to stretch the cord
straight; note the scale readings of both 4 and
B (call the difference of these the initial length).

(ii) Increase the load in scale pan by 20, 40, 60,

ete., grammes above the initial value, note the scale 8
readings of 4 and B for each load. Put the
weights into the pan carefully. Take the readings

a minute or two after adding weights to the pan. Fig.51.

Tabulate (1) load, (ii) scale reading of A, (iii)
scale reading of B, (iv) length AB, (v) extension of cord
(= actual length of AB—initial length of AB).

Plot the lengths, AB, with regard to the loads. The
graph will be a slightly curved line, indicating that the
extension of the cord is roughly proportional to the load.

DEDUCE the mean cross-section of cord in sq. cm. ;
the mean extension in em. per gramme-wt. of load ;
the mean stress = (one gramme-wt.) - (cross-section)
= (981 dynes) +-(cToss-sectjon) ;

the mean strain= (mean extension per gramme-wt.) + (initial
length in ¢n.);
the mean modulus of elasticity for tensile stress = (stress) - (strain)
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TORSION. MOMENTS OF INERTIA,

74. Torsion.—If a body is hung by a filament (silk
twist, cotton, thread, string, wire, etc.) its movements are
more or less affected by the elasticity of the suspension,
for whenever a filament is twisted forces come into play
that tend to make it untwist. These are called torsional
forces, angd the body is said to be affected by a torsional
stress. Their magnitudes are greater when the angle
through which the filament is twisted is larger.

A suspended body when affected only by forces, e.g.
weight, parallel to the axis of suspensiont rests in an
equilibrium position in which the filament is not twisted.
Let the body be turned from this position, the suspension
is more or less twisted and torsional forces come into play:
these oppose the turning movement of the body. If the
body is turning freely, then as the angular space traversed
increases, the opposing torsional forces increase and pre-
sently stop the movement of the body. The next moment
the body, in obedience to the torsional forces, begins to
return towards the equilibrium position. The continued
action of the torsional forces malkes the body gain velocity
from moment to moment, and therefore it does not stop at,
but passes through the equilibrium position; the suspen-
sion now becomes twisted in the reverse way, and torsional
forces again oppose the angular movement, presently stop
it, and then bring the body back towards the equilibrium
position. Again velocity and momentum are acquired, the
body passes through the equilibrium position and swings
over to the first side. The movements are then repeated
and so on. Thus the body oscillates about its equilibrium
position ; it forms a forsion pendulum.

NotE.—The small magnets and mirrors used in reflecting galvano-
meters (§ 205) anud magnetometers (§ 172) are hung by a long single

fibre of cocoon or unspun silk. The torsional forces then called into
play when the magnet is deflected are insignificant.

+ If the suspended Body is a magnet it is affected by the vertical
and horizontal components of the Barth’s magnetism, The latter tends
to twist the suspension, except when the equilibrium position lies in the
magnetic meridian ; the former does not affect it.
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75. Moment of Inertin.—A quantity whose value
depends (i) on the mass of the vibrating or rotating
body, (ii) on the distribution of the mass about and its
distance from the axis of rotation.

DerinrrioN.—The moment of inertia of a particle about
an axis of rotation is the value of the product
(Mass of particle) (Square of its distance from the awis).

The moment of inertia of a body is the sum of the
moments of inertia of its particles.

Parallel axes. If Iisthe moment of inertia of a body, of mass, M,
about an axis through its centre of gravity, and I’, about a pa.rallel
axis whose distance from the ﬁrst is a, then

= I 4+ Ma®,

The moments of inertia. of regular bodies about definite -
axes can be calculated. The formulae may be found in
physical and engineering table books; several cases are
given below. The moments of inertia of irregular bodies
are determined by experiment (§ 77).

VALUES OF MOMENTS OF INERTIA.

Right cylinder, length, I, radius, r, mass, M; .
(i) About an axis continuous with the axis ef} 1 ape
cylinder 7 :
(ii) About an axis through the m1d point, and} u 7o
perpéndicular to axis of cylinder 12 +3
Circular dise, thickness (1) negligible, radius, r, mass, 2f;
(i) About an axis through the centre, and perpen- } 1 a2
dicular to the surface 5 .
(ii) About a diameter as axis %Mrz.
Rectangular prism, edges a, b, ¢, mass, M;
About an axis through the centre, and perpen- } Bl o
dicular to the face contained by edges a, & 12

Rectangular lamina, sides, a, b, mass, M ;
(i) About an axis through its centre, and perpen- } o a? + b2

dicular to the surface 12
(i) About an exis in the plane of the la.mma a2

through the centre of, and perpendicular to M.

the edge, a 12
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Thin rod, length, @, mass, M ;

About an axis through its centre, and perpen-} Ma"
dicular to its length 1z

Sphers, radius, r, mass, M;
About an axis through its centre .Z_Mrz. o

NoTE.—The values for a disc are derived from those for the right
cylinder by assuming the thickness of the disc, /, to be small in com-
parison with the radius, r. Hence neglect the term 2/12. Similarly
a rectangular laminag and thin rod are derived from the prism.

Exp. 80.—The torsion pendulum. Fig. 52 shows a
convenient apparatus for illustrating moment of inertia.
A bar, 4B (boxwood % metre-scale) 18 suspended horizon-
tally by a wire, C. (The figure at the right side shows details
of the clamp, viz.,, a brass or iron strip bent to hold the

bar; a serew stem, S, carrying two nuts; the wire is intro-
duced at D, looped round the stem, and screwed up tightly.
A good clamp is also required at the upper end.) Two
lead strips, I, N-shape, of equal mass, rest on the bar. These
are placed at a definite distance from the axis of suspension,
the bar set vibrating, and the interval of ten or a dozen
swings obtained (sge § 55).

The masses are then shifted to another position, or lead
strips of different mass are substituted. See the record
below.
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RECORD OF AN EXPERIMENT ;—
Bar of wood, 20" x 1" x 15",

105

. Lead strips cach of 1 1b. mass, 2" wide.
Suspension of fine copper wire, 12" long.

Experiment. 1 2 3 4 ) 6

OBSERVED DATA.
Mass each side .. | 0 11b. 2 1bs. 11b. 2 1bs. 11b.
Distance between

wire and centre

of lead strips .. | 0 3" 3" 6" 6" 9"
Relative distances | 0 1 1 2 2 3
Period (in seconds) | 12 18 22-7 29-4 40 42+2

CALCULATED. }
Square of period.. | 144 324 515 864 1600 1781
(Period)? =122 .. | 1 226 3:58 [§ 11'14 12-37
Moment of inertia :

of thesystem .. | I | I+, | I+ 1 I+1; I+ I I+
(Total moment of i

inertia) + 1. ..| 1 | 226 ; 358 6 11-14 12:37

ps I, I p
. 421-26 |L3=2 e Li_10-14 | 28=11

Therefore .... . 7 1-26 2'58 7 5 7 10-14 5 11-37
Relative moments Iy Ly 2881 L, 6 | I, 10-14| L 1137

of inertia for I, I, 1267, 1'26|1, 1-26|1, 126

lead masses only =1 =205 =397 =805 =9-02

or approximately 1 2 4 8 9

Thus doubling the mass doubles the moment of inertia, doubling
the distance increases the moment of inertia fourfold. Also the moment
of inertia is trebled when the mass is trebled, and increased ninefold
when the distance is trebled, ete.

+ METHOD OF CALCULATION.—The moment of inertia of the bar, I,
is constant throughout, and is not necessarily rclated in & simple
manner to the moments of inertia when the lead strips are added.
Hence, if I is subtracted from each of the latter, the respective re-
mainders are the moments of inertia of the lead strips in their several
positions, and should roughly vary as )

(mass of lead strips) X {mean distance from azis of rotation)?,
The subtraction of I is effected by assuming (; 76) the moments of
inertia to vary as the squares of the respective periods. Hence express

the ratio to 7 of the total moment of 'mertia_in each case; then deduce
the ratio to one another of the moments of inertia of the added strips.
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76. Torsion Pendulum.—It can be shown that ¢ = 2x 4 I/e, where
t is the period of oscillation, 7 the moment of inertia of the body
about the axis of vibration, and ¢ the moment of the torsional couplet
called into operation by a unit twist (one radian). The form of this
expression is the same as that for the common pendulum (§ 54).
The torsional oscillations are isochronous whatever the angle (within
wide limits) of vibration.{ It therefore follows that the force of
torsion is proportional to the angle of twist. When there is equili-
brium the moment of the torsion couple equals that of the applied
couple that produces the twist. Therefore the angle of twist is pro-
portional to the moment of the applied couple.

If the dimensions and material of the suspension are varied, then
the magnitude of the torsion-couple
(i) 18 inversely proportional to the length of the wire ;
(ii) is directly proportional to the fourth power of the diameter of
the wire ;
(iii) depends on the material of the wire.

77. To find the moment of inertia of an irregular body about an
axis through its centre of gravity. (1) The body, moment of inertia,
I', is suspended at the end of a firmly clamped wire, and set in oscil-
lation. The period (¢) is determined. (2) A regular body, whose
moment of inertia, 7, can be calculated, is (1) added to or (ii) substituted
for the irregular body, set in oscﬂlatlon, and the period (7') deter-
mined. In case (i) I' is calculated from the relation

I'i{(I+T) =1¢/T%
In case (ii) the relation is \
I'lT = 3] 77, :

TraEORY. The arrangement is a torsion pendulum in Whlch the
moment of inertia of the suspended body is altcred. The suspension
is unchanged ; hence the value of ¢ (see § 76) is constant.

In case (i), t=2r¥Tfc and T=2x¥{I+ I)jc
L T = y{I' + (I+ I}
Exp. 81.—Compare the moments of inertia of a thin cirveular disc (1)

about an azis through its centre and perpendicular to its face, (2) about a
diametey as axis. (The former moment of inertia is twice the latter.)

Exp. 81a.—Compare the moments of inertia of a cylinder when vibrat-
ing about an axis (1) continuous with the axis of the cylinder, (2) through
the centre and perpendicular to the axis of the cylinder.

Exp. 82.—Find the moment of inertia of an irregular body.

+ The forces called®into play when a filament is twisted, compound
into a couple, called the torsion couple.

T In this respect there is a difference from the common pendulum,
“hose oscillations are isochronous for small angles of swing only.
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THE BAROMETER.

78. The atmospheric pressure at any time and place 18
usually measured by the vertical height of the column of
mercury it can support. The height is expressed in either
inches, or centimetres when the temperature of the mereury
is that of melting ice. It varies between 28 to 32 inches,
and 70 to 80 centimetres. The values, 30 inches of mercury
at 32° F. and 760 mm. of mercury at 0°C., are called the
normal pressures.

Exp. 83.—8et up a simple barometer. Select a very clean
glass tube, not less than 32" long, nor 1’ diameter, and
closed at one end; fill it with mercury up to nearly half an
inch from the open end.+ Cover this end with the thumb
and hold the tube slanting so that a bubble of air slowly
moves along it to the closed end, then so that it returns.
This sweeps out small bubbles of air that would otherwise
be left. Now fill the tube completely with mercury, cover
the open end firmly with the thumb, invert the tube and
immerse the end, still covered by the thumb, in a basin of
mercury. Hold the tube in a vertical position, and remove
the thumb : the mercury then falls a little way in the tube
leaving the top part empty.; Carefully incline the tube so
that the mercury runs against the end: if all has been well
done a sharp sound should be heard, there being no cushion
of air to deaden it. Adjust the tube, by a plumb line, in a
vertical position and fix it. Determine the distance in
inches and cms. between.the mercury surfaces in the tube
and basin. This distance is the height of the barometer.
The vertical height is the same when the tube is sloping,
and is unaffected by changes in the bore of the tube. It
increases, or diminishes as the atmospheric pressure in-
creases, or diminishes. As the mercury rises, or falls in the
tube it (slightly) falls, or rises in the basin or cistern. In
less accurate barometers the measuring scale is fixed and
the change of position of the mercury surface in the cistern
is neglected.

+ In making & barometer for permanent use’he tube and mercury
should be well heatsd to remove moisture.

{ The empty space at the top end of the tube of a well made
barometer i8 called the Torricellian vacuon.
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79. The Syphon Barometer (Fig. 53).—A glass tube, PQ,
that has been carefully filled with mercury, has the upper
end of the longer limb closed, that of the shorter open.
Both limbs are graduatedt in inches or
centimetres, reading as in I or IL. be-
low :— v

I. The scale on each limb has the same
zero, situated near the middle of the tube.
The scale on the long limb reads upwards,
the other downwards. When the tube is
set with the limbs vertical, the height of
the barometer is found by adding the read-
ings of the scale positions of the mercury

T

zero situated near an end of the tube.
The barometric height is then equal to the
difference of the readings of the scale
Q positions of the mercury surfaces.
In this barometer the error at the cistern
Fig. 53. is avoided: the mercury rises as high at
one end as it falls at the other.
Hence a change, 2, in the barometric height pro-
duces a movement, 1z, at both ends.
The tube is held by a retort-stand and clamp.
The barometer is then portable. At (€ is an 0
air-trap, constructed as Fig. 54. Air very slowly
creeps along the tube between the mercury and
glass. This is caught at D. Fig. 54.

= surfaces.
0 II. The scale on each limb has the same
c

80. Fortin’s Barometer (Fig. 55).—This is a cistern
barometer with a fixed scale. The base of the cistern,
being made partly of leather, is flexible, and may be altered
in shape by the thumb-serew at the bottom in such a way
that the surface of the mercury can be brought into con-
tact with the tip ¢f the fixed, ivory peg seen through the

[ 2

t Sometimes the tube is mounted on a board, and the scales are also
fixed to this.
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glass side of the cistern. The tip marks
the zero of the barometer scale.

The adjustment of the cistern is done by
looking along the surface so as to see the
peg and its reflected image in the mercury.
Turn the thumb-screw until the tips of the
image and object just touch. A second
method is to place a piece of white paper
or glass behind the cistern, Gradually
raise the surface of the mercury, by turning
the screw, until the space between the tip
and the surface just disappears.

The reading of the upper surface of the
mercury is obtained by a vernier engraved on
a metal slider, PQ (Fig. 56). Adjust as
follows :—Look above the upper surface of
the mercury, M, so as to see
the front edge of the slider, P,
and the back edge, . Move
the slider by turning the side
screw, R, and get the eye into

- such a position that P just
hides @, and the line of sight
touches the mercury surface,
M. Two white triangles (at |
aa) will then show, the mer-
cury surface being convex.
The position of P may be
read by the scale and vernier
(§ 21 (2)). By using the two
edges, P, (), in this way, paral-
lax error (§120) is avoided.

The best barometers are very frequently of the
Fortin type. The internal diameter of the upper
end of tube is not less than about 1”. The scales
are usually of silvered brass, sometimes of glass.
Some barometers are provided wvith but one vernier
and ecale of centimetres or inches; others with
twd, so that the height may be measured in both
units.
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81. Corrections.—1. Capillority, efc. A slight depres-
sion of the mercury is caused by capillarity. The error is
nearly eliminated by using a tube of wide diameter (more
than 4”). This error, and others due to the setting of the
scales, ivory point, etc., are determined by comparison with
a standard barometer, say at the National Laboratory.
The results of the comparison are shown in a certificate ;
from this the necessary correction may be found.

2. Temperature. The pressure of the atmosphere being
conventionally expressed as the length in inches or centi-
metres of a mercurial column when the temperature of
the mercury is that of melting ice, the value read at any
time should, when accuracy is required, be corrected for
temperature. A rise of temperature (i) lengthens the
scale, (i) diminishes the density of the mercury. The
former tends to make the reading too low, the latter too
high. It is shown (§ 82) that if & is the scale reading
(metric) of the barometer, and £° C,, its temperature, then
the height (H) expressed in terms of a column of
mercury at 0° C. can be calculated from the formula

H =h(1 — 0:000164 ¢) mm.

8. Latitude.t If the height of the mercurial barometer
is H mm. at a place of observation in latitude, ¢, then its
height, 4, at the sea level, and at latitude 45°, is nearly

H — 2, cos 2¢ millimetres.]

4. Altitude.t The correction is practically negligible.

5. Atmospheric pressure in C.G.S. units. A barometric
height, A mm, is practically a pressure of

11 % 10° X A dynes per sq. em.}

RULES TO BE OBSERVED IN USING THE BAROMETER.

1. Note the temperature, F.° or C.°, before opening the
case of the barometer.
2. Gently tap the upper end of the tube.

1 The need for th&e corrections arises from the fact that the weight
of, and therefore the pressure due to a column of gnercury depends to

' gome extent on its position on the earth’s surface.

+ These rules are simpler than usual, but sufficiently accurate.
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3. Gently tap the cistern and adjust the surfa,ck of the
mercury to the tip of the peg.

4. Set the vermer.

5. Read the vernier,

6. Correct the reading for capillarity or zero ex{ror by
reference to the certificate.

7. Correct for temperature by calculation.

8. Correct for latitude by calculation.

Exp. 84—Obtain the height of the Fortin barometer on
several occasions. Mention in each case the date and
time of observation. Correct and reduce the readings.
Calculate the atmospheric pressures in dynes per sq. em.

82. To correct the actual reading of a barometer for temperature.

Let % be the scale reading, and ¢ C. the temperature,
A, coefficient of linear expansion of scale per 1° C.,
® s cubical . mercury ,,

The scale has been so graduated that the divisions would be milli.
metres at 0° C. Hence a scale length, 4, at ¢° C. will be 2 mm. at 0° C,

. length of A divs. at £° = A(L + X . ¢) mm

Let A be the density of mercury at ¢,

Ao 13 » 9 Ool
g ,, acceleration of gravity.

Then the pressure due to a column of mercury, A (1 + A. ¢) mm.

high and of density, A,
=3k (l+AN.f) X A xg dynes persq. cm.

Let H mm. be the height of a column of mercury of density, A,
which will give the same pressure as above. The pressure of this
columnis Y5 H.A,.g dynes per sq. cm. Therefore
AAQ X =H.A,y o~ H=(L+A.0)AAA.

A._1 | .og=lErity
A, 14 n.t 1+ u.t
Since A and u are comparatively small
H={1~(ux—\¢t}h practically.

For a brass scale A = 0:000018,

and for mercury u = 0-000182;
s o op— A = 000164,
o H = h(l— 0000164 x ¢) mm.

But
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BOYLE'S LAW.

83. Boyle’s law.—This expresses the relation that exists
between the pressure and volume of a qua,ntlty of gas when
the temperature does not alter.

If a definite mass of gas is kept at a constant temperature
then the pressure, P, varies inversely as the volume, V.

Dzpvcrions.—Since P varies as 1)V, then (i) when P is
doubled, ¥ is halved, when P is trebled, V is one-third, etc.;

(ii) P X V is a constant quantity. The graph of P and
V 1s a rectangular hyperbola ;

(iii) log P +- log V is a constant quantity.
The graph of log P and log V is a straight
line ;

(iv) the density of a gas varies directly as ils
pressure ;

(v) the higher the constant temperature
the greater the value of P X V (see § 97).

Exp. 85.—Demonstration of Boyle's law.
(1) Use a Boyle’s tube (Fig. 57). The short
branch (about 15" in length) is closed, the
long one (about 40”) is open. Both rest over
a scale graduated, say, in centimetres (that
under the ghort limb should be sub-divided
into, say, millimetres). The apparatus is
only suitable for pressures greater than
atmospheric. ¥ix so that the limbs are
vertical. Work over a mercury tray (see
Appendix) on a low stool. Hang a ther-
mometer near the short limb.

The gas used is air. Pour mercury in at
the funnel in small amounts: (i) until its
surfaces stand at the zeros of the scales (this
is not essential, but convenient); (i) add
more mercury, and read the positions of the
surfaces in the limbs ; (iii) repeat five or siz times. Observe
first the height, H, of the barometer (syphon); second,
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the temperature after adding the mercury, but before

113

reading the positions of the surfaces. Record as below.

Obsgervation number L1 ‘ 2 ‘ 3 | 4 i 5 | 6

Barometric height
Temperature .. ..| If variations are serious, work in & more

sheltered spot.
Pogition of the mercury,
surface—
In the closed limb
In the open limb )
Total mereury column .. i
Length or volume of =air
enclosed .. .
column of air
Log (total column)
Log (volume of air)

( Lotal ) X (Volume) } (Numbers should be practically con

stant.)

Plot (total column of mercury) and (volume of air).
Plot log (total column of mercury) and log (volume of air).
Show from the graphs that when the pressure is doubled

or halved, the volume is halved or doubled, ete.

Exrranation: See Fig. 58. When, as in (i.), both sur-
faces are at 0, the pressure of the air in the closed limb

equals that of the atmosphere. Tt is there-
fore expressed by the barometric height (H)
in mm. of mercury. The volume of air
enclosed is measured by the length, 40.

‘When the surfaces are at P,Q, the
pressure of the enclosed air in mm. of mer-
cury is H + (length, QP, in mm.). The
value of this is called the total mercury
column. The volume of air enclosed is ex-
pressed by the length, AP.

Nore—In order that volumes may be
expressed by lengths the bore of the short
limb must be uniform. In an accuyate
experiment it would be graduated into parts

of equal volumé (say cu. cm.). The bore of the long limb

need not be uniform.
PR. PHY.

8

|
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(IL.) In a better form of apparatus (Fig. 59) two glass tubes of about
the same length and diameter are joined by a long flexible pipe (thick-

‘e

N

Fig. 59.

walled india-rubber). Sufficient mercury for the
whole experiment ig8 kept in the apparatus. One
glass tube is closed at an end and fixed, the other
is open and can be raised or lowered. The “positions
of the mercury surfaces are by this means altered :
these can be read on the scales. Values for
pressures less than atmospheric are obtained con-
veniently.

The closed tube, ¥, is graduated in cb. cm.
Hence the volumes are measured directly. A stop-
cock (0) is provided; by conuecting this with a
drying apparatus (see Appendix) dry air, or another
gas may be drawn in for use in the experiment.

The reservoir, R, must be moved with
caution by means of the cord, . When R
is adjusted the cord, §, must be firmly
attached to the stud at the back of the
apparatus.

In working with the apparatus use dry
air. Note the readings of the mercury
surfaces in R and V on the long scale of
centimetres. The difference in the readings
must be added to or subtracted from the
barometric height, H, when the surface
in B is above or below that in V. Read
also the volume of the air in cw. cm. by
means of the scale graduated on V. OQb-
serve and record as above (p. 113).

[



PART II.-HEAT.'

CHAPTER VL
THERMOMETRY, EXPANSION.

84. Thermometers.—The common thermometer+ ccnsists
of a glass capillary tube having a cylindrical or spherical
bulb at one end, and sealed at the other. The bulb is full
of mercury (sometimes coloured alcohol). When its tem-
perature rises or falls, the mercury advances or recedes
along the capillary. The stem is usually graduated into
either Centigrade or Fahrenheit degrees. The scale is
practically, but not essentially, one of equal parts. (The
divisions, however, are not simple fractions of the inch or
centimetre.) The reading of a thermometer is the position
on the scale at which the liguid surface in the capilary
stands.

The temperature of melting ice is conveniently called the
1ce- or freezing-point (0° C., 32° F.); that of water boiling
at the standard temperature and pressure is called the
steam- or boiling-point (100°C., 212°F.) (see Exp. 95).

To identify the scale of a thermometer.—This is hkely to
be either Centigrade or Fahrenheit. Note the reading
(1) when the thermometer is exposed in the room, (2) when
the bulb is placed in the mouth. If the indication is about
60 in the room, and nearly 100 in the mouth, the scale is
Fahrenheit; if about 16 in the room, and nearly 40 in the
mouth, the scale is Centigrade.f

+ For a general account of Temperature and Thermometers see the
Text-Book of Heat. ,
t The normal temperature of the body is 98'4° F. or 36:7° C. ; that of
a room is 62°F. or 16°7°C.
115
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Frequently a thermometer has either the freezing-point

i

s

—t

1.

Fig. 60.

or boiling-point, or both, named: the scale can
then be readily identified.

Beckmann’s Thermometer (Fig. 60). In this the bulb is
comparatively large. The other end of the capillary tube
is blown into a small bulb, bent over, and sealed. 'The
ecale is usually one of hundredths of a Centigrade degree.
The range is only 4 or 5 degrees, This thermometer is
especially useful for measuring small changes of temperature,
If these are to be observed at high values, the instrument is
heated until sufficient mercury has overflowed into the side
bulb. The experiment is then done with what is left. At
lower values more or less mercury is returned to the stem
from the side bulb.

85. Maximum and Minimum Thermometers.—
A maximum thermometer (Fig. 61, thermometer, X)
indicates the highest temperature to which it has
been exposed. Usually the liquid in the bulb is
mercury. The stem is laid horizontally. Aun iron
index (¢) lies in the capillary, but outside the
mercury. When the liquid expands sufficiently
the index is pushed by the mercury surface
further from the bulb, but, because it does not
break through the surface, it is not drawn back on
contraction. Hence the end of the index nearer
the bulb marks the greatest advance of the
mercury. This instrument also shows the tem-
perature at the time of observation.

To read the mamimum temperature in degrees,
note the position on the scale of the end of the
index mearer to the bulb. To set the index for

an observation, slope the instrumen’c a}mdﬂ tap ii‘i gently

until the index has slipped as far as thé surface of\the

Liquid.
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Negretti and Zambra’s form. In this there is a con- .
striction in the capillary close to the bulb that the mercury
in expanding readily passes, but at which the thread breaks
on contraction. This instrument does not show the
temperature at the time of observation.

To read the mazimum thermometer, slightly tilt the
instrument so that the mercury that has passed the con-
striction slowly moves towards, and is stopped
by it. When adjusted in this way the scale
reading of the end of the thread further from
the bulb is the maximum temperature. To set
the instrument for a fresh observation shake the
mercury past the constriction until the bulb is
full.

Clinical or medical thermometers (Fig. 62).
These are sensitive short-range (95° F.to 110° F.)
instruments (normal temperature of body
=984°F.). Some are made with a constriction
(¢) near the bulb, and will then indicate the
maximum temperature.

A minimum thermometer (Fig. 61, thermometer,
N') indicates the lowest temperature to which it
has been exposed. The liquid in the bulb is
usually alcohol. The stem is laid horizontally.
A glass index {») lies in the capillary immersed
in the alecohol. When the liquid contracts
sufficiently the index is drawn by the alcohol
surface towards the bulb, but, as it does not
break through the surface, it is not carried for- Fig. s2.
ward on expansion. Hence the end of the index
farther from the bulb indicates the greatest contraction
of the alcohol. This instrument also shows the tem-
perature at the time of observation.

To read the minimum temperature in degrees, note the
scale position of the end of the index farther from the bulb.
The index is set similarly to that of the maximum ther-
mometer, X (Fig. 61). N

Siz’s mazimum and mintmum thermometer (Fig. 63). In
this instrumen?, which indicates both the maximum and
minimum temperatures which occur during a period of
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observation, there is a {-tube terminated at one end, B, by
a large bulb, at the other end, C, by a small one. The bulb,
B, and stem, as far as m, are filled with alcolol, a thread
of mercury, mm’, occupies the bend, and
the remainder of the stem adjacent to (!
contains alcohol. The branches of the
tube are fixed over scales of Fahrenheit
degrees. In each limb there is an iron
index, 4, ¢, immersed in the alcohol, but
not in the mercury.+ If the aleohol in B
expauds, the mercury surface in the left
hand branch rises and pushes the index,
i, upwards; if it contracts, the mercury
surface in the right hand branch rises
and pushes the index, 7, upwards. The
position of the mercury surface, m, shows
the temperature at the time of observa-
tion.

To read the mintmum temperature,
note the position on the scale of the end
of the index, ¢, mearer the mercury
thread. To read the maximum tem-

Fig. 63. perature, note the position on the scale

of the end of the index, ¢/, nearer

the mercury thread. To sef the instrument, bring each

index by means of a small horse-shoe magnet down to the
mercury surfaces.

Fxp. 86.— Use of thermometers, etc. At a definite time
of day, say 10 A.m., note the temperatures indicated by
various thermometers. Set the indexes of the maximun
and minimum instruments. Sowne hours later, say 10 p.v.,
again note the temperatures, also the maximum and
minimum values that have been reached during the period.
Re-set the instruments and repeat the observations from
day to day.

b

t Each index has a fine spring attached to it (see J'ig. 63, right hand
side). This by pressing against the walls of the tube just holds the
jndex in place.
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TRANSFERENCE OF HEAT.

86. To obtain a curve showing the rate of cooling of a
liquid in a vessel.—F'ill a vessel about three-quarters full
of the hot liquid, immerse a thermometer in it, keep stirring
gently, and note the temperatures after equal intervals, say
of one minute, have elapsed. Also note the
temperature of the room. Tabulate the obser-
vations in two columns, (i) time, (ii) tempera-
ture, corresponding values being on the same
hne. Plot temperature with regard to time,

The calorimeter may be hung from a ring
" by threads, or supported on three small corks,
or a cross made as follows :—Two pieces of
cardboard are cut as in Fig. 64; one is slotted
along a, the other along the dotted line &'

The pieces are put together to form a cross. aﬁﬂ
The calorimeter may be surrounded by a
cylinder or water-jacket (§ 106.) Fig. 64.

Exp. 87.—Obtain the cooling curves for water in a lin
can, whose outside is (1) polished, (ii) jacketed with cotton
wool, (iii) coated with lamp-black (hold it in the smoky
flame of a lamp, or of burning camphor), (iv) when the
blackened can 1s suspended by cotton loops within a larger
one whose inside is bright, (v) as (iv) but when the inside
of the larger can is blackened. Use the same quantity of
water in each experiment, begin observations when its
temperature is about 80° C., and continue to about 40° C.

Tabulate each case and plof all to a large scale on one
sheet of paper. The curves will show roughly the relative
emissive or radiating powers of the surfaces when polished,
(i); blackened, (iii); lagged, (ii); when screened by an
absorptive surface, (v), and a reflecting surface, (iv).

*Exp. 88.—Obtain the cooling curves for water in a tin
can (polished), (1) when nearly full, (2) three-quarters
full, (3) half full.

Tabulate each case and plot all on one sheet. The
observations will show that the smaller quantities cool
more quickly tltan the larger,

* Home experiments are marked by an asterisk, See p. 8.
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Exp. 89.—Oblain and compare the cooling curves for
different liguids. TFill a polished tin can three-quarters
full of (1) water, (2) methylated spirit, (8) glycerine, (4)
petroleum. Begin observations at about 65° or 70°
Get the methylated spirit and petroleum hot by puttmg
the flasks holding the liquids in hot water. Being very
inflammable they must not be heated directly over a flame.
Tabulate each case, plot all on one sheet.

The curves will show that the rates of cooling of different
liquids are slower for those whose specific heats or thermal
capacities are higher.

*Exp. 90.—Warming curve of water. Light a Bunsen
burner, keep it burning steadily during the experiment.
Place a tripod over it. Put about a pound of ice, pieces
the size of a walunut, in a can ; also a thermometer. At a
definite time, place the can over the Bunsen flame, observe
the temperature at starting, and after intervals of one
minute have elapsed. Stir gently with the thermometer
throughout the experiment and continue the observations
until the whole of the water has just boiled away. Also
note the times and temperatures at which (i) all the ice is
melted, (i) the water begins to *‘sing,” (iii) the water
begins to boil.

The thermometer should be removed and the observa-
tions of time and temperature suspended several minutes
before the end. But the time when the water disappears
must be noted, . Then remove the Bunsen burner.

Tabulate (1) times, (2) temperatures, and plot the latter
with regard to the former as abscissae.

Remarks.—Since the Bunsen flame is kept burning
steadily, it can be assumed that equal quantities of heat
per unit time are produced by the combustion.

The graph consists of (i) a short horizontal branch that
rounds easily into (ii) a middle, nearly straight, slopmg
part, (iii) a horizontal line.

The part (i) shows that the temperature of ice and Wafm
is at first constant, but when the proportiof of ice present
is inconsiderable, the heat absorbed from the flame warms
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the water more quickly than the ice can melt, and hence
the temperature rises (compare Exp. 91).

The straightness of part (ii) indicates that the ther ma,l
capacity t of the water is, roughly speaking, counstaut, the
rise of temperature of the water being proportional to
the quantity of heat obtained from the flame. The line
slopes a little less when vaporisation becomes appreciable—
the *“singing” stage; heat is then absorbed in producing
vapour.

The straightness and horizontality of branch (iii) demon-
strate the constancy of the temperature of boiling. The
heat absorbed from the flame now no longer affects the
thermometer; it is all used in inaking steam. The fact
is generally expressed by saying that the heat becomes
“lJatent.” 'The constancy of the temperatures of melting
ice and boiling water is taken advantage of in graduating
a thermometer.

Observe that the interval of time taken to heat the water
from ice- to steam-point is not quite one-fifth of that
required to boil away the whole of the water. Thus it
takes more than five times as much heat to convert a
quantity of boiling water into steam, as to raise the water
from ice-point to boiling. This is a rough measurement
of the latent heat of vaporisation (Exp. 119).

*Exp. 91.—Warming curve of ice. Put about a pound
of ice into a vessel exposed to the warm air of the room:
note the temperature at intervals of, say, five minutes;
note the time when all the ice has melted.

Tabulate and plot time and temperature.

The graph is first horizontal, but at the time when
all the ice has melted turns upwards and continues as a
slightly sloping straight line. Hence the femperature of
melting ice is constant : the heat absorbed becomes « latent,”
and is used in producing the change of state from ice to
water.

’

1 The thermal capacity of a mass of water hags & mwmum vslue
at about 40° O., and is about 0-7 per cent. larger at the ice- and steam-
points.
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GRADUATION OF THERMOMETERS.

Exp. 92.—Mark the fized points of a mercurial thermo-
meter.t Use an ungraduated thermometer.

Ice-point : place the thermometer in a large glass, pack
small pieces of ice round it. After a little time twist a
piece of fine wire or tie cotton (a double turn) tightly round
the stem and push it to the point where the mercury
surface stands when the bulb is in ice.

Steam-point : Boil water in a flask. Hang the thermo-
meter in the steam (not in the water). After a little time
mark, as before, the position of the mercury surface.

Immerse the thermometer in (1) a hot and (2) a cold
bath, mark the positions of the mercury surface. Note
also the temperatures of the baths with a Centigrade
thermometer. ’

Measure the distances between the ice-point (A) and
each of the three marks, B, C, and steam-point, D.
Calculate AB/AD, AC/AD. Deduce the temperatures of
the baths on the Centigrade and Fahrenheit scales.
Compare the results with the observations by the Centi-
grade thermometer.

Exp. 983.—Comparison of two graduated thermometers.
Place the thermometers, 4,B, together in a bath. One of
the thermometers, A, is to be considered as the reference
or standard thermometer. Warm the bath to definite
temperatures as indicated by 4, say 0°, 10°, 20°, ete.
Note the respective readings of the other thermometer, B.
Between the temperatures of observation the bath may be
heated quickly, but when near to one of them adjust the
Bunsen flame so that the temperature changes very
slowly: stir well. Compare a Fahrenheit thermometer
with a Centigrade. Plot (i) the readings of the Fahrenheit
thermometer with regard to those of the Centigrade, also (ii)
Fahrenheit temperatures equivalent to Centigrade. (The
latter is a straightline: 50° F. = 10° C,, 140° F. = 60°C.)

If the curve obtained in (i) is approximgately a straight

1 This experiment is a rough, illustrative onc,
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line, then the bore of B is practically as uniform as the
standard. If the curve is definitely above or below the
straight line of equivalent temperatures (ii), it is likely
that the scale has been badly fixed to the stem.

Exp. 94.—Graduate an alcohol thermometer. An un-
graduated alcohol thermometer is provided. As aleohol
boils at 78° C., temperatures higher than this (amongst these
is the steam-point) cannot be determined. The instrument
is graduated by direct comparison with a standard mercurial
thermometer. Immerse (see Exp. 93) the thermometer
successively in baths at 70°, 45°, 20°, 0° (ice and water),
— 10° (ice and salt), as indicated by the standard thermo-
meter. In each case mark the position of the alcohol
surface with cotton. Measure off by compasses the dis-
tances between the marks, transfer them to a card, and
divide the spaces so that the scale may read to 5°. Bind
the card to the stem by fine wire.

Exp. 95.—Correct the fixzed points of a thermometer. (1)
The ice- or freezing-point. Hold the thermometer by a
clamp in a can (Fig. 65) or funnel. Surround
the thermometer with small pieces of ice,t heap-
ing it round the stem until the mercury surface
is only just exposed at the front. Allow the
thermometer to remain in the ice bath for 10
or 15 minutes. Then estimate its reading in
tenths of a degree. The difference between
the reading and the mark O (32 on a Fahrenheit
thermometer) is the error af the ice-point. The
error is reckoned + if the observed position is
below the ice-point mark on the scale, — if
above.

(2) The steam- or boiling-point. The hypso-
meter (Fig. 66) is usually employed. (An
easily constructed form is shown in Fig. 68.)
Water is boiled in the lower part, the steam
rises through the central tube, down hetween
the centre and outsnde and issues at the side. (Use a tm*

 Well wash the ice to remove galt, the presence of which sensibly
lowers the melting-point.




124, THERMOMETRY, EXPANSION,

to catch the water that drips from this.) Thus the central
tube is steam-jacketed. The gauge (left side) shows the
difference, if any, between the pressure of the steam and
that of the atmosphere. The thermometer passes through
a cork in the lid, and is
suspended in the steam in the
central tube. Adjust it so
that the end of the mercury
column just shows above the
cork. The thermometer should
pass easily through a hole in
p (’l © thecork. (If loose put a small
piece of rubber tubing round

it to prevent it from falling
through.) (i) Note its indica-

T tions every two minutes, the
reading being estimated to,

«% at least, tenths of a degree.
9 DBetween these times observe
¥ (ii) the temperature, (iii) the
7 height of the baronieter every
y  two minutes. When several
.  bractically constant readings
y of the three quantities have
4

been obtained the experiment
is completed. The stem may
conveniently be viewed with a
telescope placed with its axis
horizontal some distance off.
Remember in making the read-
ing that the image in the
telescope is inverted. Tabulate (i) thermometer reading,
(ii) barometer temperature, (ii1) barometer reading.

From the final barometer reading calculate the atmo-
spheric presspre, A, in mm. of mercury at sea level,
latitude 45°, and 0° C. (§ 81).

Calculate the boiling-point (f) of water at pressure, 4,
by asswming that”the temperature of boiling alters at the
rate of 1 C.° per 27'3 mm. (of mercury) ch&nge of pressure,
or 0-037 C.° per 1 mm. (of mercury) change of pressure.
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Hence (4 —760):2783 = (¢~ 100):1
t —100=(4 — 760) =273 = 0-037 (4 — 760).
The difference between the reading of the thermo-
meter and the actual temperature, ¢, is the error at the steam-
point.  The correction is reckoned -+ if the reading is less
than ¢, and — if greater.

TABLE.

The following are corresponding values (Regnault, Brock) of boiling-
points of water and atmospheric pressures :—

Boil.-pt. water 99-0 996 100-0 100-6 101
Doy, Conoreny o }[ 7316 | Te6ss | 76000 | 77373 | 78767
Dynes p,er 8q. cm. |[977500|995300(| 1013300 | 1031600 | 1050200

MELTING-POINTS.

87. To find the melting-point of a substance.—Mernop I.
Close and blow one end of a length of quill tubing into a
bulb (1 inch diameter) with thin walls, or draw out the
quill tubing to form a coarse capillary tube with thin walls.
Fill the tube with small pieces of the substance whose
melting-point is to be determined. Fasten it to the thermo-
meter by fine wire, so that its closed end is against the bulb
of the thermometer. Immerse in a water bath. (Use an
oil or hot air bath if higher temperatures are required.)
Heat and stir the bath; note the temperature when the
substance appears to melt. Remove the flame and allow
to cool, stir; note the temperature when the substance
appears to solidify. 'These temperatures indicate the post-
tion of the melting-point. Replace the Bunsen flame and
turn it low, so that the bath heats very slowly ; stir gently.
Note as before the temperatures when the substance
appears (1) to melt on warming, (i) to solidify on cooling ;
repeat until the temperatures differ very slightly in several
successive determinations. Assume the melting-point to
be the mean of these temperatures.

Merion IT. In the case of a wax immerse the thermo-
meter in a quantity of the inelted substance, on withdrawing
some adheres to it. 'When this solidifies the bulb assumes a
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dull appearance: note the temperature when this shows
itself. Next hold the bulb in the hot air, say, a foot above
a Bunsen flame. Note the temperature when the dulling
disappears. Repeat until the temperatures of the appear-
ance and disappearance of dulling differ only slightly.
Assume the melting-point to be the mean of these.

Mzraop IIL. Place a quantity of the substance in a
vessel and melt it.+ Then place the vessel within an en-
closure (§ 106) and make observations of time and
temperature. Tabulate the values and plot the cooling curve.

The first part of the graph due to higher temperatures
slopes steeply downwards, the next is less steep or horizontal,
and rounds into a third part sloping downwards.

‘When the second portion is straight and horizontal, it is
inferred that the substance melts at a definite temperature,
viz. that temperature on the vertical axis in line with the
horizontal part. When the second portion slopes more or
less, then the substance has no definite melting-point, but
is one that is in a plastic, or partially fluid condition over
a more or less considerable range of temperature.

" When alloys are melted and allowed to cool, the curve obtained
often shows more than one nearly horizontal portion. Each of these
marks the melting-point of one of the metallic constituents, or a stable
alloy formed between two or more of them,

To investigate the melting-point of an alloy it is convenient to use a
cylindrical iron vessel. An iron rod is welded into its base and rises
from it internally and centrally. The rod is bored with an axial hole
large enough to take & thermometer bulb easily. The space between
the bulb and tube is filled with mercury, or jiron or copper filings. By
using special thermometers high melting-points may be determined.

Exp. 96.—Find by using small tubes the melting-points of
paraffin waz, beeswaz, sulphur, etc.

*Exp. 97.—Find by a cooling curve the melting-poinis of
paraffin waz (candle), and beeswaz.

Exp. 98.—Find by a cooling curve the melting-point of
naphthalene.

Exp. 99.—JInvestigate by cooling curves the 1;zeltiﬁy-pointa of lead, tin,
solder, and an alloy of #n and lead (sey 6 lead 1o 1 fin).

- -
T Melt the substance by placing the vessel holding it in (i) hot
water, (ii) hot giycerine, or a hotter liquid, if necessary.
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v

' BOILING-POINTS.

. 88. To find the boiling-point of a liguid.—Boil the liquid

in a flask or large test-tube and arrange a thermometer so

that its bulb is in the vapour from the liquid. To make

the boiling regular put fragments of glass or earthenware

in the vessel. “Note the highest temperature (Whlch should

remain constant for five minutes) in-

dicated by the thermometer: this is the

boiling-point of the liquid at atmospheric

pressures. Observe also the height of
the barometer.

To determine the boiling-

point of a saline solution, plice

( A the bulb of the thermometer

D u in the liguid and read the tem-

perature when boiling begins.

=S ApparaTus.—L. Fita cork

to a flask or large test-fube,
% bore two holes through it,
pass a thermometer through
one, and a discharge tube
8 through the other.

II. It is an improvement
to arrange so that the ther-
mometer bulb lies in a tube

= jacketed by the vapour. A

Fig. 67. satisfactory method of doing 8
this is to fix by fine wire a ——
thin-walled glass tube, B (¥Fig. 67), to
the inside part of the delivery tube. Its —/0——=—7
upper end should be a little below the -
cork, its lower should dip into the liquid. Fig. 68.

Fig. 68 shows & similar apparatus consisting of a wide-necked flask
fitted with a lengthening tube, E. It can be used with long thermo-
meters or as a hypsometer (Exp. 95). A pressure gauge, ¢, may also be
fitted. The tube, E, may be fixed in the neck of the flask by rag, the
L oint need not be very tight. Support the apparatus on a retort stand ;

old the tube, E, by a clamp.

*Exp. 100.—Fjnd the boiling-point of metkylated spirit,
etc. Beware of inflammable vapours. A condenser should
in such cases be attached to the delivery tube, 4.
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*Exp. 101.—PFind the boiling-point of a solution of salt.
Weigh 50 grms. of salt, dissolve in 500 cu. cm. of water.
Find the boiling-point of (i) the above solution, (ii) equal
volumes of the solution and water, (ili) one volume of
golution, two volumes of water, ete.

VAPOUR PRESSURE.

89. Vapour pressure (sometimes called vapour fension).
—Dalton showed that the pressure exerted by a vapour
cannot exceed a certain maximum, the value of which
depends on the nature of the vapour, and the temperature
of the space in which it exists; it is unaffected by the
pressure of other gases, vapours, etc., present in the same
space. A table showing the values for water at different
temperatures is given in the Appendix. The graph
obtained by plotting these values is a curved line rising
more rapidly at higher temperatures. In a given space
at a temperature, ¢, the pressure of the vapour present
may have any value less than the maximum for ¢. The
actual value is practically proportional to the density
(mass per unit volume) of the vapour within the space;
it may be increased up fo the mazimwm by augmenting
the quantity of vapour, diminishing the space contain-
ing it, or increasing the pressure. When the vapour
pressure has the maximum value the vapour is said to be
saturated, when below this value it is wnsaturated or dry.
A saturated vapour is in such a condition that the slightest
increase of pressure, diminution of volume, or lowering of
temperature condenses a portion into liquid. The maxi-
mum vapour pressure at £” is called the saturation pressure
at 1°; the maximum vapour density at £ is called the
saturation density at . A vapour is always saturated if
some of the liquid from which it is formed 1s in the same
space. If the space containing vapour and liquid is in-
creased more liquid evaporates, so that the saturation or
maximum pressure may be maintained. The rate of
evaporation depegds on the pressure on the liquid surface,
whether due to the vapour or other gases. If the space
continues to increase after all the liquid has evaporated
the pressure will fall, and the vapour becomes unsaturated.



THERMOMETRY, EXPANSION. 129

Exp. 102.—Find the vapour pressure of ether, etc., at the
temperature of the air.

‘Work over a mercury tray on a low table.

Carefully fill fwo barometer tubes with mercury as in
Exp. 83. Clamp each to a heavy retort stand, side
by side in a vertical position, with the open ends
immersed in a vessel of mercury. One tube (B) is to act
as a barometer ; no liquid is to be put into it. Into the
other (4) introduce a little ether. This is conveniently
done by using a pipette whose jet is bent up so that
it can be poked into the open end of the tube while
under the mercury. Observe that as soon as the ether
reaches the top it evaporates and the mercury column
is depressed. Mark on B, by stamp paper, the level of
the depressed surface in A. Unclamp the tube A4, hold
it firmly by hand and slowly slope it. The depression
will increase a little, but the volume of tube above the
mercury will diminish. As soon as a layer of liquid
ether shows on the surface in 4, clamp the tube, and mark
on B, by stamp paper, the level of the surface in A.

Again clamp the tube vertically, add a little more ether,
and. repeat the observations.

Continue to add small quantities of ether, and repeat the
observations until a thin layer of the liquid remains when
the tube is in the vertical position,

It will be found that the initial depression is greater as
more ether is added, but the second mark is always the lower
and keeps at a constant level. Hence the pressure of the
unsaturated vapour (when no liquid is present) rises as the
quantity of ether is increased to a maximum, viz., the
pressure of the saturated vapour, but does not increase
beyond this. Note that, in the last stages, sloping the
tube largely increases the layer of condensed ether.

Finally clamp the tube vertically, and measure the differ-
ence of level of the mercury in the tubes, by applying a
em. scale, or using compasses.

Note the temperature, £, of the air.

Find similarly the vapour pressure at#> €. of alcohol;
also of water. Use separate tubes and pipettes for each
substance.

PR. PHY. 9
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HYGROMETRY.

90. Hygrometry deals with the measurement of the
quantity of aqueous vapour present in the air. A deter-
mination is made of the relative humidity (also called the
humidity or fraction of saturation): this is defined as the
ratio of the actual pressure of the water vapour present in
the air at any time to the maximum or saturation pressure
for the same temperature. Practically the fraction-of-
saturation is also equal to the ratio of the mass of vapour
present per unit volume to the saturation density.

If moist air is cooled a temperature will be reached when
vapour begins to condense. 'This temperature is called the
dew-point. It is the temperature at which the vapour
actually present would be saturated. Now the saturation
pressure at the dew-point equals the pressure of the
aqueous vapour at higher temperatures. Hence the

Jraction of saturation or relative humidity
- (saturation-pressure af the dew-point)
= (saturation pressure at the actual temperature of the air)’

The simplest way to measure the humidity is to find (i)
the dew-point (T'), and (ii) the temperature of the air (f),
then (iii) calculate the fraction-of-saturation by looking
out from a table (§ 92) the vapour or saturation-pressures
at ¢° and T°,

*Exp. 103.—The Dew-point (§ 91). Half fill a thin
glass (plain ruby or green) with water from the tap. Add
pieces of ice, stir with thermometer, and note the tempera-
ture (T) when a deposit of moisture begins to show on the
glass. This is the dew-point. Dry the thermometer and
note the temperature (#) of the air. Look up in a table
(§ 92) the saturation pressures at these temperatures and
calculate the fraction of saturation.

*Exp. 104.— Wet and dry bulb. Suspend the thermometer
(clean and dry) and expose to the air, note temperature (£).
Loosely wrap a piece of string round the bulb and well
moisten it. After a little time note the temperature (¢,) of
the wet bulb. Obtain the dew-point and fraction of satura-
tion as in § 92.
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91. Hygrometers.—These are instruments for deter-
mining the humidity of the air.

Chemicul hygrometer—1In this an aspirator draws a measured volume
of air throngh two drying tubes.  Of these the one further from the
aspirator is weighed at the beginning and at the end of the experiment :
the increase in weight is that of the water vapour absorbed from the
air that has passed through. The second drying tube absorbs the
vapour that may diffuse from the aspirator. (See Texi-Book of
Heat.)

Dew-point hygrometers.—(1) Daniell's hygrometer
(Fig. 69). A closed glass tube bent at right angles has
a large bulb at each end. Omne of these
(B) 1s wrapped in muslin. The other
(4) holds ether, into which a thermo-
meter (¢) dips: this bulb is frequently
gilded or made of black glass, in order
that the first deposit of dew may be
easily seen. The tube is held by a stand,
to which is also fixed a thermometer, ¢,
for showing the temperature of the air,

To find the dew-point, tilt the instrument .
go that all the ether passes into 4, moisten the muslin well
with ether and carefully observe the surface of the bulb, 4,
in a good light (ineident obliquely). Note the temperature
indicated by ¢, as soon as (1) dew appears, and (ii) disappears.
The mean of these is the dew-point. Note also the tem-
perature of the air. Note whether the thermometer
readings are C.° or F.¢

Nore.—The observer should place a large sheet of
glass between himself and the instrument. If a fine wire
is drawn over the surface of the bulb it is easy to
detect the first traces of moisture.

The Daniell’s hygrometer is unsatisfactory in practice, because (i)
it is difficult to detect the first appearance of dew, (ii) the surface
layer of ether from which the evaporation takds place is colder than
the bulk of the liquid of which the temperature is indicated by the
thermometer, and (iii) as the observer stands near the instrument
his presence is likely to affect the hygrometric conditions there,
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(2) Regnault’s hygrometer (Fig. 70). A smooth, well-polished, thin-
walled silver thimble, 8, is
cemented to the end of a glass
tube, 7. A cork carries & ther-
mometer, ¢, and a tube, d, whose
inside end is near the bottom of
the thimble. The side tube, e,
is joined to an aspirator (4).
There is usually a second thimble,
&', and tube, not connected how-
ever with the aspirator. The
thermometer, ¢, shows the tem-
perature of the air,
Fig. 70. To find the dew-point, arrange a
telescope to view the hygrometer
from a distance. Place ether, or alcohol in §, and
adjust the aspirator so that air freely bubbles
through the spirit. Note the temperature of ¢
when (i) dew appears, (i1) disappears (after stopping
the bubbling) ; also the temperature of air (by ).
Observe whether the readings are C.° or F.°
By watching and contrasting the two silver
surfaces it is easy to see when the dulling due to
the deposition of moisture begins and disappears.
Also, by adjusting the aspirator, the rate of
cooling may be controlled so that the temperatures
. of the appearance and disappearance of dew are
very nearly the same.

92. Wet and dry bulb, or Mason’s hygro-
meter (Fig. 71).—Two thermometers are
suspended side by side. One of these
indicates the temperature of the air. The
bulb of the other is covered with muslin
kept moistened by a tail of lamp-wickt
that dips into an adjacent cup of water.
This wet bulb thermometer shows, except
when the air is saturated, a lower tempera-
ture than that of the dry bulb.

To find the dew-point, observe the tem-
perature of (i) the dry, (ii) the wet ther-
mometer (note whether the readings are
C° or F°). Refer to the table .below:
from the top line look out the difference between the wet

+ The wick should be boiled in washing soda to remove grease and
then in water, before attaching as above.




THERMOMETRY, EXPANSION. 133

and dry readings, follow down the column under this, and
pick out the number (f) that is on the same line as the
air or dry bulb temperature in the first column. This
number (f) is the pressure in mm. of the vapour actually
present in the air at the time of observation, The second
column, under difference 0, gives the saturation pressures
of aqueous vapour at the temperatures indicated in the first
column, Hence look down the column under O for the
number equal to f: the temperature beside this is the
dew-point (calculation may be necessary).

To calculate the fraction of saturation.—Write as the
pumerator of a fraction the number (f) in the second
column beside the dew-point (7° C.) in the first, and as

' denominator the number in the second column beside the
air temperature (¢° C.) in the first. Express the fraction
as a decimal: then the result as a percentage (example,
Exp. 105).

WET AND DirY BurLB HYGROMETER (from Smithsonian Table 170).

Reduce observations to C.° and mm, pressure.

o B Difference between Wet and Dry Bulbs in C°.
g
<ﬁ0’1|2]3|4|5'6}7\]8|9;10
C.° Saturation Pressures in mm. of Mercury.
0 46| 37| 29| 21| 13
2 53, 44| 36| 227 19| 1-1( 03
4 6°1] 52| 43| 34| 26| 18] 09
6 70) 60| 51| 42| 33 2:4] 1'6
8 8:0] 70| 60| 50| 41| 32, 23| 14| 06
10 | 9-2f 81| 70| 6:0( 50| 40| 31| 22| 13
12 [10°5| 93| 82| 7-1( 6:0 50| 40| 30| 21| 12| 03
14 [11910°7| 94| 83| 71| 61| 50| 40| 307 201 11
16 [135|12:2(109| 97| 84| 73| 6:0| 50| 40| 30 19
18 [15-4|13-9|12-5)11-2| 99 86| 74| 63| 51| 40| 30
20 | 174|159 143 |12-9|11-5[10-2| 88| 76| 64| 52| 41
22 |19-7118:0|16-4(14-8|13-3|11°9|10°5( ,9'1| 78| 66| 54
24 |222/20-4|186|17-0|15'3|13:8]12-3 10‘9 94 81| 68
?

For intermediate tempera(ures take proportional values.
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Exp. 105.—Find the dew-point by the hygrometers sup-
pleed, and the fraction of saturation of the aimosphere.
Calculate the mass of a cubic mebre of the moist air, and of
the aqueous vapour present in it. Observe the dew-point
(T),+ temperature of air (t), reading of barometer (&),
temperature of barometer (#). Record and calculate
(using logs.) as below:

Observations—

Hygrometer : temperature, wet bulb, 12°C. ; dry bulb, 15°C.

Barometer : temperature, 15°C. ; height, 77-41 cm.

Caloulation of dew-point : difference betwcen wet and dry bulb = 8°.
Then vapour prossure = 9 mm. Then dew-point = 9-7°C.
Saturation pressure at 15° C. = 12'7 mm.,

. fraction of saturation = 9/12:7 = 0-71 or 71 per cent.

Correction of barometer : height in centimetres

= (1 — 0-000162 x 15) x 7741 = 77-22.

Calewlation of mass of a cubic metre of moist air:
the total pressure = 77-22 cm., vapour pressure = 0-9,

.~ pressure of dry air = 7632 cm.

Therefore mass of 1 cubic metre of (§ 71)

213 7632 1o

dry air = 0-001203 x 555 X 5 = 1231 gmn.,
aqueous | _ 5 Ve 273 _ 09 6
vapour } =35 x 0001293 x 598 X % x 10 9 gm.,

moist air = 1231 + 9 = 1240 gm.

EXPANSION,

93. Expansion.—Most bodies when heated increase their
dimensions proportionally in every direction: that is, if
for a certain temperature range the length increases by -
1/100th per cent., the breadth and depth will also increase
by the same fraction.

Dxy.: Coeflicient of linear expansion.—The ratio of the
increase in length, in any direction, produced by a rise of
temperature of 1°, {o the original length in the same direction
is called the coefficrent of linear expansion (symbol a),

[ 4

t With the wet and dry bulb hygrometer the dew-point need not be
determined.
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Similarly the coeflicients of superficial (8) and of cubicat
(y) expansion are the proportional enlargements of area
and volume respectively. ‘

If L, S, V, are respectively the length, area, and volume
to begin with, and I, 8, ¥, the same quantities after heating
through ¢, then the three coefficients of expansion are

o g _L—1IL,
() Lanear, a = Tt

§-8,.
S,.t°

; o L=L,(1 + ab).

(i) Superficial, f = s 8=8,(1 4+ Be).

(iiy Cubical or Volume, y = VV— Z° i V=7,(1+91).
The °
cubical coefficient =3 (linear coefficient) ; or y = 3a.

superficial coefficient = 2 (linear coefficient) ; or f = 2a.
For liquids and gases the volume or cubical coeflicient is
the only one considered. With these it is frequently most
important to deal with change of density rather than -
change of volume (see below). ‘
Relation between density (D) and the volume coefficient
(y)—Let D, and D be the densities at the inital and final
temperatures (difference = ¢°). Since the volume of a
given mass is inversely proportional to the density, then

4 1_ D, 1_D,—D

YRV, 3T D.t 1T '

. D.t
whence Dy, =D (1 + ~&).

94. To fill with a liquid a bulb having a capillary stem.
—(1) Attach a small thistle funnel by a short length of
caoutchouc tubing to the stem. To stiffen the arrange-
ment bind a piece of glass tubing partly to the stem,
partly to the funnel. Pour some of the liquid into the
funnel. For a short time (3 min.) hold the bulb over, not
in, a Bunsen flame ; move it about while doing so. With-
draw the bulb from above the flame, and allow to cool.
Liquid passes ddwn the capillary and partly fills the bulb.
Now boil the liquid in the bulb, then allow to cool: the



136 - THERMOMETRY, EXPANSION.

vapour in the bulb condenses, liquid flows down the capil-
lary, fills the bulb and part of stem. Remove the funnel
and tubing, then allow to stand.

(2) When it is inconvenient to attach a funnel, warm
the bulb, then immerse the end of the stem in the liquid:
some of it rises into the bulb. Boil the liquid in the bulb,
and again immerse the end of the stem in the liquid: the
bulb cools, the vapour condenses, and the liquid passes
into and fills the bulb.

(8) When the liquid is mercury or glycerine, it is well
not to boil it. Repeat the warming and cooling of the
bulb until it is full.

If bubbles appear shake them out. To do this safely,
hold the stem close to the bulb, lay it roughly parallel to
the arm with bulb outwards, then jerk smartly from the
elbow. By holding it with the bulb inwards liquid may be
jerked out and bubbles in.

(4) Bulbs may also be filled by placing them and the liquid in a
bottle from which the air is exhausted by an air or vacuum pump.
If the end of the slem is immersed in the liquid, this will be
forced into the bulb when air is admitted into the vessel after
exhaustion.

Exp. 106.—The Volume Dilatometer. Find the apparent
exzpansion of wafer. TUse a glass bulb with a capillary
stem. Make several fine file marks on the stem.
(Bulb, 14 diameter; capillary bore, ;%" diameter;
stem, 20" long; marks about 2 inches apart.) Slightl
warm the bulb, immerse the end of stem in mercury, pici
up a thread of mercury, 6 or 7 inches long. Then obtain
the mean cross section (a) of the bore of tube (Exp. 68).
Get the mercury out of tube by warming the bulb. Weigh
the empty tube (W;). Fill it with distilled water that
has been boiled some time (to remove air). Arrange so
that at ordinary temperatures the liquid stands just below
the first file mark nearest the bulb: clean and dry the
outside, and weighe(W,). Measure the distances between
the first and succeeding marks with a finely divided scale
or travelling microscope. Let I, I, etc., be the values of
these lengths.
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Immerse the bulb in a water bath, and adjust the source
of heat (a small flame some distance below) so that the
liquid surface in the bulb remains at the first mark on the
stem for several minutes. Ieep the bath well stirred
Finally note the temperature, £,.

Similarly for the second (temperature, #,) and succeedmg
marks (temperatures, ¢, f,, etc.).

Tabulate and plot lengths and temperatures. The graph
‘will not be quite straight. Find the mean length (I) ex-
panded per degree from 25° to 50°, from 50° to 75°

Calculate the

" coefficient of apparent expansion between
any two temperatures
(increase of volume)
(untlal volume) (change of temperature)
(length between two marks) X a
(W — 7)) (difterence of temperature)’
Similarly jfind the apparent expansion of
alcohol, glycerine, etc. The specific gravities of

liquids other than water must be determined.
Then initial volume = (¥, — W,)/(Sp.g.).

Fig. 72.
A convenient form of volume dilatometer is illustrated
in Fig. 72. Two capillary tubes pass from the bulb. The open
end, 4, is immersed in the liquid to be experimented upon. The bulb
is filled by suction at B. The end, 4, is ground flat, and is closed
by holding a small glass plate a.gamsb it by a rubber band (dotted).

95. Absolute expansion of a liquid.—To find the co-
efficient it is necessary to obtain (i) the cubical expansion
of the vessel holding the liquid, (ii) the apparent expansion
of the liquid relative to the vessel. The absolute or actual
coefiicient of expansion of the liquid is equal fo the co-
efficient of cubical expansion of the vessel added to the
coefficient of apparent expansion of the liguid.

(i) To find thg expansion of the vessel it is filled
at a_definite temperature, #,, with mercury, a liquid whose
ahenlita enafficient of avnancian is  acenrataly  known
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(=00001815 per C.°). It is then heated to a tem-
perature, ¢,, the mercury that flows out is collected and
weighed. The weight of mercury in the bulb is also
determined. Then the
coefficient of apparent expansion of mercury in the vessel

. mass of overflow

- range of \ - mass of mercury in

temp., {, — ¢, vessel at higher temp.

Then the

(cubical coefficient of the vessel)

= (absol. coef. of mercury) — (apparent coef. of mercury).

(ii) To find the absolute expansion of the liquid.—The
vessel is filled at a definite temperature with the liquid.
It is then warmed to a second temperature, and the liquid
that flows out is collected and weighed, or the overflow is
determined as the difference between the weights of bulb +
liquid at the two temperatures. Then the
coeflicient of apparent expansion of liquid in vessel

_ mass of overflow

— [/ range of « (mass of liquid in vessel at )

tempera,ture) higher temperature.

Then the
(absolute coefficient of the liquid)

= (apparent coef. of liquid) 4 (cubical coef. of vessel).

96. Apparatus.—A. stout cylindrical bulb with capillary
 stem, like Fig. 73, must be used when mercury
is worked with. Such bulbs are frequently called
weight thermometers, because the temperature
may be deduced from the amount of mercury
that overflows from the bulb. A specific gravity
bottle is sometimes used for finding the appaient
§ expansiom of lighter liquids.
. The vessel is put in a basket of wire gauze
Fig. 73. which is suspended in a bath of water or oil,
arranged so that it can be heated to different temperatures
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To heat the bulb.—Use the heater described in § 99.
The bulb is put into the inner tube with its stem projecting,
and so arranged that the end can be immersed in mercury
in a small vessel (crucible). Pack, by placing metal dises
at the bottom to make the height right: fill in the sides
loosely with small pieces of copper foil or brass mails.
Heat is then readily conducted to the bulb. Cover the
neck with cotton wool. Fill the heater with water (glycerine
or oil for higher temperatures), and warm over a Bunsen
flame.

To fill the weight thermometer with mercury.—Use a
mercury tray throughout the operations. Put the bulb
in a wire gauze basket (flat bottom) attached like a butter-
fly net to a ring, rod, and handle. Place alighted Bunsen
and a vessel of distilled mercury in the tray: also some
wooden blocks. Arrange the latter to support the rod and
basket, and also the vessel of mercury so that the end of
the stem of the bulb is immersed in the liquid. Warm the
bulb (do not make it hot, it is liable to break) and mercury
by playing the Bunsen flame round. Put the end of
the stem under mercury and allow to cool. Repeat until
the bulb is full up to the stem (each time warm only the
upper portion where the air is). Gently tap the bulb
several times. Finally well warm it, and when all the air
has been expelled put the end of the stem under mercury
in a small crucible, again warm, then leave to cool. When
cold lift the bulb with one hand, the crucible by the other,
and arrange in the heater, taking care during the adjust-
ment to keep the end of the stem always under the mercury.

To get the mercury out of the bulb, first well warm it, -
then allow to cool with the end of the stem in air. Get the
air bubble into the bulb, warm it, allow to cool. Repeat
until empty.

Exp. 107.— Determine the cocfficient oy expansion of the glass of a
weight thermometer.

(1) Weigh the bulb, empty, clean, and dry.

(2) Fill the bulb with mercury. »

(3) Make a bath at 0° C. (water and ice). . Put a thermometer and
wire stirrer in the fath. When the bulb, etc., has remained in this for

some time, remove the crucible containing the mercury and substitute
a small empty porcelain erucible that has been weighed beforehand.
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(4) Warm the bath carefully to about 50°, (It may be heated pretty
rapidly to, say, 45°, and then very slowly.) Adjust the Bunsen flame
so that the bath keeps at one temperature for, say, 5 minutes. This
can be assumed to be the case if no drop of mercury issues from the
weight thermometer during the period. Note the actual temperature
of the bath. Remove the crucible containing the overflow and weigh
on a sensitive balance.

(6) Replace the crucible (still containing the overflow), and heat the
bath up to boiling. XKeep as before the bath and bulb at one tempera-
ture for, say, 5 minutes ; note the temperature of the bath. Remove
the crucible containing the overflow, and weigh on a sensitive balance.

(6) Finally weigh the mercury and bulb (the balance must be strong :
do not use a sensitive balance except by permission of the laboratory

Superintendent).
(7) Caleculate the coefficient between 0 and 50°, and 0 and 100°,
(8) Work to higher temperatures by using a glycerine bath.

Exp. 108.—Determine the apparent expansion of water
with reference to the weight thermometer. Weigh the bulb,
clean, dry, and empty, on a sensitive balance. Boil dis-
tilled water for some time to remove air from it. Fill the
bulb with the water (§ 94). Put into the heater (§ 99).
Arrange so that the bath temperatures are successively about
20° C., 50° C., 80° C. In each case weigh the bulb 4 water
(the bulb must be dry externally).

_ Similarly measure the coefficient for glycerine. Bath
temperatures, say, 25° C., 100° C., 150° C., 200° C.
(Select a bulb with a coarse capillary bore.)

97. Dilatation of Gases.—When a gquantity of gas is
heated, both the volume and pressure generally increase.
Experimentally however it is usual to arrange for one of
these quantities to remain constant while the change in
the other is measured : that is, there is a determination of
the coefficient (i) of increase of volume due to rise of
temperature when the pressure is kept constant, (ii) of
increase of pressure due to rise of temperature when the
volume is kept constant.

Charles’ law.—The volume of a definite mass of any gas, .
mainbained at constant pressure, tncreases per uwit rise of
temperature by a constant fraction of s volume ai a
standard temperature. Practically for many gases the
constant fraction is, per degree centigrade, 1/273 of the
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volume at ice-point (0°C.). This is then the value of the
conventional coefficient of expansion for gases.

The coefficient of increase of pressure follows a similar
law and has the same value.

DeriniTION : Absolute temperature. A temperature of
. t° 0. is (273 4 ¢t) degrees on the absolute scale.

Law connecting the pressure, volume, and temperature of a
mass of gas. By combining the laws of Boyle and Charles
(see Text-Book of Heat) it can be proved that for the
same mass of gas under any conditions the value of

(pressure) X (volume)
(absolute temperature)
is a constant number.

Exp. 109.—Find the coeffictent of increase of volume at
constant pressure (Fig. 74). A glass tube, 4, about a metre
long, having a narrow bore, is closed at one end and open
at the other. Several pieces of fine copper wire are bound

Fig. 74.

round the tube at various distances from the closed end
(say about 60, 65, 70, 75, 80 cm.). The tube is placed
horizontally on two blocks in a water or oil bath. It con-
tains dry air, and a plug of mercury, M, two or three inches
long. A thermometer is bound to the tube. The bath is
placed on two or three tripods and warmed by several
Bunsens. The liquid must be well stirred, and the flames
adjusted so that the bath is at such a temperature that the
end of the thread of mercury nearer the closed end of the
tube keeps against the nearest wire mark for several
minutes. Note the temperature (2,).

Similarly adjust the bath, etc., for the second mark, and
note the temperature, £,; for the third, gtc. Measure the
distances between the closed end of the tube and the
guccessive markd. (These distances are proportional to
the volumes of the air at the respective temperatures if
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the bore of the tube is uniform.) Tabulate and plot
lengths and temperatures.

The graph is practically straight. Note that it cuts the
temperature axis at about — 273°C. (The temperature of
— 278° (. is called the absolute zero.) Deduce from the
graph that the coefficient of increase of volume

= iy (volume of gas at ice point).

Exp. 110.—Find the coefficient of increase of pressure at constant volume
(Fig. 75). A cylindrical bulb, 4, has a long capillary siem, B,
attached to it. This is bent twice
at right angles. The end, D, is
- made large enough to be joined to
the tube (Fig. 59) of the Boyle's
law apparatus. There is a mark,
m, on the tube, D, to which the
mercury is adjusted. The bulb,
A, filled with dry air, is put into
the heater, copper filings, or nails
are filled in, and finally cotton
wool. Water, oil, or glycerine is
used in the bath.

1. The apparatus being arranged,
fill the bath with melting ice. By
manipulating R, adjust the mer-
N cury in D to stand at m. When

the mercury, ete., needs no further

Fig. 75. adjustment duripg an interval of,

say, 10 minutes, note the position

of itssurface in R. Also the distance, p, between the mercury surfaces,
and the height, H, of the barometer.

2. Keep the temperature of the bath constant for, say, 10 minutes,
at about 256°, adjust the mercury in D to the mark, m, and observe as
before the position of the mercury in &, and the actual temperature of
the bath.

3, etc. Algo when the bath is kept at about 50°, 75°, 100°,

The differences between the readings of the mercury surfacein R, at
the successive temperatures and its reading at the ice-point, are the
increments of pressure (in cm. of mercury) for the respective rises of
temperature. The pressure exerted by the gas = H 4 p. Tabulate
and plot (1) temperature of gas, (2) pressure of gas.

The graph is practically a straight line. Note that it cuts the
temperature axis at — 273° C. Deduce from the graph that the

eoefficient of inciase of pressure = iy (pressure of gas at O°C.).

T N
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UHAFPTERK VII,
CALORIMETRY.

98. Specific Heat, Thermal Capacity, etc.—L'he specific
" heat of a substance is the number of heat units required to
change the temperature of umnit mass of the substance by
one degree. (For heat units see Appendix.)

The thermal capacity of a body is the number of heat
units required to change the temperature of the body by
one degree. It is generally equal to the product (mass of
body) (specific heat of its material). The thermal capacity
is frequently called the water-equivalent of the body,
because its value is practically that of the mass of water
that would absorb or emit the same quantity of heat as
the body when its temperature changes through 1°.

If a body of mass, m, composed of material of specific
heat, 8, has its temperature raised or lowered by 6°, it
absorbs or emits msf units of heat.

Quantity of heat in calorics
= (mass in grammes) (sp. ht.) (range in 0.°).
Quantity of heat i British thermal units
= ( mass in pounds) (sp. kt.) (range in F.°).
Latent Heat.—While a substance is passing from the
solid to the liquid condition, or from the liquid to the
gaseous, the heat absorbed does not alter the temperature.
The latent heat of vaporisation is the number of heat
units required to change unit mass of a substance from
the liquid to the vaporous condition without change of
temperature. The latent heat of fusion is the number
of heat units required to change unit mass of a substance
from the solid to the liquid condition without change of
temperature.
The quantities of heat emitted by a'3ubstance on con-
densation or sclidification- are respectively equal to the

quantities absorbed on vaporisation or fusion.
143
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*Exp. 111.—Find roughly the activity or power of a
Bunsen flume. Arrange a Bunsen burner under a tripod
and keep the flame burning steadily during the experiment.
Place in a can a measured quantity of water, say 1 pint
or 500 cu. cm. Stir the water and note its temperature
(t). At a definite moment place the can of water over the
Bunsen flame. Finally, after an interval of time, d, say
five minutes, stir, and note the temperature (T') of the
water.

+ CALCULATION. Heat units absorbed by the water
= M(T —t); where M is the mass of water,

Let J be the mechanical equivalent of the heat unit,
then energy absorbed by the water = JM (T — ¢).
.. energy absorbed per unit time — JM(T — ¢)/d.

Agsume this to be equal to the power or activity of the
flame. To express the power in ergs per second, measure
M in grammes, d in seconds, temperature in degrees centi-
grade. Assume J = 42,000,000 ergs. To express the
power in horse-power, measure M in lbs., d in minutes,
temperature in degrees centigrade. Assume J = 1400 foot
pounds. Finally divide by 33,000. (See Appendix.)

EXAMPLE.—A pint (= 1'251b.) of water was heated by & Bunsen
flame from 20° to 60° in 4 minutes.

Heat units absorbed by the water = 125 x 40 = 50.

Then energy absorbed = 1400 x 50 = 70000 ft. 1b.

Then ft. 1b. absorbed per minute = 70000/4 = 17500.

Then, since one H.P. is an activity of 33,000 ft. pds. per min., the
horse-power of the Bunsen flame

= 17500/33000 = 0-53 = 4 H.P. nearly.

*Exp. 112.—Find the specific heat of iron. (1) Weigh
(= W,) a piece of iron (a 7 lb. weight, say). Tie a piece
of string to it. Keep it in boiling water for, say, §
minutes ; its temperature is then raised to 100°. (2) Into
a tin put a measured quantity (say 1 quart = 25 lb.) of
water. Note its temperature (¢). (8) Quickly lift the
iron by the string out of the boiling water into the cold,
stir the water by moving the iron about in it. After a
minute or two note the temperature () to which the
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cold water has been raised. Calculate the specific heat (s)
of iron as follows:

Heat emitted by iron in cooling
= wt. of iron X sp. ht. X fall of temp.,
Heat absorbed by cold water in warming
= wt. of water X rise of temp.
. Assume (heat absorbed) = (heat emitted), and deduce s
rom

W, .8 (100 — t,) = (wt. of water)(t,—t).

99. Specific Heat: Apparatus.—Heater. The following
(¥ig. 76) is convenient:—A tin can, 4 (6" long, 4" dia-
meter), is half filled with water. The water is boiled by
placing the tin on a tripod over a lighted Buunsen burner.
The lid, B, is pierced by a large central hole and two or
three small ones (% inch diameter) nearer the edge. A
tin tube, C (5" long, 13" diameter), contains the substance
to be experimented upon. It passes freely through the
lid and is supported by the flange, D,

Fig. 76. Fig. 77.

Calorimeter and shield (Fig. 77). These are of tin-
plate, but the calorimeter may with advantage be made of
thin brass or spun copper. The calorimeter, F, is hung
inside the shield, #, by 8 loops of cotton that catch in hooks
on E. The inside of the shield, and the outside of the
calorimeter especially, should be brightly polished.

PR. PHY. 10



146 CALORIMETRY.

| METHOD OF MIXTURE.

100. Method of Mixture.—It is better when the substance
to be experimented upon is in fragments. Place a known
mass of 1t, and a thermometer, in the tube C. Plug the
upper end of C loosely with a pad of cotton wool—all in
one piece. Boil the water in the heater. When the reading
of the thermometer remains constant for, say, five minutes,
it may be assumed that all the substance has attained the
temperature indicated.

A thermometer should be used when available, but is not essential.
When a thermometer is not used keep the substance in the tube and
the water of the heater boiling for at least ten minutes. Then assume
that the temperature of the substance is 100°C.

Weigh the calorimeter (1) empty, (2) about two-thirds
full of water. The difference is the mass of water used.

Tip the hot substance into the cold water.

Note the temperature of the water in the calorimeter by
a sensitive thermometer a little before, and affer the sub-
stance has been introduced. Slowly and caufiously stir
the water by the thermometer immediately before a reading
is taken.

To tip the substance into the calorimeter : grip the project-
ing portion of the tube with the clamp from a retort stand,
place the calorimeter conveniently near, hold the clamp
with the right hand, remove the thermometer and plug of
cotton wool with the left, at once lift out the tube, and tip
the substance into the calorimeter, taking care not to splash
out any water. :

After the experiment, dry the substance by placing it on a piece of tin
plate over a small Bunsen flame ; empty water from the calorimeters,
boilers, etc., invert them, and leave to drain.

To calculate the specific heat of the substance. TLet W
be the mass of the empty calorimeter, and s its specific
heat. Then W »®s is its water equivalent.

Let M be the mass of the substance,  ¥s specific heat.

Let w be the mass of cold water in the calorimeter. Let
T be the temperature of the substance, ¢, of the cold water
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before adding the substance, and #, after The
temperature of the calorimeter is assumed tha.t of the
water in it.

Calculate as follows:—
Heat emitted by substance in cooling from T' to t

=M. o(T-¢t)=....
Heat absorbed by water in warming from ¢, to ¢,
=w{,—t)=....
Heat absorbed by calorimeter in warming from ¢, to ¢,
=Ws{t,—t)t=....
Assume heat emitted = heat absorbed. An equation is
obtained in which z is the only unknown.

1

Exp. 113.——Find the specific heat of a solid by the method
of miztures. Use iron mnails (150 gms.), brass pails (150
gms.), lead shot (300 gms.), pieces of glass rod and tube
(100 gms.), ete.t

Exp. 114.—Find the specific heat of a liguid by the method
of miztures.l Put the liguid in the calorimeter instead of
water ; then perform the experiment as above. Use
methylated spirit, petroleum, glycerine, etc., and a solid
like iron (nails). .

CarncuraTioN. Assume the specific heat of the solid
(8); let 2 be that of the liquid.

Heat emitted by substance in cooling from T to ¢,

=M.8T—t)=...

Heat absorbed by the liquid in warming from ¢ to ¢,

=w.e(t,—t)=...
Heat absorbed by the calorimeter in warming from ¢, to ¢,
=W.s(t,—t)=..

Assume heat emitted = heat absorbed. Calculate z from
the equation obtained.

+ For iron, copper, and brass calorimeters, aksume s = 0-1. The
heat absorbed by th3 calorimeter may sometimes be neglected.

1 Several determinations of the specific heat of each substance should
be made until there is approximate agreement in the results obtained.

N
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101. Method of Mixtures: A modification of Regnault’s apparatus
('Fig. 78).—The heater : This is a copper cylinder closed at both ends.
Steam from a boiler can enter by a narrow pipe near the top, and
leave by one at the bottom. A wide copper tubs passes axially
through the cylinder; its top end is closed with a cork, its bottom
rests on the stool. Thus the tube is a closed steam-jacketed chamber.
The body to be experimenied upon is suspended in this chamber side
by side with a thermometer. ‘L'he latter is held by the cork; its bulb

Fig. 78.

should be close to the body. The thread suspending the body passes
through a short tube fixed in the cork, and is tied outside. The heater
can be rotated until the ccntral tube is ovor the large hole in the
stool.

The calorimeter i8 a cylinder of thin copper, suspended by threads
within a larger coppeg vessel. The latter rests inside an open box that
can slide along the base so that it may be easily pushed below the stool,
and the calorimeter brought under the hole. & small clamp for
holding a thermometer in the calorimeter is fixed to the side of the
box. A shutter is let down between the heater and calorimeter
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during the warming of the former. This can be raised when the time
arrives for sliding the box with calorimeter, etc., under the stool.
There is also a copper stirring rod. Other details will be understood
on examining the apparatus. The several operations should be tried,
and adjustments tested, before the actual experiment is attempted.

102. To find the water equivalent (e) of the calorimeter and
acoessories.t

(1) Weigh the calorimeter (clean and polished), thermometer, P, and
stirrer (= #). Place in position in box. Half-£ill with warm water.

(2) Nearly fill a vessel with tap water. Immerse a sensitive thermo~
meter, @, in it and weigh all (= #7}).

(3) Sfir the warm wafer in the calorimeter, and when its tempera-
ture (which should be falling slowly) is about 30°, note the exact value
of the temperature, Ist, of the tap water (= ¢,); 2nd, of the warm
water (= £;). Immediately, and without spilling, pour tap water into
the calorimeter, stir and note the temperature (¢;) of the mixture.

(4) Weigh the vessel containing the remaining tap water and
* thermometer, @, (= W).

(5) Weigh the calorimeter, thermometer, P, stirrer, and water (= Wj).

(6) CALCULATION, etc.—

Mass of cold water = (7, — W,) = ... Temp. (¢)...
Mass of hot water = {#y; — (W, — W) — W} = ... Temp. (;)...
Temperature of mixture (2;) =...
Fall of temp. of hot water, calorimeter, etc.
Rise of temperature of cold water
Heat absorbed by cold water
= (Mass cold water) (Its temp. rise)
Heat emitted by hot water, calorimeter, ete.
= (Mass of hot water 4 ¢) (Its temp. fall) = ...

Assume heat emitted = heat absorbed: an equation is obtained in

which the water equivalent (¢) is the only unknown,

|

.

]

I

103. To find the specific heat («) of & solid substance. —It is prefer-
able to use the material in the form of wire, or sheet rolled into a
cylinder. A lump, especially of a bad conducting substance, takes
considerable time both to warm and cool. If the material is frag-
mentary put it in a wire gauze basket of known water-equivalent.

OPERATIONS.—(1) Find the mass of substauce to be used (= M),

(2) Suspend it in the heater, close to the bulb of the thermometer.
Use = long thread fixed outside. Join the heater to the steam supply,
and condense the waste steam. The thermometer will rise very slowly,
perhaps not higher than about 98°. The svbstance should not be

1 Tt is better to Whtain e by caleulation;
e = (Mass of calorimeter) (Sp. M. of its material).
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put into the calorimeter until the thermometer has been odscrved to
give a steady maximum reading for about fen minutes. During
heating the lower end of the hot chamber must rest on the stool, and
thus be closed.

(3) Weigh the calorimeter and stirrer, clean and empty (= W).

(4) Fill the calorimeter about two-thirds with water. Weigh
(= #,). Clamp thermometer in position.

(5) When the temperature of the heater is quite steady note its actual
value (1) and also that of the water in the calorimeter (¢,), lift the
shutter, slide the calorimeter underneath the stool, and rotate the heater
over the hole, let the hot body down into the calorimeter, and cut the
cotton. Withdraw the calorimeter, stir, and note the hlgahest tempera-
ture (¢,) reached by the water in it.

(6) CALCULATION, etc.

Mass of cold water (W1 — W) = . . . temperature (1) = ...
Water value of calorimeter,t ete. (¢) = . . .

Mass of hot substance (M) = . . . temperature (1) =
Temperature of mixture (,) = . . .

Fall of temperature of substance (7'~ #,) =
Rise of temperature of water and calorimeter (2 — t1) = . . .

Heat absorbed by cold water and calorimeter = (mass of eold water 4
water equivalent of calorimeter) (rise of temperature) = . .

Heat emitted by hot substance = (mass substance) (spemﬁc heat of
substance) (fall of temperature) = . .

Assume Aeat emitied = heat absor b&d : an equation is obfained in
which the specifie heat of the substance is the only unknown.

Specific heat of a liguid. Use the liquid instead of water and pro-
ceed as above (see Exp. 114).

NoTE.—A little heat will be lost during the fall of the body into the
calorimeter. Also some will pass from the caldrimeter by radiation
and convection defore the highest reading of the thermometer is
attained, Hence the highest reading is a trifle lower (say °) than it
would be if no heat had been lost. The value of p may be nearly
obtained (§ 104) by observing the rate of cooling of the calorimeter
(Regnault), or the loss of heat may be compensated for (Rumford).

104. Rumford’s compensation method.—Find roughly by a prelimi-
nary experiment the rise of temperature (¢, —¢,) of the water. Then
perform the experiment, taking an equal mass of water at a temperature

4 (¢,—#)) degrees below the temperature of the room. Thus the calori-
meter will gain heat at first and afterwards lose it. The compensation,
however, is not exact, because the period of gain is shorter than that of
loss.

1 It is better to obtain e by calculation ; ®

e = (Mass of calorimeter) (Sp. ht. of its material).
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‘When this method is adopted care must be taken that the water in
the calorimeter is not cooled below the dew-point. If dew is deposited
heat will be absorbed in evaporating it.

Radiation correction, R (Regnault’s method). Ifthe rise of tempera-
ture is small the loss of heat is nearly equal to that which would occur
if the calorimeter had been at its mean temperature } (¢, + ¢,) during the
period of time (d) between the introduction of the body and the moment
when the highest reading was attained. THen, if zis the rate of cooling,
e the total water equivalent of (calorimeter + thermometer + sub-
stance, efe.), then in one second the heat radiated = ez, and in 4 secs.
the total heat radiated (R) = d.e.z.

The total heat radiated is the value of the radiation correction (R).
In the calculation of specific heat, R is added to the other quantities of
heat absorbed.

To determine R, observe (1) the time, d, between the moment at
which the body is introduced and that at which the highest tempera-
ture is attained, (2) the fall of temperature, ¢°, of the calorimeter and
its contents in 4’ seconds (5 minutes, say). Then

g=gqf/d and R=d.e.uz.
Exp, 1156.—Find the water equivalent of the calorimeter, ete.

Exp. 116.—Find the specific heats of copper, brass, sron, glycerine, ete.,
by Regnault’s apparatus.

METHOD OF COOLING.

105. Method of Cooling. Specific heat of a liquid.—
The amount of heat radiated from a surface at a tempera-
ture (f;) to another at a lower temperature (¢) depends
upon (1) the difference of temperature (¢, —2), (ii) the
chemical nature and physical condition—whether dull,
polished, ete.—of the surface (see Exp. 87), and (iii) the
area of the surface. Hence if equal volumes of different
liquids are put in the same or similar calorimeters and
hung within an enclosure whose walls are maintained at a
constant temperature (¢), then when the liquids have the
same temperature (%) the rates of emission of heat
(quantities per unit time) are equal and independent
of the nature of the liquid. Hence the temperatures of
those having smaller thermal capacities drop more quickly,
the time taken by each to fall through the same range of

/
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temperature being proportional to its thermal capacity.

Then for any substance

(Time of cooling from ¢, to ¢,) ¢ {(Mass) X (Specific heat)}.
Hence, if a mass, m,, of a substance of sp. ht., s, takes T,

seconds to cool between any two temperatures (¢,,£,), and a

mass, m, of water takes T seconds to cool between the same

temperatures, then

ms (h—t)_mt~t) . N_m.s ., m T

T, T CTTTm T T Tm, T

The influence of the vessel may be taken account of by adding its
water equivalent (¢) to each thermal capacity above. Then

N m.84e¢ 3 m T, e (1, ]
7=l ""=7n‘1‘TL+nTI{T"_1}'

*Exp. 117.—Find the specific heat of petroleum by the
method of cooling.t (1) Weigh (= W) a calorimeter
(blackened outside), support 1t on a cardboard cross
(§ 86) or large cork.

(2) Fill the calorimeter about three-quarters full of hot
water, place a thermometer in it, and stir gently. Note
the time (T secs) of cooling from 55° to 45°. Weigh
calorimeter + water (= W,). Empty and dry.

(3) Repeat operation (2), but use, instead of water, an
equal volume of petroleum. Heat the petroleum by plac-
ing a quantity of it in a large test tube immersed in hot
water. Avoid a flame, petroleum is inflammable. Note
the time (T)) of cooling from 55° to 45°. Weigh
calorimeter 4 petrolewm (= J7,). Then calculate (§ 105) the
specific lieat (8) of petroleum.

106. To find the specific heat of a liquid by the method
of cooling.—A vessel containing a known mass of the hot
liquid is hung within an enclosure, the walls of which are
kept at a constant temperature.

Calorimeter : Use a copper or iron canister with its out-
side lamp-blacked. Cut two holes in the 1id to pass the
thermometer and gtirring rod. Support on a cardboard
cross (§ 86). .

t This experiment is a simple illustrative one. \
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Enclosure: (1) For rougher experiments the vessel may
be surrounded by a large cardboard cylinder—say 1 ft.
long, 1 ft. diam., edges overlapping and pinned together by
paper-fasteners. Two small openings are cut in the side,
one to let light in, the other to view the thermometer. The
inside is painted with lamp-black. The base and top are
movable. The stirring-rod handle passes through a small
hole in the top.

(2) Water jacket, etc. This consists of & large metal canister fixed:

coaxially inside another so that the walls and bascs are an inch or
two apart: the space between can be filled with ice, water, or oil at
any temperature.

OperAaTIONS.—(1) Weigh the calorimeter empty (= ).

(2) Fill the calorimeter about three-quarters full of
water. Tip the water into a large test-tube, mark the
hejght to which it rises by stamp-paper. Use the
test-tube to deliver equal volumes of hot liquids to the
calorimeter.

(3) Arrange the calorimeter in the enclosure and add a

measured volume of hot water from the test tube. Stir
carefully and note the times when the temperatures are 60°,
55°, 50°, ete.t

(4) Weigh the calorimeter 4 water (= W)). Then
empty and dry the calorimeter.

(5) Repeat operation (3), but use the liquid under in-
vestigation instead of water.

(6) Finally weigh the calorimeter + liguid (= W,).

+ NOTE.—Demonstrate Newton's law of cooling. Hang a thermometer
against the walls of the enclosure {or in the water of the wter-jacket).
Note its indications (which should be practically constant) just after
observing the several temperatures of the cooling liquid. Zwbulate (i)
temperature of liquid, (ii) time, (iii) temperature of enclosure, (iv) ex-
cess of temperature of liquid over that of the cnclossure. Plot the
logarithm of the excess of temperature (column iv.) against time
{column ii.}. The graph is nearly a straight line.

8o far as the graph is straight it shows that log. (temp. excess)is
proporfional to the time of cooling to the tempers$ure of the surround-
ings. Newton’s law that the rate of cooling is proportional to the
temperature excess tien follows. The graph indicates that the law is
not true if the temperature excess is greater than about 20°
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Tabulate (i) temperature, (ii) time for water, (iii} time
for liquid.

Plot temperature of water with regard to time, and to
the same axes of reference the temperature of the liquid
with regard to time. Calculate asin § 105. (See example
below.)

EXAMPLE.—Determination of the specific heat of petroleum oil, by the
method of cooling.

Observed temperature| 60° 556° 50° 45° 40°
Time for water . .|26m 458[32m Os|38m 560s|47m 30s|57m 558
Time for petroleum .[14m 30s|17m Os|20m 15§s|24m 20s | 29m 208

r

Mass of calorimeter .. .. 446
y»  calorimeter + water .. 1687 ., Massof water .. 124:1
sy  calorimeter 4+ petrolenm 140-2 ' petroleum 956

Time of Cooling.
Temperature }me of Hoong Relative thermal

Range. Water (7'). | Petroleum (7). capacity (= 7,/1).

60—55 315 secs. 150 secs. 0477
55—50 410 195 0476
50—45 520 245 0-471
45—40 625 300 0-480

Then mean relative thermal capacity = 0-476.

Assume water-equivalent of calorimeter (iron, sp. ht. = 0-1) is
01 x 44'6 = 4'5. 'Then, s being the sp. ht. of petroleum,

9565+ 4°5

1241 £ 45

Exp. 18.—Find the specific heat of petrolewm,t alcohol,t
glycerine, castor oil, efc., by the method of cooling.

=0°476, o 8= 059,

t Inflammable. Meat by immersing large test-tubes containing the
liquids in water that has just boiled. Avoid tje neighbourhood of
flames. . )

\

!
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i

LATEN'T HEAT.

*Exp. 119.—Find roughly the latent heat of vaporisation
-of steam. A value may be calculated from the data ob-
tained in Exp. 90. Or proceed directly as follows :

Meraor 1. (No thermometer is required.) Place in a
can a mixture of ice (one part by weight) and cold water
(about four parts by weight). Arrange a Bunsen burner
under a tripod, keep it burning steadily throughout the
experiment. When all the ice in the mixture has melted
note the time and at once place the can over the Bunsen
flame. Note also the time when (ii) boiling begins, (iii)
the water has just boiled away.

MzerHop II. (A thermometer is required.) Puta can, .
half filled with water, over a Bunsen burning steadily.
Note the time when (i) the temperature is, say, 25°, (i)
boiling begins, (iil) the water has just boiled away.

CaLcuraTioN. Assumne that the heat absorbed from
the flame by the water is proportional to the time during
which it has been heated. Find (i) the time, 7|, taken to
boil away the whole of the water, (i1) the timse, ¢, taken to
warm the water from ice-point to boiling. In Method I.
the initial temperature is the ice-point; in Method II.it is,
say, 25°. In the latter case calculate the whole time it
would have taken fo heat the water from 0° to 100° if the
initial temperature had been 0°. Finally

“ Latent heat” absorbed in vaporisation _T
“ Sensible heat” absorbed from ice- to steam-point ¢

ExaMPLE. Time taken to heat a quaniity of water from 25° to
100° = 3 mins. 30 secs = 210 secs.

Time taken to boil away the water = 23 mins. 20 secs. = 1420 secs.

Then time taken to heat the water from 0° to 100° = ¢ x 210
= 280 secs. ’

", latent heat)/(sensible heat) = 1420/280 = 5-1.
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Exp. 120.—Find the latent heat of vaporisation of steam
at 100° C. Fig. 79 shows a useful form of apparatus.

Fig. 79.

Water is boiled in the vessel, K (a copper

bottom to this 1s an advantage), the

steam is led through a bent glass tube

(which should be covered with cotton

wool) into the calorimeter, ¥, hung in

the screening can, F. The

outside of F and of F should *

be bright. G
Sometimes a trap, like Fig.

80, is placed at the delivering . |||s

end of the steam tube. Tt is

designed to catch the steam

that condenses in the tube. In &~

doing this, however, it forms H

a cold belt at b The de- I

livery tube, H, coming from Fig. 80.

the trap itself, needs to be

longer than OD in Fig. 79. A piece of

rubber tubing and pinchcock, R, may be

fitted. The condensed steam can then be

drawn off when desired. This, when a trap is used, should

always be done a little before the time
arrives for passing steam into the calori-
meter. There is no real advantage in
using a trap.

Fig. 81 shows a second form of
apparatus—inverted flask, F (or tin ag
above), ring burner, B, delivery tube, ¢,
screen, S. The flask is clamped to a
retort stand at such a height that the
calorimeter can pass freely under the
nozzle, n. In performing the experiment
lift and hold the calorimeter so that the
steam passes into, and is absorbed by
the cold water. The operations are similar
to those describe® below. The arrange-

Fig. 81,

ment is improved by using a flask with aevery short neck,
or by pushing the cork into the neck as far as the globular
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part. If this is not done the water in the neck is likely
to be at a temperature less than boiling. The delivery
tube also should be shorter. No india-rubber tube and
nozzle should be used.

OreraTioNs. (1) Boil the water brisLly m the kettle, K.

(2) Weigh the calorimeter empty (= W

(3) Fill the calorimeter two- thuds full of water. Weigh

=W).
= (4) Use a sensitive thermometer, carefully stir the water
in the calorimeter with it, and note the temperature of the
water (=1,).

(5) Remove the thermometer from the water, holding it
with the right hand. With the left hand quickly raise
the screening can and calorimeter, until the end of the
glass tube from which the steam issues is under the
surface of the water in the calorimeter. Replace the ther-
mometer in the water and stir gently. When it indicates
about 40° quickly remove the calorimeter from the steam
tube, and note, after stirring, the temperature (=+¢,) of the
water.

(6) Note the height of barometer. Deduce the tempera-
ture (¢) of steam to 3° (Exp. 95).

(7) Remove the thermometer from the water, letting its
bulb trail along the inside (above the water) of the calori-
meter so that drops of water may be removed from it.

Weigh (= W,).

CaLcULATE the mass of steam condensed (= W, — W),
and of cold water used (= W, — W).

Also x the required latent heat as below:

Heat emitted by (W, — W)) grammes of steam at £° in con-
densing to water at the same temperature = (W, — W) «.

Heat emitted by (W, — W, ) grammes of condensed steam,
or water at £° in cooling tot,” = (W, — W) (t —t,) =

Heat absorbed by (W, — W) grammes of water in warm-
ing from t° tot,° = (W, — W), —t) = ....

Heat absorbed by the calorimetert (specific heat, ) in
warming from ¢°to t,°>= W.s. (¢, —#) = ....

+ Its temperature is assumed to be that of the water it contains,
(This quantity of heat may sometimes be neglected.)
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Assume heat emitted = heat absorbed. - Then solve the
equation, in which z is the only unknown quantity.

Several determinations of the latent heat of vaporisa-
tion should be made.

ExAMPLE. Determination of the latent heat of vaporisation of
steam at atmospheric pressure. ‘

Mass calorimeter, 96 gm.

Mass calorimeter + water, 280°7 gm. .. mass of water = 1947 gm,

Mass calorimeter + water + condensed steam, 300:1 gm.

.*. Mass of steam condensed = 94 gm,

Barometric height, 762 mm, .- Temperature of steam = 100° C,

Temperature of cold water, 14° C.

Temperature after mixing with steam, etc. = 41'5°C.

Heat emitted by steam in condensing to water at 100° C=9-4.

Heat emitted by 9 gms. of hot water (condensed steam) cooling from
100° to 41°5° = 94 x 585 = 550.

Total heat emitted = 9-4z + 550.

Heat absorbed by 194:7 gm. water in warming from 14° to 41'5°
= 1947 x 275 = 5354.

Heat absorbed by calorimeter (specific heat 0'1) in warming from
14° t0 41:5° = 96 x 01 x 27°5 = 260.

Total heat absorbed = 5354 + 260 = 5614,

Assume Aeat emitted = heat absorbed. Then 94z + 550 = 5614.

.+ Latent heat of steam at atmospheric pressure = 539 calories.

Exp. 121.—Find the latent heat of fusion of ice. A
shielded calorimeter, well polished outside, is required.

Operarions. (1) Weigh the calorimeter empty (=W).
(2) Half fil the calorimeter with water. Weigh
=W).
( (3) Note the temperature of the water in the calorimeter
(=1t,). Ttis an advantage to make this about 25° C.

(4) Place, say, half-a-dozen thimble-sized pieces of ice
on hlotting paper, carefully and quickly dry each piece and
drop it into the calorimeter. Stir slowly with the thermo-
meter. Note the temperature (=1¢,) as soon as all the ice
has melted.

(5) Remove tl® thermometer from the water (allow its
bulb to trail along the inside—above the water—of the
calorimeter). Weigh (= W,).
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CavrcuraTe the mass of ice melted (= W, — W),
and of cold water used (= W, — W).

Also z the required latent heat as below: '

Heat emitted by (W, — W) grammes of water in the
calorimeter in cooling from ¢, to ¢,

=Wi—W) @t -4)=....

Heat emitted by the calorimeter (specific heat s) in cool
ing from ¢, to ¢, = Ws (t, — &) = ....

Heat absorbed by the ice at 0° in melting to water at

= (W, - W)a.

Heat absorbed by (W, — W) grammes of water in warm-
ing from 0° to £, = (W, — W)t,.

Assume heat emitted — heat absorbed, then solve the
equation, in which 2 is the only unknown quantity.



PART IIL—SOUND,

. CHAPTER VIII,
VELOCITY. FREQUENCY.

107. Pitch and frequency.—A sound or note is described
as high or low (deep), shrill or grave, according to the kind
of sensation it produces in the mind of the hearer. Loud-
ness or softness expresses the intensity of the sensation.
The sensation produced is, by a trained ear, easily
relegated to a position amongst a certain sequence of
musical notes called the Diatonic Scale, and the position is
defined by giving the name of the note of this scale that
sounds like the one under consideration : this name is
called the pitch of the note. Thus a note from a violin
string or an organ pipe is said to have a pitch ¢" if it
agrees with the note of this name of a standard tuning fork.

A sounding body is always a vibrating body and the
pitch of the note emitted depends upon the rate of vibra-
tion, the note or pitch getting higher as the rate of
vibration quickens. The number of vibrations executed
per second by a sounding body is called its frequency or
vibration number. The ratio of the frequency of a note, X,
to that of another, Y, is called the frequency ratio of the
notes. On it depends that musical relation which is called
the interval.

A person with a trained ear is able not only to identify
equality of pitch, but can also tell when the frequencies of
notes are in certain ratios by the concord or agreement
between them. The following are common concords :—

Name of intergal : Octave. Fifth, Fourth.

Frequency ratio: 2:1. 3 :.2. 4: 3.

The frequencies of the successive notes, C, D, K, F, @,

A, B, O, of the diatonic scale are as 24, 27, 30, 32, 36, 40,
160
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45, 48, giving, between the consecutive notes, the respective
intervals 9/8, 10,9, 16/15, 9/8, 10/9, 9/8, 16/15.

In Standard pitch (adopted 1899) the frequency of
¢’ = 522, and of o' =439. ¢” and o' tuning-forks have
these frequencies at 68° F. (The value of ¢’ is then 391-1.)

In scientific work ¢” = 512, o’ = 4262 ¢ =384

The tuning-fork (sometimes called a pitch fork) consists
of a steel bar of rectangular section doubled into a U
shape. I'rom the bend a shank projects. A vibrating
tuning-fork has nearly constant frequency, and hence emits
a note of practically unchanging pitch.

Smaller forks, held at the shank by the hand, are made
to vibrate by striking one of the prongs against a pad of
india-rubber, or soft wood. Larger forks are screwed by
their shanks to a box, called the resonance boz. This 1s
made of thin wood. It considerably increases the intensity
of the sound produced. A fork is made to vibrate by
drawing a resined fiddle bow across the prongs, in a
direction perpendicular to their length.

Longitudinal waves.—In these the particles of the
vibrating body move to aud fro in a line parallel to that
in which the wave 1s travelling. (§ 115.)

- Transverse waves.—In these the particles move af right
angles to the line of propagation of the disturbance.
(Exp. 124.)

* Exp. 128 —Pitch of a note. Streteh strips of corvded
silkk of different *“grain ” on a thin piece of wood. Place
a finger-nail lightly in contact with the silk and run it
quickly along the strip. Observe that the more rapidly
the nail moves the higher the note heard; also if it 1s
passed with about the same speed over different strips,
then the note is of higher pitch when the cording is fine
than when it is coarse. Practise to produce the notes of
the musical scale.

By moving the nail over the cording a quick succession
of taps is produced, and the observations show that the
more rapid the taps the higher the pitcl. ,

* Home experinrents are marked by an asterisk. See p. 8.
PR. PUY. 11
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. *Exp. 123.—Transverse waves on a rope. Stretch a long

rope (clothes line) and fix its ends. Strike the rope near
one end with the hand held edgewise. Observe that a
depression is formed, travels to the other end, is there
reflected, returns, is again reflected, and thus travels to
and fro along the rope; the depth of the depression
diminishes, its length does not alter. Pull the rope
tighter, observe that the wave travels more quickly. (The
ropes that hold up a tall flagstaff are suitable.)

*Exp. 124.—Stationary waves. Fix one end of a rope or
light brass chain. Move the other end to and fro by the
hand at such a rate (found by trial) that the rope vibrates
in two or more segments. Observe that each wvibrafing
segment or loop (also called a ventral segment) is separated
by a portion, called a node, that is nearly stationary. Each
part of the rope in any vibrating segment is moving in the
same direction, but the parts of adjacent segments are
moving in opposite senses. The complete wave is formed
by two adjacent segments, and the wave-length is twice
the distance between consecutive nodes. The part midway
between two nodes is called an antinode.

Increase the rapidity of movement of the hand, the rope
will then divide into a larger number of vibrating seg-
ments, each of shorter length.

*Exp. 125. Stationary waves. Stretch a fine string, six
or eight feet long, and fix its ends.

(1) Pluck it between the fingers near the centre, then
release it. The string forms one vibrating segment, the
fixed ends being nodes. This is the fundamental mode of
vibration. The wave-length of the transverse wave along
the string is twice the length of the string. The note
heard is of unvarying pitch, but of diminishing intensity.
Hence the intensity is dependent on the amplitude, but the
frequency is not, .e., vibrations of different amplitudes are
isochronous.

(2) Press the gentre of the string with a folded strip of
paper; pluck one side, let go; the string vibrates in two
segments, the fixed ends and cenfre being nodes. The
wave-length is equal to the length of the string.
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(8) Press the paper strip at L (length of string), pluck
the shorter segment, let go; the string vibrates in three
segments. Wave-length = % (length of string).

(4) Press at ¥ (length of string), ete., get four vibrating
segments and so on. ' '

If paper riders, A-shaped, are placed on the string
when at rest, they, when the string 1s vibrating, are tossed
off at the antinodes, but remain on at, or near, the nodes,

Exp. 126.—Compare the frequencies of two forks. Attach
with as little soft wax as possible a short bristle to one
prong of each fork. Slightly smoke a plate of glass by
holding it over a candle flame (burning camphor is better) ;
lay it on the bench with the smoked surface uppermost.
Take a fork in each hand, and after striking them against
a piece of wood to malke them vibrate liold them over the
plate with the bristles close together and just touching the
smoked surface. Quickly draw the bristles over the plate
(or slide the plate under the bristles). Two wave lines
will be traced on the plate. Draw two parallel lines (several
inches apart) at right angles to the wave lines and count
the number of undulations in each wave line between the,
parallels. The respective frequencies are in the ratio of™
the numbers of undulations. The relative frequency of a
third fork may be found by comparing it with either of the
above.

VELOCITY OF SOUND.

108. Relation between Velocity, Wave-length, and
Frequency.—If M is the wave-length, and » the frequency
of undulation, then the wave travels with a velocity v = n A.
Thus the velocity in a medium may be caleulated by deter-
mining the frequency of undulation and the wave-length.
The frequency of undulation is assumed to be that of the
sounding body whose vibrations cause the wave-motion :
e.g. a vibrating tuning-fork of frequency, n, sets up undula-
tions of the same frequency, », in the air* by which it is
surrounded, or in g string attached to its prong, or in its
sounding box, ete. (The wave-lengths, however, in the
scveral cases are unequal.)
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Relation between Velocity, -Density, and Elasticity of
Medium.—When a wave travels along a wire of density, D,
its velocity v =~/ E/D, where E is a coefficient of elasticity
(Exp. 79). Express the quantities in absolute units.

If longitudinal waves are propagated the coefficient of
elasticity concerned is Young’s Modulus.

For a gaseous mediwm, the coefficient of elasticity is
numerically equal to the product of the pressure, P, and a
constant, y. For air, y =141. Hence for air

v= vT41 x P/D=1187 VP/D.

The expression v = ¥E/D is called Newton's formula, and

v = ¥ Evy/D is Laplace’s. The constant, v, is the ratio of the speeific
heat of the gas at constant pressure to that at constant volume.
Dynamical proofs of these formulae are given in Treatiscs on Sound.

The saine gaseous medwm at  different temperatures.
Let P, D, and v; P/, I, and o' be the respective pressures,
densities, and sound velomtles at the centigrade tempera-
tures ¢, ¢'; then

v [PD
v VD P’ /
By the laws of Boyle and Charles
P P

= v 273 4t
/ “y=Ves e
<1+2/3) D(H")?s) ¢ Bt
The ratio of velocities is thus independent of the change of

pressure.
When one femperature is ¢°C. and the other 0°C,

Velocity Velocttv ( 1 }
(attOC.) T \at wept \/ L+ 435t

When the medium is air the velocity at the ice-point
= 33240 cm. per sec. Hence writing
Ml gt =14 15t
. velocz’ty at °C. = 33240 + 60¢ cm. per sec.
DW? ent gaseons 7;wdm at the same temperature and pressure, Let vy, Dy;
2» D, be the respective velocities and densities, $hen, if +y is the same for

both gases, v,/0, = D,/ Dy, or the velocities are inversely proportional
to the square-roots of the densitics.
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109. Transverse waves.—The velocity, », with which a

transverse wave travels along a stretched wire = ' P/m,

where P is the force stretclnng the wire and m the mass of

unit length of the wire. The quantities must be expressed
in absolute units.

Transverse vibrations of strings.—If a stretched string
vibrates transversely, since

v=2In and v = +P/m, »

'n:i\/f
; . 21 m

I, length vibrating segment } Fach quantity must be
P, stretching force expressed in  absolute
m, mass unit length of string ) units.

This important expression may also be written in terms of r, the
radiug of the wire, and D, the density of its material. For

1 P
=Dr? o= A T
e "ZanVab
. . \
The expressions above show that if only one of the
quantities I, P, m, r, D, varies at a time, the frequency is

- (1) iuversely proportional to thelength of the vibrating
segment,

(2) directly proportional to the square root of the
stretching force,

3) inversely proportional to the square root of the niass
ly prop. : q
per unit length of string,

(3a) inversely proportional to the radius, or diameter of
the wire, or to the square root of the density of the
substance of the string. 'These relations are de-
rived from (3).

»
The elasticity of the material dves not directly affect the rate of
transverse vibration. 8 A given value of s may be made up by twisting
together wires of different metals: for example, the bass wires of a

piano are loaded with copper,
AN



166 VELOCITY. FREQUENCY.

110. To find by resonance the wave-length of a note (in
air) (Fig. 82).—A tall glass cylinder, C, is nearly filled
with water. A metal or glass tube, B (about 17 wide), is

Leld vertically by a clamp, A (on a retort
f A— .. stand), so that its lower end dips in the
""""" water.

The sounding body, a tuning-fork, say,
giving the note to be experimented on,
15 held close to the upper end of the tube,
and the length of tube outside the water
so adjusted that the column of air within
the tube responds to, and strongly rein-
forces the note.

This is conveniently done by holding
the tube with the left hand, loosening the
clamp, and letting the tube down wuntil
the upper end is near the water. Sound
¢ the fork, bring it with the right hand

over and close to the upper end of the

tube, raise the tube with the left until

resonance is heard, then clamp the tube

(-] somewhat loosely. Resound the fork, and

Tig. 82. twist the tube to move it a little up or
down, adjust in this manner until the maxi-

mum resonance is obtained. The fork should be sounded
several times, and the position carefully confirmed. Finall

clamp firmly, and measure the distance (a) between the

water surface and the top of the tube. If the scale is

dipped in the water it must be removed and dried as soon

as the measurement is completed.

Repeat the whole experiment half-a-dozen times. Cal-
culate the mean value of a.

Finally measure the diameter (d) of the tube, and note
the temperature (t) of the air.

Then at temperature, ¢, the wave-length

A=4(a+ 03d).

A increases as the te'mperature rises. Observe that A is not equal to
4a. Theory indicates that 0-3d, more or less, skould be added to a.
"The value of this correction, howerver, is not very definite; it is quoted
somctimes as 0+4d, or as 0-5d,

e LT Do D Gl
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A gecond position of resonance (of weaker' intensity,
however) may be found by lifting the tube further out of
the water (length, 32). If necessary the tube can be
lengthened by a paper extension. (Make this By rolling
stout paper round the experimental tube, slide it off, and
fix the edges with stamp paper, or gum.) Obtain, as before,

half-a-dozen values for the position of maximum resonance.
Calculate the mean value 4.

Since in the first case, 1A = a 4 0-3d, and in the second
case, SA =4 4 034, therefore the d1ﬁerence A—a= 1K

The wave-length is used in connection with the expres-
sion v = nA: either the frequency, n, of the fork is assumed
and the velocity of sound in air, v, calculated, or the velocity
is assumed and the frequency of the fork determined
(Exps. 127, 128).

Exp. 127.—F'ind the frequency of a tuning-fork by means
of a resonance column. Obtain the wave-length, A, at tem-
perature ¢ (§ 110). Calculate the velocity of sound (v) at
temperature ¢, then frequency, n = v/A.

Find the frequencies of the forks of pitches, g, o/, ¢"
respectively. \

IExamMpLE. Fork ¢ Temperature, 15° C. Tube diameter, 4-5 cm.
Observed lengths of resonance column, 19:7, 19-4, 19-8, 196, 196, 19°5.
Mean length of resonance column, 19+5 cm.

Corrected length = 195 4 0:3 x 4'5= 209 cm.

*. wave-length = 836 cm.

velocity of sound at 15° = 33240 + 60 x 15 = 34140 cm. secs.
»~ frequency of fork ' = 34140/83-6 = 408.

Exp. 128.—Find the velocity of sound in air at 0°C. by‘
means of a tuning-fork and resonance column. Proceed as
in § 110, using a fork of known frequency.

ExaMpLE. Frequency of fork, 520.
Temperature, 15°C. Tube diameter, 4-5 cm.
Mean length of resonance column, 149 cm. o
Oorrected length = 14'9 4-0°3 x 46 = 16-3cm. ., A = 6§-2cm.
S v =652 X 520 = 33904 cm. secs.
vy = 33904 — 60 x 15 = 33000 cm. secs.

pe
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111. The organ pipe (Fig. 83) consists of a wide tube of
wood or metal of rectangular or circular section. One end
is provided with a flute mouthpiece, the other
may be opeu or closed. The mouthpiece is so
constructed that on joining the narrow tube pro-
jecting at the bottom to a bellows, and blowing
air through, the blast is directed against the
sharp edge of a rectangular slit in the wall of
the pipe. When the blast is properly adjusted
(found by trial) the pipe “speaks” or sounds;
that is, the air column in it is thrown, by
resonance, into stationary vibration. The funda-
mental note is sounded when the blast is moderate;
by blowing harder the harmonics are successively
obtained. In every case the open end and mouth-
piece are antinodes.

The bellows used for a blow-pipe will also do
for the organ pipe. To ensure a steady blast,
weight the boards of the bellows, and partly
close the india-rubber tube with a clip. Work the treadle
slowly and as little as necessary.

112. The Sonometer.—A common form is illustrated in
Fiz. 84. AA is a long sounding box. It often rests on
short rubber feet or tubes instead of the substantial sup-
ports shown in the figure. BB’ are two fixed and C a

Fig. 84.

movable bridge trhose edge is a little higher than BB
A wire, F, looped round a screw at the left end, passes
over the bridges and a pulley; it is stretched by weights
E. Another wire, G, looped round a screw at the left end,



VELOCITY. FREQUENCY. 169

is'attached to a wrest pin, D, that can be turned by a key
so that the wire may be tightened or slackened. By alter-
ing the position of the central bridge longer or shorter
segments of the string can be made to vibrate. The lengths
are measured by the scale fixed to the sounding box.

A monochord is a simpler form provided with one string.

Fig. 85 shows, by plan and elevations, a sonometer, better
adapted for the laboratory. A4 is a thin sounding board,
B a fixed bridge, C a movable bridge. The distance
between the bridges is measured by directly applying a
scale, §. The stretching force is supplied by a spring

S
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Fig. 85.

balance, E, instead of weights. A screw stem, M (of square
section to prevent rotation) carries a large winged nut, N,
that bears against an iron plate at the end of the frame, F.
When the nut is twrned the stem is moved, and the pull of
the spring altered.” G is a second wire looped to a serew
at the left end, and attached to a wrest pin, D, at the right.

The spring balance should read to 501b. by }1b., steps. The length
scale should measure in 5inch; length, 4D, about 40"

113. To tune a wire to a note.—Stretch a piano-wire
(steel) tightly over the bridges of the sonometer. The
note, e.g. a tuning-fork, being sounded, pluck the wire to
set it in vibration, and adjust the movable bridge until the
notes emitted b}? the wire and fork seem to be the same in
pitech. To tell this, sound first one and then the other.
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To a musical ear tuning is not a difficult matter, but the
unmusical is easily deceived, especially with notes of high
pitch. The concord of a note (n) with its octave (2n) or

fifth (3?") is liable to be mistaken for that of two notes

of the same pitch. Hence when the experimenter has
found a point at which the agreement seems right he should
move the bridge so as to make the vibrating segment first
somewhat longer, then somewhat shorter. If in the former
case the note of the wire is unmistakably lower in pitch,
and in the latter higher, then the original position is nearly
the correct one. If these observations are not confirmed,
ome note is a harmonic of the other, hence the bridge
must be moved to another part of the wire and tuning
recommenced.

It is an assistance to use a rough ‘‘stethoscope’” consisting of a
wooden rod, 2 inch square, 8 inches long, fixed at one end into a slab
of wood, 3 inches square, %inch thick. The end of the rod is put on
the sonometer board, and the ear is placed against the surface of the slab.
Sound from the sonomcter is conducted along the wood, and is easily
heard in a noisy room. .

Beats.—When two notes (frequencies n, »') are very
nearly in tune, they will, if sounded together, produce
a throbbing effect due to a rapid rise and fall in the
intensity of the sound. The notes are then said to beat.
The beats per second =(n ~ n') ; hence they are slower and
slower as the unison is closer, and cease altogether when it
is exactly reached.

With a wire and fork of moderate pitch the beats are
readily heard, especially when the sound is dying away, by
pressing the shank of thefork onthe board of the monochord.
The two may be adjusted to agree so closely that a beat
takes several seconds to complete itself. Iu obtaining
unison by beats find the positions of the bridge, one on
each side of the correct point, at which say one beat per
second can be counted: the mean of these positions gives
the value of 1. .

Sympathetic vibration.—When the fork and wire are in
tune, if the fork is sounded and its shank pressed on the
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board of the sonometer, the string will be set in vibration;
its note will be heard if the fork is removed and silenced.
The movement of the string can also be detected by placing
a finger just in contact with it; also small paper A -shaped
riders placed on the wire will be thrown off.

The wire begins to respond to the fork only when unison
18 very nearly attained. This can be shown by first tuning
the notes as nearly as possible, then gradually moving the
bridge and noting the positions, one on each side of the
correct point, at which the response caunot be detected.

In tuning a wire to a fork obtain first the beats, and
when these have been reduced in rapidity look for the
sympathetic vibration. The latter is not obtained easily if
the sounding body cannot be placed on the sonometer.
Beats may be heard with any two notes nearly in unison,
but are not readily detected with loud or high notes.

Fainter beats and weaker responses are sometimes ob-
tained between harmonics of the notes instead of the
fundamentals.

Exp. 129.—Compare the frequencies of two tuning-forks
of nearly the same pitch, and adjust them to unison, Sound
the forks simultaneously, listen for the beats, and watch the -
seconds-hand of a clock. Count the number of beats in
a given time and deduce the number per sec. This will be
the difference in the frequencies of the forks.

Usually the fork of higher pitch may be distinguished
from the other by ear. Confirm by loading one of the
prongs (bind a turn of fine wire round it) : this will lower
the pitch slightly. Hence (i) if the higher fork has been -
loaded the beats will be fewer, (ii) if the lower they will be
increased. The loading (iii) may have been sufficient to
reduce the pitch of the higher fork so much below the lower
that rapid beats are produced. If this is suspected place
the load about half-way along the prong and test again. .
The effect of the load in reducing the frequency is greatest
when at the end of the prong.

To adjust the forks to unison. —ME’I‘HOD I. Bind
. several turns of wire round each prong of the higher fork,
adjust the wires along the prongs until unison is obtained
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Merrop II. Take a third fork, P, of nearly the same
piteh as the two (@, R) under adjustment. Load P so that
there are, say, four beats per second when it is sounded
with the lower (@) of the two forks (@, B). Next load R
until there are four beats per second when it is sounded
with P. ’

To test the unison, rest the shanks of the two forks on a
board, one of the two being excited. After a few seconds
remove and silence the excited fork. The other should be
emitting its note, it having been excited by sympathetic
vibration.

Exp. 130.—Demonstrate the lows of the transverse vibra-
tions of strings (S 109). TUse three or more tuning-forks
(pitches ¢/, ', ¢” for instance) and the sonometer. Find
the relative frequen(:les of the forks (Exp. 126 or 127).

(1) Frequency is inversely proportional to the length of
the vibrating scgment. Keep the stretching force coustant,
find and measure the lengths successively in tune with each
fork. Calculate for each case (Frequency of fork) x (length
of vibrating segment). The values of the product should be
the same.+ Plot logn and log . The graph will be prac-
tically straight.

Repeat with other values of the stretching force.

(2) Frequency is directly proportional to the square root
of the stretching force. Keep the length of the string
constant, observe the values of the stle’cchlno force that
will bring the wire successively into tune with each fork.
Calculate for each case (Frequency of fork)® -~ (Stretching
force). The values of the quotient should be the same *
Plot (i) =% and P, or (il) log = and log P. In either cwqe
the graph will be plactlcah v stra,wht

Apply first (in Fig. 85, turn N ) a high value of the
stretching force (20 hg or 40 1b,, if the wire will sustain
it), and adjust the movable bridge until the length of wire
is in tune with the fork of Jowest pitch. Proceed with
higher forks. » :

Repeat with other initial values of the lgngth

- 1 For 1t' n e 1fl, then nl = const. ’ :
| I Torif n o 4P, then n/ y P = const, . 03P = const,
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114. To find the frequency of a note by means of a
monochord and fork of known frequency.—Tune the wire
of the monochord (1) to the note and (2) to the fork.
Record the respeclive lengths. Ieep the stretching force
constant throughout. Then

length of wire for note (I ) _ frequency of fork (n)

length of wire for fork (1) flequency of note (n) "
con=n'lYL

The frequency of the fork may be found by Exp. 127,

Exp. 131.—Find the frequency of the notes, fundamental
and harmonic, of an organ pipe. Xroceed as in § 114.

Exp. 132.—Find the frequency of a tuning-fork Ly the *“ absolute’
morochord. Fix the board of a monochord vertically. Hang a steel
" wire (piano) over the top bridge so that it jusz touches the Tower mov-
able one. (If the wire rattles during vibration press it by the finger
lightly on thelower bridge.} Suspend a known mass { , say 20 kg. ) from
the wire. Carefully adjust the movable bridge until the vibrating seg-
ment i3 in unison with the fork : note the mean length () between the
bridges. Make a mark by a blunt knife on the wire near each bridge.
Mecasure the length, 7, between the marks. Remove the wire from the
monochord, cut 1t at the marks and weigh the portion (= w).

Caleulate (i) m = w/?, (ii} the frequency, #

In the formula (§ 109) n = ¥7/2i¥m express

“either P in dynes, I in em., m in gm. per em. -
or P in poundals, 7in feet, m in s, por foot.

If the stretching force is due to the weight of @ bs. then

P = QX 4536 X 981 = 445000 Q dynes.

Tf the stretching force is the weight of @ #bs., I the length inciw., wuw

i the mass in gms. of 1 cin. of the string, then
logn =% log Q — log 1 — % log n + 2-52314.

The monochord should be vertical in order to minimise the friction
DLetween the wirc and the lower bridge. If this i3 considerable, the
stretching force on the vibrating segment is not approximately equal to
the weights hung on the wire,

ExAMPLE. Frejquency of a fork, ¢’. Mean length of vibrating
segment, 396 cm. Stretching force = 561b. wt. = 5 X 453'6 X 98]
dynos Mass of 36-2 cue. of wire = 05025 gm. : }

., mass of 1 eni, of wire = 0-01387 gm. ?

by e e
1 56 X 4536 x 981 _ sp0

KA . AT T~ YO0
frequency =~ 5= =5% 001387
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115. To find the welocity of sound in the substance of a rod or wire.
I) Rop. The rod should be 5 or 6 fect long. Grasp the rod at itg
sentre by the left hand. Rub it by the right hand with a well resined
eather. (A glass rod requires a cloth moistencd with water, or,
setter, alcohol.) Obtain the frequency (n) of the note emitted (§ 114).
Measure the length, /, of the rod in cums.

The note (fundamental) obtained is that of the rod when vibrating
longitudinally and having a node at the middle and an antinode at each
:nd. Hence the wave-length, X\ = 2/, Hence velocity, v = 2 In.

(IX) WIRE. The wire is strctched over two bridges, 9 or 10 feet
apart. The stretching force need not be known : the note emitted is
independent of this. Proceed as in (I).

When giving the fundamental note there is a node at each end and
an antinode in the middle.

The value of the velocity obtained above is that in a rod or wire.
The velocity in an unlimited medium is about 1-1 times the velocity in
a rod or wire.

To find Young’s modulus (") of elasticity for the substance of a rod
or wire,—The velocity of sound (») in the substance and its density (D)
being obtained, since » = ¥ ¥/D, and v = 2, then I = 4 D%, ’

Exp. 133.— Determine the velocities of sound tn the substances below, and
the values of Young’s modulus : glass (rod), oak (rod), deal (rod), brass
(rod), iron (piano wire), copper (wire).

116, To find the velocity of sound in a gas by means of Kundt's
tube.—Thoroughly clean and dry a long glass tube of about 2 inches
diameter. Fix to one end of a stick, a cardboard disc a little smaller
in diameter than the tube. Arrange so that the disc lies in the glass
tube. Clamp a long rod (say 6 ft.) of wood, or glass, or brass firmly in
the middle. Fix a cardboard disc to one end of the rod and arrange
that this lies within the glass tube, 9 or 10 inches from one end. The
axes of the rod and tube must be in line. The elamp is conveniently
made of two stout pieces of wood slightly hollowed out to hold the rod
between them (clamp between lead strips). The picces are serewed
tightly together, and the bottom one fixed to the table.

Thoroughly dry a small quantity of lycopodium powder, place it in,
and distribute it evenly along the glass tube.

Rub the free end of the clamped rod with a resined cloth, and move
the stick at the other end of the glass tube until the lycopodium
settles into distinct figures. At the nodes the lycopodium
will not be disturbed. Measure the distance between p nodes and
divide by (p — 1). The quotient is a value of the half wave-length in
air of the note emitted by the rod. :

Repeat the experiment several times by pushing the end of the rod an
inch or two further into the tube. Calculate the mean wave-length
from the measurements of A/2. Note the temperature.

Find the frequency of the note emitted by the rod,

Finally caleulate the velocity of sound in air at 0%(§ 108),

Exp. 134.—Find the velocity of sound in air by means of a Kundt tube.



PART IV.—LIGHT,

CHAPTER IX.
REFLECTION. REFRACTION. PHOTOMETRY.

117. Refraction and Reflection.—When light falls upon
the surface of a body a part is reflected or returned into
the medium from which it came, the remainder enters the
body and is transmitted and refracted. Of the reflected
part some is reqularly reflected, the remainder is scattered
(often said to be “irregularly ” reflected); of the trans-
mitted part a portionis regularly refracted, the remainder
is scattered.

Relative intensities.—The proportion of the light re-
flected to that refracted depends upon the nature of the
surface and its polish: eg. much from clean mercury,
polished silver, little from a dead black surface, etc. The
amount reflected increases and that refracted diminishes
as the angle of incidence increasss: e.g. the proportion
reflected from polished glass is small when the angle of
incidence is small, but considerable when the angle of
incidence is large. The transmitted portion is rapidly
absorbed if the body is opaque, slowly when the body is
transparent. The light scattered during refraction is that
which renders surfaces visible and gives them colour. Its
effects are more or less modified by the light scattered on

reflection.
175
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In experiments with prisms, lenses, etc., most of the light under-
goces refraction: a trifle however is roflected at each surface, this is
often made use of in optical measuremont.

See the Text-Book of Light for definitions of ray and pencil; con-
verging, diverging and paralle] pencils or beams ; incident, transmitted,
refracted and emergent rays; a point of incidence, & normal to the
surface; planes of incidence, of reflection and of refraction; angles of
incidence, reflection, refraction, emergence and derviation.

REMEMBER that the angles of incidence, reflection, refraction and
emergence are those between the nornal to the surface and the respec-
tive rays. -

Snell's law of refraction (law of sines).—When light
passes from a medium A to a medium B, the ratio of the
stne of any angle of incidence () to the sine of the resulting
angle of refraction (¢') is a constant number.

The constant is called the index of refraction (symbol )
between the two media. When light passes from medium
B to medium A4, the index of refraction is the reciprocal
of its value when the light passes the reverse way, viz.
from medium 4 to medium B. In symbols

sin ¢/sin ¢’ = pap \
sin ¢'/sin ¢ = ppa
paa=1/pan.

NoTE that the value of the index of refraction depends upon the
nature of ¢2co media : these should both be specified.

Critical angle.—When ¢ is such that ¢'is a right angle,
then the value of ¢ is called the eritical angle (symbol 6)
between the two media. For angles of incidence less than
the critical angle (8) a proportion of the light is refracted ;
for angles of incidence greater than the critical angle there
is no refraction, the light is fotally reflected.

Since sinp=np , sin ¢
when ¢’ =90° then ¢ =6, and sin § = p. Thus if the
eritical angle is found by experiment, the value of p is that
of its sine, this may e found from trigonometrical tables,

REMEMBER -
# (air to glass) = 3/2 practically p (air to water) = 4/3
{,u. (glass to air) = 2/3 ' {;L (watér to air) = 3/4 )
critical angle = 38° to 41° critical angle = 48°+5.

<
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" 118. Definitions (optical).—A slab or plate is a trans-
parent body having two parallel plane faces.

A prism is a transparent body having two plane faces
inclined to one another.

The angle between the plane faces of the prism is
called the refracting angle, and the straight line in which
they meet is called the refracting edge. (If the section of
the prism perpendicular to the edge is an isosceles, an
equilateral, or a right-angled trumc'le the prism is said to
be isosceles, or equilateml, or riglaé-angled.)

Lens, see § 127.

119. Refraction at plane surfaces: to find p.—1I. In
some of the following experiments values of ¢ and ¢’ can

be measured. From these u N
may be caleulated by referenco A
to trigonometrical tables (4 n @

figure), assuming
p=sin ¢ /sin ¢'.
If the complements of the

angles of incidence (90° — ¢) M 0
and refraction (90° — ¢') have
Dbeen measured, then
_ cos (90° — 4L) A
 cos (90° = ¢y B N’
IT. The value of 4 may also be Fig. 86

obtained by a graphic construction

(Fig. 86). Draw a line NV’ to represent the normal: at 0, a point on
it, make the angles §¥0.4, N'0B equal to those of incidence and refraction
respectwely with O as centre, any convenient radiug (several inches
long), describe a circle cutting 0.4, OB at a and b respectively : draw
an, bn' perpendicular to NON': measure an, bn' in, say, millimetres.
Then w i8 the ratio of an to &x'.

III. If an object is viewed directly, that is along the
normal to the surface of the refracting medium that passes
through the object, then the image of “the object lies on the
normal, and the index of refraction (for Jight passing.to the
eye from the medium through which the object is viewed)
will be equal to the ratio (dzstance of image from sui face)
-~ (distance of oliject from surface).

PR. PHY. 12
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ProoF. Let mm be the surfice sepirating the media «, b (b optically
denser than a): let 4 be the object, 4.¥ the normal to mm, and ABC
aray. Produce CB to cut the normal at 4'. The imnge of 4 will be
along CBA'. Let ¢, ¢’ be the angles of incidence and refraction re-
spectively, Then

sin¢ _sinBAN _ BN/B4 _ BA

$ing sinBAN DBNBA BA .

”r=

Fig. 87.

When ¢ and ¢’ are small N4, N4’ are practically equal to B4, B4’
respectively, and A4’ is the position of the image of 4. Hence when
the image is seen on the normal, u = NA'/NA practically.

IV. Note that u = BA’/BA for any angle of incidence. Hence a
value of 4 may be obtained as follows: track (§ 121) any ray from the

object. Draw any parallel to the normal at

S Pcé ad the point of incidence (B). Measure the
distances between the point of incidence (B)
and the points of intersection of this parallel
with the refraeted and incident rays respec-
tively (produced if necessary). 'Then x equals
the ratio of these distances.

120. Parallax (See Exp. 135).—
Let AB (Fig. 88) represent two ob-
jects. When the eye of the observer
1s in the line BA, B is hidden by 4 ;
when the eye is, say, at K, on the
left of BA, then B appears left of 4.
If B is further off, say at C, it appears

Fig. 88, further on the left of 4 ; if B is in
front, say at D, it appears on the

right of 4. The relative positions and amlounts of separa-
ti>n are indicated in the figure by ¢, b, a, d. Similarly if
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the eye is on the right of B4 the relative positions, reckon-
ing from left to right, are d, a, b, c. ‘

'thus 4, B appear closer together as the eye is nearer
the line AB. The greater the actual distance between -
A, B, the greater their apparent separation when viewed
from a definite position. When the line of sight is along
AB the objects appear in line, whatever the actual distance
between them may be. When the distance between them
is negligible they appear in coincidence in every position
of the eye.

DerinirioN. The apparent change in the position of
an object due to a change in the pomt of view of the
observer is called parallax.

Parallax error.—Whenever the position of an object with
regard to a scale, e.g. the end of the pointer of a galvano-
meter, has to be observed it is important to beware of
parallax. The liability to parallez error is minimised by
the devices described in §§ 12, 35, 80, etc.

Parallax method.—In some optical experiments it is
possible to fix accurately the position of an image by
adjusting so that the parallax between the image and a
pointer 1s eliminated. A needle (or cross wires), for
instance, may be brought up to the image, and adjusted so
that, when the observer’s eye is moved (one or two feet)
from side fo side, no apparent separation between the
image and pointer can be detected, the two seem fixed
together. The needle is then in the same position as, or
in coincidence with the image. Remember that the
Jurther of two objects will appear to move, relatively to
the nearer, in the same direction as the eye of the observer.

*Exp. 135.—Fix a sheet of paper on a drawing board
(Pig. 88). Stick two pius, 4, B, into it. Draw a line, PS,
perpendicular to AB; place a scale (edgewise) along it.

(1) Note the scale division hidden by each pin (called
the scale reading of the pin) when the eye is (1) over, (2)
left of, (3) right of BA. Mark the positions of the scale
readings alonv PS, join with A4, B respectively.

(I1.) Alter the position of B. Obtain the scale readings
as before, placing the eye, however, so that those for 4 are

o,
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the same as in (L.). Mark scale readings, and join with
A, B, as before. . .

(I11.) Put B in front of A. Make observations, ete.,
similar to (IL.). o

The lines across the paper should intersect at the
respective positions of the eye.

REFLECTION AND REFRACTION.

121. Apparatus.—1. Plane mirror (Fig. 89): a strip
(about 8") is fixed with round-headed screws and washers
of brass or card to a rectangular piece of wood so that it
stands with its reflecting surface vertical. The mirror
should be thin and of very good quality.

2. A cube (2" edge, say) and a prism (1" long, say) of
solid glass. .

The prism is frequently equilateral (1" edge) with three polished
faces. Paint one face black.

* 3.- Some large pins (8" long, say) and common pins.

Method (see Fig. 89): A sheet of paper is fixed to a
drawing board, and a straight line (which may be called

the base line) drawn on it: the mirror, cube, or prism is
placed on the paper with an edge lying along the base line.
- 'The paths of rays whether incident, reflected, or refracted
are tracked by sticking pins vertically into the board so
that they, their images, or the images of other pins are in
one line. This is judged by arranging them so that in one
position of the eye the several pins and images are hidden
by the front one, “The pins should be placed as far apart as
possible. The {mage of a pin n ay be idegtified by slightly
shaking each pin in turn: the corresponding image will
move similarly. An image by reflection is obtained by
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putting the object in front of the mirror, ete., that is on the
same side as the eye of the observer ; animage by refraction
by putting the object behind or on the opposite side of
the surface, etc. Refracted images, especially those with
the prism, are coloured, reflected ones are not coloured.
Arrange so that objects are well illuminated by a side
light. When the images are faint, screen the cube, ete.,
forming them by placing dark surfaces (brown or grey
book covers, cards, etc.) so as to form a dull background.
In the diagrams the position of a pin is indicated by e
with a capital italic: that of its image by X with the corre-
sponding small italic. The base line is indicated by XY.-
_In an experiment outline the figure of cube, prism, ete., by
running a finely pointed pencil along the edges of the face
resting on the paper. Mark the pin-points with reference

letters, and sketch in the rays as soon as the pins are -

adjusted. When the observations are completed remove -
the paper from the board, place it on a page of the note-

book, prick through the outline of the figure and the - -

several pin-points as determined, then join neatly with
ruled lines, etc. Measure the necessary angles with a
protractor, mark the values on the diagram.,

*Exp. 136.—Prove the low of reflection, viz. that the angles
of reflection and incidence are equal. Adjust the silvered or
back surface of the mirror
to the base line on the paper.
(1) Find the mnormal to
the mirror (Fig. 90). Put
a pin A in front of mirror.
Put B so that B, A, a,b
are in line. The straight
line through BA is then a
normal to the mirror. Find
the angles between it and Fig. 90
the base line (should be
each 90°). (2) Track the incident and »eflected rays. Put
C and Danywhere in front of mirror. Put first F, then E,
in line with ¢, & Then e, f are also in line with C, D.
Join CD, and produce: similarly FF. Measure the shaded




182 REFLECTION. REFRACTION., PHOTOMETRY.

angles. Observe that these are equal : one is the angle of
incidence, the other that of reflection. (Also observe that
the intersection of the slanting lines lies on the reflect-
ing surface.) If the normal has not been found measure
the angles between (i) CD and XY, (ii) FF and XY
these are the complements of the angles of incidence and
reflection, and hence should be equal.

*Exp. 137.—Prove that if the direction of a ray incident
upon a plane mirror is not altered, then when the mirror s
displaced through any angle, the reflected ray 1is furned
through twice that angle (Fig. 91). Draw three lines, M,
M, M, (1) Place the reflecting surface of the mirror
coincident with M,. Put two pins 4, B in front of the

Fig. 91. ‘ /

X

mirror. Adjust O, then D, in line with the images a, b.t
(2) Place the mirror along M, Adjust E, a, b in line,
then F, a, b. (3) Place mirror along M,. Adjust @, a, b
in line, then H, a, b. Measure the angles between (i) EF
and CD, (ii) GH and CD, (iii) GH and EF, (iv) M, and
M, (v) M and M, (vi) M, and M,  The first three
should be respectlvely the doubles of the last three.

t The images are not shown in Fig. 91,
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*Exp. 188.—Measure ithe angle of a prism or the
angle between two reflecting suifaces (Fig. 92). Draw
two parallel lines (about %" apart). Place the prism
with its refracting edge perpendicular to the paper and
between the parallels. Put two pins 4, B on one, and
two others C, D on the second parallel. Adjust the first
pin E, then F, in line with the images (a, b) of 4 and B
(these will be very faint); also @, H in line with ¢, d.
Observe also that 4, B, e,f are in line, and C, D, g, &; and
that the intersections of 4D, EF
and CD, GH are on the reflecting
surfaces of the prism.

Draw lines through FE and HG@
and measure the angle between
them : this angle is twice that of
the prism.

Confirm as follows : cut a piece of
paper to fit the angle above, fold
it in halves, show by superposition
that it then equals the angle of the Fig. 92,
prism.

Nore: The geometrical proof that the angle XML between the
reflected rays is twice the angle K PL between the prism faces is as
follows. Let BE, DL be two parallel rays, and KL, LG the corre~
sponding rays reflected from the prism faces PX, PL respectively.
Produce EX and G L to meet at M.

Now A BKP = A PKM,eachbeing equal to the complement of the
angle of incidence or reflection,

Hence ABEM =2. ABKP.

Similarly ADLM =2. ADLP.

** BK and DI are parallels, AKXPL= ABKP+ ADLP; also
AKML = A BEKM+ ADLAM

=2(ABKEP+ ADLP)
= 2. A KPL.

*Exp. 139.—Find the position of the image of an object
due to a plane mirror (Fig. 93). Place as object a large pin
(4) in front of a plane mirror: then B. Put first C, then
D, in line with a, 5. Similarly place E spmewhere in front,
and first ¥, then G, in line with a, e. Setup M, then K, I,
in line with a, 2? (Observe also that A4, B, ¢, d are in line,
also 4, L, f,g, also 4, H,%,1.) Produce DC, and GF, LK;
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these lines should intersect at one point (a), which is the
position of the image of 4. Join 4da: show that XV ig
perpendicular to and bisects Aa. (If carefully done the

X

Fig. 93.

pomts of 1ntersect1on of the pairs of slanting lines wﬂ]
be practically on the reflecting surface.)

*Exp. 140.— Find by the parallaz method the position ofﬂw
image of an object due to a plane mirror (Fig. 94).  Place

i

iy

it ,l;um
L7

~Rxs
Sraa

& pin, 4, some distance (two feet, say) in %roxit of a Pla,n:gi’
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mirror. Put another pin, B, behind the mirror so that the
upper part of it and the lower part of the image of 4 can
be seen simultaneously. Adjust B until it appears to
coincide with the image of A, and continues to do so when
the observer moves his head to the right or left, up or
down. There is one position in which this can occur: in
all others the pin and the image will separate. 'When the
adjustment is correct the pin, B, occupies the same position
as the virfual image of 4. Measure the distance (i) of 4,
(1) of B, from the mirror. (The mirror lies practically
midway between A and B.) Repea.t with 4 at other
distances.

Txp. 140.gives an indirect proof of both laws of reflection, because lt
shows that in one position ouly the pin, B, and image of 4 remain in
coincidence from every point of view, and that then the reflecting
surface is midway between 4 and B. (See Texi-Book of Light.)

*Exp. 141.—Skow that when a ray of Light goes through a
slab the emergent and ineident portions are parallel (Fig. 95).
. ’ Adjust an edge of a glass cube
' or slab to a base line, XY, and
outline its figure.

First, find the normal to the
surface. Put a large pin, 4, a
little behind the cube. Adjust
another, B, in front so that 4, q,
B are inline (the top of 4 should
be seen above the cube). Then

v B, b, A will be in line. The line
A B is normal to the surfaces.

Secondly, put pins C and D
behind the cube on a line inclined
(say 30°) to its face. Adjust

" Fig. 95. in front of the cube first F, then

F, in line with 1ma.ges ¢, d.

Then C D, e, f are in line. Show that CD is parallel

EF. Measure the angles of incidence'and refraction at
the two surfaces« c&lculate e (§ 119).

Repeat with CD inclined at several angles, say 45°, 60°,
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Tabulate (1) angle of incidence (¢,) at first face,
(2) angle of refraction (¢',) at first face, (3) angle of
incidence (¢,) at second face, (4) angle of emergence ()
at second face, (5) sin ¢, (6) sin ¢/, (7) sin ¢, (8) sin ¢/,
(9) p at first face, (10) p at second face.

*Exp. 142.—Find the index of refraction of glass using a
cube or thick slab (Fig. 96). 1. (1) Arrange as in Exp. 141.
Place a large pin, 4, in contact with the back surface.
" (2) Find the normal (4B) to the surface (Exp. 141).
(3) Put a pin Q about }” from the front surface, then
another, R, 4" or 5” off, in such a position that @, R and the
image of A arein line, Produce R to cut the normal
at J and XY at p. Join pA. Measure pJ, p4. Then

p (glass to air) ::_pJ/_pA.

I1. Repeat (1) and (2) above. (3a) (i) Put a pin C about
5" from A and §"” from the normal, then another, D, about
8" from A and in line with C and image of A. (ii)
Similarly place ping F, ¥ on the other sideof 4AB. Produce
DCand FE; these should intersect on the normal at «. The
position of a is that of the image of 4 when viewed directly.
Measure An, an. Calculate p (glass to air) = an/An.

IIT. (1) Adjust as in I. (1). (2) Lay a drawing pin
(point upwards) on the top surface of the glass. Place
the eye so that it can see the point, %, of the drawing pin,
and the image of 4 in line (Exp. 140). Adjust these
into coincidence by the method of eliminating parallax.
Measure the distance (d) of k from the front surface and
the thickness (D) of the block. Calculate p (glass to air)
= d/D.

IV. (1) Place a strip of stamp paper on the back surface
of the slab. Put a pin, B, in front, look for the reflected
image (faint), ¥, of B'. (Mount a paper flag on B, its
image may then be more readily detected.) Adjust the
position of the glass with regard to B’ so that ¥’ and the
image of the edge of the stamp paper are in coincidence
(parallax eliminated). Measure the distance (d) of B’
from the front surface (this equals the distance of 3’) and
the thickness (D) of the block. Calculate p (glass to air)
=d/D.
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Exp. 143.—Find the refractive index of the substance of a
thin slab or lamina. Use a microscope (§ 32) having
a scale and vernier or equivalent arrangement fitted to the
tube so that the movement of the tube can be measured.
Use a flat disc of glass or metal as a base or reference
surface. Lay the lamina upon it.

Note the scale readings r,, r,, 7, respectively, of the index
mark on the tube when the microscope is focussed, (1) on
the reference surface (a fine mark or scratch), (2) on the
same when the lamina is laid on it, (8) on the top surface
(a bit of dust on it) of the lamina. Then

p (substancetoair) = (r; — 1,) /(3 — 7,).
Use a piece of plate glass. (The thickness, r; — 7, may
be measured by calipers.)

Exp. 144.-—Find the refractive index of a liquid, water,
petroleum, ether, etc. Use the method of Exp. 143. Place
the liquid in a shallow vessel. Focus on a mark on the
bottom (inside) of the vessel (1) before, (2) after the liquid
is introduced, (3) on dust (lycopodium) on the surface.

*Exp. 145.—Find the 14
caustic by refraction at a
plane surface (Fig. 96).
Use a glass slab. Find a
normal, Exp. 141, then,in
turn, 5 or 6 emergent rays,
Q R, Q R, etc. Pro-
duce each ray to cut the
normal. Draw a curve to
touch the produced parts -
of therays: thisisthere-
quired caustic. The cusp,
a, is the point at which
the image of A is seen _
when it is viewed directly. 0 i
(Since p=an/An; .. for '
glass and air, an=2. An.) Fig. 96.

If 4 is viewed obliquely, ’
its image is at that point on the caustic at which the line
through the centre of the eye touches the caustic (Exp. 150),
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*Exp. 146.—Track a ray of light through a prism (Fig.
97). Place the glass prism provided with its refracting
edge at right angles to the paper. Outline its figure. Put
pins, 4, B, in front of ome refracting face (the line
joining them inclined to it, say, 60°), look into the other
face, find their images, a, b, and adjust first C, then D,

Fig, 97,

in line with a, . Observe that then A, B, ¢, d are
also in line. Measure the complements of the angles of
incidence and refraction at the first face, of incidence
and emergence at the second face; also the angle of
deviation (the angle hetween the incident and emergent
rays). Caleulate p at the two faces (§ 119).

Repeat with AB inclined at other angles, say 45°, 80°

Tabulate as in Exp. 141, adding (11) angle of deviation.

Exp. 147 shows that in going through a prism aray of light is deviated
from its original direction, and the images produced are coloured.

Exp. 142 shows that a slab produces displucement, but o deviation.
Also that light incident normally is neither deviated nor displaced.

*Exp. 147.—Total reflection in an equilaleral or right-
angled prism. 1. On the paper draw two lines at right
angles. Arrange the glass prism with one face coincident
with one of the lines. On the other line set up two pins
4, B (Fig. 98, 99) ; look for the images a, b (these will not
be coloured), and arrange first a pin C, then D, in line with
them, Outline the figure of the prism. Show that DC and
AB meet on a face of the prism, and that CD is at right
angles to the face from which the ray eme?ges. (See § 151
-(5): comparison prisms of spectroscopes.)
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II. The above experiment may be varied by _arranging
the pins 4, B (Fig. 99a) so that the line AB is inclined
at, say, 80° with the face of the prism (if the angle is less

| gl
Tig. 98, Fig. 99.

than this the ray may not be totally reflected, but undergo
refraction as in Fig. 97) Then set up C, D, as before

oo N
JT ke

Fig. 99a. Fig. 100.

To find the path of the ray in the prism, produce AB
and DC to intersect the faces of the prism at G and H
respectively.  Draw GIK perpendicular to MN, make
MK = MG@, join KH, GN. Then the angles GNM and
KNM are equal; hence the lines GN, NH are equally -
inclined to the prism face, and GNH is therefore the path
of a ray that undergoes total reflection.

IIT. Similarly” the total reflection in @ cube may be
investigated (Fig. 100 lettered like Fig. 99a).
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[ ' PHOTOMETRY.

122. Luminosity.—The illuminating power, luminosity, or
luminous intensity of a [ight is its particular value (both
brilliancy and size are involved) cousidered with reference
to certain standard lights.

The brightness or inbrinsic brillian cy of alightis estimated
as the luminosity of unit area.

The common British standard of luminosity is the
candle ; the unit is called the candle power. SPECIFICATION :
A candle power is the luminosity of a spermaceti candle
burning 120 grains per hour (6 to the 1b.).

The carcel (French), Iefier- A ltencek (German), and pentane standards
are the lights produced by burning cerlain substances under specified
conditions. 'The Congress international standard is the luminosity of
& 8¢. cin. of molten platinnm at its temperature of solidification. It is
about 18-5 candle power. 'The international candle or bougie décimale
i3 1/20 of the above Congress standard.

21 Hefner units = 2 cavcels = 20 international candles = 185 British
candles. The pentane standard = 10 British candles.

Surface illumination.—The degree to which a surface
can be illuminated by a source of light is (1) directly
proportional to the illuminating power (L) of the source,
(2) inversely proportional to the square of the distance (d)
between the surface and the source, (3) directly proportional
to the cosine of the angle of incidence (#) of the rays on
the surface.

The brightness, illumination, or intensity of llumination
(I) of a surface is defined as the flux of light incident
normally per unit area.t Unit intensity of umination is
the flux of light per unit areat received from a small source
of unit lummosHy at unit distance when the axis of the
incident pencil is normal to the surface upon which the
light falls.

Hence I=L. cos 6/d

The British unit of ilumination, called the candle foot
is that produced by one standard candle on a white surface
at a distance of otie foot.

t Quantity of light | _ (Fluxo xme dunng which the
received by a surface / — \ light surface is exposed. )
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123. If two lights equally lluminate o surface, their
tlluminating powers are directly proportional lo the squares
of their respective distances from the surface, provided that
the raye from eack light incident upon the surface are practi
cally normal to it _

ProoF. If a surface is illuminated by a light of candle-power, L,
at a distance, 4, the intensity of illumination, 7 = L/@®. Hence if the
" surfaces are equally illuminated by two lights, L), L,, at distances 4, &y,
respectively then

LJd® =T =LJd2 . LL,=d}d2

124. Photometry has two aims, viz., the comparison (i)
of illuminating powers, (i1) of intensities of illumination.
Photometers are instruments by which these comparisons
may be made. The distances from the photometer of the
lights to be compared are adjusted so as to equally
luminate adjacent portions of the same surface. The
equality of 1illumination is judged by the eye of the
observer; this may be done with considerable accuracy,
because the eye is able to detect a slight inequality in the
intensities of illumination, but it cannot estimate the ratio
of two unequal intensities.

PracTicE. Photometric experiments should. be con-
ducted in a room with blackened walls and ceiling, also
the bench, stands, ete., should be blackened. The bench
should be from 10 to 20 feet long. The eye should be
- prevented by opaque screens from viewing the lights, and
the photometer surfaces should be similarly shielded from
all stray illumination.

In photometric determinations adjustments at three or
four different distances should be made, another series
when the photometer is reversed, another series when the
lights are changed over from one side to the other, and
finally when the photometer is again reversed.+

125. Rumford or Shadow photometer (¥'ig. 101).—Place
a stick, B, vertically in front of a white screen, §.
Arrange the lights to be compared, L., L,, so that each
casts a shadow of the stick on the screen. Adjust them
until the shadowd, 8, 8,, are close together and of equal

+ The reversal cannot be effected with the shadow photometer,
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darkness. Finally measure the distance of each light
from the screen. Calculate as in § 123,

Evidently the shadow §,, due to Z,, is illuminated by L,, and S, by
L;. Thus the adjacent shadowed strips of the screen are exposed to
one light only, and thc intensities of illumination can be adjusted
equal.

===

Fig. 101.

A small white card on a black board is an effective screen : for the
stick use a pencil or the rod of a retort stand. The comparison by this
method may be done in a poorly lighted room.

Unless the lights are of the same kind, e.g. candles, the shadows
will be different in colour and the adjustment to equality is not so
readily done. .

Bunsen or Grease-spot Photometer.—A piece of paper,
having a grease-spot, often star-shaped, at its centre—
frequently called the Bunsen disc—is pliced between the
two lights and its position adjusted, until, when viewed

s
~
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from a little distance, the grease-spot cannot readily be
distinguished from the rest of the surface. The distance
of each light from the disc is then measured. As the dis-
appearance of the grease-spot does mnot occur at the same
.position if viewed from both sides, make the observation
and measurements first from one side, next from the other,
and calculate the mean. Finally calculate the illuminating
powers as in § 123.

In other positions of the disc the grease-spot appears
lighter or darker than the surrounding paper. In the
former case the amount of light per unit area that gets .
through the grease-spot from the light behind is greater -
than the intensity of illumination of the paper by the light °
in front : in the latter it is less. The quantities are equal
when the spot is indistinguishable. Thus the Bunsen
disc indicates when the lights illuminate the surfaces with
equal intensities. A little light is, however, absorbed in
passing through the grease-spot; also the scattering of the
light is uneven; e.g., when the spot disappears from one
point of view it often reappears when looked at from
another position.

The wax of the spot should be very evenly spread. A piece
of white tissue paper sandwiched between two sheets of thin
cardboard, each with a central hole, 18 a good substitute.

Frequently two mirrors are placed one on each side of
the disc, and inclined to it at an angle of about 45°.  The
observer can then see the images of both surfaces of the
disc at the same time.

The paraffin-slab photometer.-——This consists of two
slabs of paraffin-wax, about }-inch thick, pressed together
with a piece of tin-foil between them. The block is held
between the two lights to be compared, so that the plane of
the tin-foil is perpendicular to the line joining the lights,
The position of the block is adjusted until its edges
appear equally bright, then the distance of each light
from the wax is measured. Calculate as in § 123.

It ig 2 good plan to put a black screen in front of, and close to the
edges of the wax blogk. Make in it a rectangular slot nearly 1" wide, so
as to expose a portion of the edge. The lights should be screened from
the eye.

PR. PHY. ’ 13
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Exp. 148.4—Practise the balancing or adjustment of
photometers (often called the “ Proof of the law of inverse
squares ). Compare a group of two or three candles with
a single one, using different photometers. Make half-
a-dozen observations. Tabulate (1) distance of single
candle from photometer, (2) ditto of group, (3) square of
distance of single candle, (4) square of distance of group,
(5) ratio of squares of distances.

The ratio of the squares of the distances should be practically equal
to that of the illuminating powers, that is, the ratio of the numbers of
the candles in the groups.

Exp. 149.—Find by the photometer the candle-power of a
gas-flame,t oil-flame,t electric glow-lamp, argand burner,
Welsback burner, Nernst lamp, etc. Compare each light
with a group of two or three candles. The last three are
of considerable luminosity and may be compared more con-
veniently with an electric glow lamp, whose candle-power
can be determined by a separate experiment. Make ten or
twelve determinations for each light, and use different
photometers. Tabulate the values for each photometer
and light as in Exp. 148. Finally tabulate (1) kind of
licht, (2), (8), etc., the determinations by the several
photometers.

t May be done partly as home-work by using the Rumford photo-
meter.
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MIRRORS AND LENSES.

126. Reflecting surfaces are, as regards their shape,
either plane or curved. When the latter they are called
concave if hollow, convex if bulging. Curved surfaces are
usually spherical or cylindrical.

Spherical surfaces.—DEriNiTIONS. The radius of the
sphere is called the radius of curvature, its centre the centre
of curvature. The middle point of the spherical surface is
the pole, vertex, or centre of the mirror. The straight line
through the pole and centre of curvature is the principal
azis. The value of the solid angle subtended by the
mirror surface at the centre of culvature is called the
aperture of the mirror.

Cavrion.—The surfaces of mirrors, lenses, prisms, elc.,
must on no account be touched by the fingers.

To maul a mirror or lens with the fingers is a dirty and destructive
habit, for if the finger marks are not cleaned off the efficiency is im-
paired, and if the piece is rubbed with a cotton handkerchief, it
becomes scratched and ultimately spoilt; lenses, etc., should be
cleansed as seldom as possible, and then soft silk should be used.

To determine the shape of a reflecting surface.—The
rules are given below. Practise each. Remember those
in thick type.

1. Look into the surface and observe the image pro-
duced, whether latger or smaller than the object, whether
erect or inverted.

195
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’ Image. Reflecting surface.
Diminished, erect-and-virtual. Convezx.
Same size as object, erect-and-virtual. Plane.
Magnified, erect-and-virtual. Concave.
Diminished, inverted-and-real. Concave,
Magnified, inverted-and-real. Concave.

II. Hold the surface near the eye and look along it towards a
window or bright light. Place a straight edge (folded piece of paper)
across and close to the surface. Arange so that the eye sees the
image of the straight edge. Observe the shape of the image carefully.

Image. Reflecting surface.
Straight, parallel to the object. Plane.
A waved line. Poor surface.
Curved, bent towards the straight edge. Convex.
Curved, bent away from the straight edge. Concave.

RULE.—The form of the image is in each ease practically similar
to that of the section of the surface.

PRACTICE. The straight edge should he placed across the surface
in geveral directions. If the indications are the same in each direction
the surface is, most likely, spherical, if in one direction (parallel to the
axis of cylinder) the image is straight, and in other directions more or
less bent, the surface is a cylindrical surface.

The rules, I1., above, are of special importance in determining the
ghape of a lens surface. In these, however, the two surfaces are
usually close together, and hence to avoid mistakes caution and practiee
are necessary.

127. Lenses.—These are transparent (usually glass)
bodies having one surface curved, the other either plane or
curved. The curved surfaces may be cylindrical or spheri-
cal, and coneave or convex. For the method of identifying
a surface see § 126.

Lenses are primarily distinguished as convex—these are
thicker in the middle than at the edges—and concave—these
are thinner in the middle than at the edges. They are
further subdivided (Fig. 102), the former into double convex
(a), plano-convex (b), concavo-convexr or convexr memiscus
(c), and the latter into double concave (&), plano-concave (e),
and convexo-conceve or concave meniscus (f). :

The above is a geometrical classification. There is also an optical

distinction. 'When the conditions are such that lenses can produce
erect-and-diminished images only (like a concave glass lens in air) they
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are called diverging lenses, When the conditions ‘are such that the
lenses can produce inverted, or maguified-erect images (like a convex
glass lens in air) they are called converging lemses. "These terms
should not be used in describing a particular lens becausc the conver-
gency or divergency depends not only on (i) the shape of the lens, but
also upon (ii) its substance, and (iii) the medium in which it is
immersed.

The lenses used in optical instraments are gencrally compound, that
is, a combination of several constituents: e.g. the objeet glass of a
telescope (Fig. 128) consists of a convex lens of crown glass and a
concave lens of flint glass. The combination is (in air) converging ; it
is ]also achromatic, that is, the images produced are not fringed with
colour.

Fig. 102,

To identify glass lenses in air—M=zTrOD I. Do not feel
the face of the lens: hold it by the edge close to the eye
and look through it at an object, say a printed page, near
enough to give an erect image. If the image is erect and
diminished the lens is diverging, e.g., a glass concave; if
erect and magnified the lens is converging, eg., a glass
convex. If the image is apparently the same size as the
object, the lens is of low power, or the piece may be a
glass plate. To decide the matter wave it before the eye.
If the piece is a lens the image will also move, if a plate
the tmage will remain at rest.

Meruop II. Move the lens from left to right or wice
versd in front of, and close to a printed page: if the image
moves in the opposite way to the lens the leus is conver, if
in the same way the lens is concave; no movement, not a
lens.
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*Exp. 150.—Draw a cawustic to a circle (Fig. 103).
Describe a circle of radius not less than, say, 9 or 10 inches.
Draw any diameter, aCP, and parallel to 1t 9 or 10 equi-
distant (about ) lines, intersecting the arc at @, R, S, ete.

E_ye
W

[ N
wa
N i

J a
(]
U

e

Fig. 103.

Find the mid point, F, of PC. Draw Qb, R¢/, ete., so that
the radii QC, RC, etc. (these are normal to the circle), are
the bisectors of tlie angles bQb, cR¢', etc., respectively.t

t A very convenient construction is to draw wlth @ as centre and
radius @b, a circular arc cutting the circumference, aQP, in /. Simi-
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Draw a curve to touch aP, ¥'Q, ¢'R, etc., in succession: this -

curve is a caustic to the circle. b

G will be very close to ¥; F@, GH, HJ, ete., are in
increaging order of magnitude.

Expranarion. If aP, bQ, cR, dS, ete., are incident rays
of a parallel beam of light, Pa, Q¥, Rc', Sd', ete., will be
the respective rays reflected from the are PS. The con-
struction shows that all the incident rays between aP and
b€ will on reflection cut the axis, CP, between F@; all those
incident between Q) and ¢R will on reflection cut the axig'
between GH, and so on. Now if the / QCP is not more -
than 5°, F@G is small compared to GP: thus when the
aperture (2 2 QCP) of a spherical mirror is less than 10°
all the rays of an incident parallel beam are reflected very
nearly through a point (called the principal focus) midway
between the centre of curvature, C, and the pole of the mirror,
P. When the aperture of the mirror is considerable, this
is no longer the case, the so-called spherical aberration
largely increases.

‘Whatever the position of the observer he sees an image
in the direction of that point (I) on the caustic at which
the line (XI) through the centre of the eye touches the
caustic. Hence when the eye is on the principal axis PC,
it sees an image at the cusp F'; hence when the mirror is
of small aperture images are only seen directly when the
eye is close to the principal axis.

To avoid appreciable distortion of images due to
spherical aberration, mirrors are made of small aperture,
Lens surfaces too are generally of small aperture and the
lens thin. (See § 129.)

Exp. 151 —Identify various lenses, concave and conves,
spherical and cylindrical, short, moderate, and long focus.
Also a disc of thin plate glass.

Exp. 152.—Identify the shapes of the surfaces of various
lenses, etc. »

?
larly make R¢' = Re, Sd’' = Sd, ete. The whole must be done with
great care and accuracy, especially for the points, &, ¢.
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Exp. 153.—A glass disc, having a scale graduated on one
face and fixed inside a short tube, is provided. Find which
Sace is graduated. Hold the tube so that light (from a
window) is incident on a face of the disc and is reflected
to the eye. Yook obliquely at the glass disc: if two scales
are seen, the graduated face is nearer the eye than the
ungraduated one; if only one scale is seen, the graduated
face is further from the eye. (In the former case the
second scale is an image due to partial reflection from the
further surface of light travelling in the glass.)

128. To track a ray through a lens.—It is useful to
adopt the method of § 121. The principal axis of the lens
should lie on the surface of the paper and board into which
the pins are stuck. (1) This may be effected with a com-
plete lens by making a slot in the board into which the
lens may be fixed so that a half of it appears above the
surface. (2) A half lens—one divided along a diameter—
is most convenient. It is placed so that this diametral
section rests on the paper.

On one side of the lens draw a line on the paper to mark
an incident ray. Stick two pins, 4, B, into this line. Look-
ing at the other side of the lens set up first a pin, C, then
a pin, D, so that C, D and the images (a,b) of 4, B are in
line. Join the points C, D; the line marks the emergent ray.
Outline the lens section on the paper. Join the points of
incidence on, and emergence from the respective lens
surfaces; the line indicates the path of the ray in the lens.
Note that when C, D, a, b are in line when viewed from one
side, then A, B, ¢, d are in line when viewed from the other
side.

Exp. 154—Track rays through a lens as follows :— /'/

1. Parallel beam. Draw, say, six equidistant parallel lines
on the paper about 1" apart. Arrange the plane of the
lens to be at right.angles to them. Xet each line represent
an incident ray, track it through the lens as in § 128. The
emergent rays should intersect at one” point, viz. the

principal focus.
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2. Diverging beam. Draw, say, 6 lines radiating from a
point, P, at about 5° inclination to one another. Place
the lens at a distance from P equal, say, about half the focal
length. Let each line between P and the lens represent a
ray diverging from P and incident on the lens, track it as
in §128. The emergent rays should intersect at one point,
viz. the conjugate focus of P.

3. Converging beam. Draw lines and set the lens as
in (2). ILet each line on the side of the lens opposite to P
represent a ray converging to P and incident on the lens.
Track it as in § 128. The emergent rays should intersect
at one point, viz. the conjugate focus of P.

Repeat (2), (3) for distances of P two or three inches
greater than the focal length. Also for distances greater
than twice the focal length.

Use glass “half.lenses” (focal lengths about one foot),
1st concave, 2nd convex.

129. Mirrors and lenses.—Mirrors are generally of small
aperture (§ 126): lenses are thin, and bounded by curved
or plane surfaces. Such mirrors and lenses produce
images of objects placed at positions on or close to their
principal azes. In relation to the object the image is
(a) enlarged or diminished, (4) inverted-and-real or erect-
and-virtual. A real image is produced at the position
to which rays of light are converged by the mirror or lens
(Figs. 34, 129); a virtual image is at the position from
which rays appear to diverge, the position from which they
actually diverge being elsewhere (Figs. 93, 94, 120). The
rays themselves pass through areal image, but not througha
virtual one. Henceonlyreal images can be focussed on ascreen.

‘When rays of light are incident on a mirror or lens in a
direction parallel to its principal axis they after reflection
or refraction, (i) in the case of a concave mirror or con-
verging lens converge to, or (ii) in the case of a convex
mirror or diverging lens diverge from, a point on the prin-
cipal axis. This point is the principal focus of the mirror
or lens, and its dlstance from the optlcal centre measured
along the principal axis is the focal length of the mirror or
lens (see Figs. 103, 122, and Exp. 154, 1).
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Magnification.—By the magnification is meant the ratio
of the length of any line across the image to the length of
the corresponding line in the object: or, shortly,

magnification = (length of mmage)/(length of object).

The term magnification is used in a general senge and does not
necessarily mean enlargement. An image that is larger than the
object is, however, very frequently called a magnified image, while one
that is smaller is called a dimimshed or minified image. Thus when
the magnification is > 1 the image is magnified, when the magnifica-
tion is < 1 the image is minified. Note that magnification is the ratio
of lengths, not of areas.

130. Formulae for mirrors and lenses.—The optical
quantities (f, m, r, see below) of mirrors of small aperture
and thin lenses are associated in several formulae of great
importance. To express these in a simple way it is con-
venient to consider that each quantity has not only a
numerical value but may be + or — according to the
following

Convexntion. Distances measured from the mirror or
lens in a sense opposed to that of the incident light shall
be positive (+), in the same sense as the incident light
shall be negative (-).

Let w and v be the distances of the object and image
respectively from the lens or mirror, f its focal length, m
the magnification, r the radius of curvature of the mirror,
r, that of the lens surface upon which the light is incident,
r, that of the lens surface from which it emerges, and p
the vefractive index when light passes into the lens from
the medium in which it is immersed.

MIRRORS. LExsEs.
1 1 1
=2 1 o -p(i_1
r=2f 7 (p )\T, .
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ComeInaTION OF LiENsEs. If thin lenses of focal lengths
Sofor fo - . . are put close together the focal length, f, of
the combination is such that

1 1 1 1
FTRTRTRT

It roLrows from the above that _

(1) The focal length is a 4 quantity for a concave
mirror, or a diverging lens, or diverging combination.

(ii) The focal length is a — quantity for a convex
mirror, or a converging lens, or converging combination.

(iii) The magnification is a + quantity when images
are erect-and-virtual.

(iv) The magnification is a — quantity when images are
inverted-and-real.

(v) The distance of the image is a + quantity when an
inverted-and-real image is produced by a mirror.

(vi) The distance of the image is a — quantity when an
inverted-and-real image is produced by a lens.

In the above formulae (which should be remembered)
all the quantities are subject to the convention and hence
involve both numerical value and sign. In some cases,
however, it is useful to consider relations between nurae-
rical values only without regard to sign. These relations
should be deduced from the fundamental equations when
required. To do this it is satisfactory to use as symbols
for the numerical values the capital letters corresponding
to the small italics and to prefix the — sign when
necessary.

Exampres. (i) The formula 1/f = 1/v — 1/u becomes,
when real images are produced by a lens,

1 1 1 1 1 1
—ZFS-v T "FTu Ty
(ii) that for the focal length (— F') of a converging combi-
nation of a convex lens (— F) and a concave (F,) becomes
11 1 |, ,__'F.F
_—_—FT—;Fl + E ..F——FZ__FI.
In caleulating use should be made of a table of reciprocals.

|
I
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131. Apparatus for optical measurements with mirrors
and lenses.—(1) Lens holders. These should hold the lens
or mirror without shaking. Itis an advantage when the
piece can be fixed at different heights.

In Fig. 104 the lens is placed in a hole of slightly greater
diameter in a wooden ring or board fixed at right angles to a
base. A springy piece of brass wire bent nearly into a complete circle
is pushed into the hole against the lens, and keeps it from moving.
The wooden ring is fixed at the end of a rod that fits into a stand. This

arrangement is gatisfactory when lenses are of the same diameter. If

Fig. 105. ’ Fig. 106.

the lenses need not be moved from their holders, a very simple plan is
to make a hole (it necd not be turned) through a piece of wood, and
keep the lens against it by threescrews (Fig. 114). (Putasmallwasher
ora half-inch dise of cardboard between the screw head and the lens,)
This may be mounted on = rod or fixed to a base, Fig. 105 shows a
holder arranged to take lenses of different sizes. The horizontal
pieces 4, B are of wood. The vertical rods are steel (knitting needles),
passing through binding screws. Half-inch holes are bored into the
wood ; the edges of these grip the lens. Fig. 106
illustrates a form in which the lens is held in the
angle between two pieces of wood hinged to a base,
and pulled together by an elastic band placed an
inch or two above the base.

A small lens may be fixed by wax to a loop of
stout brass wire, or into a cork (Fig. 107 ; see § 140).

(2) Objects. For experiments on a large
Wig. 107.  scale a candle (liable to spill wax), gas
flame or electric lamp s good. For

measuring purposes, however, the object should be flat
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with well-defined lines, e.g. wire gauze (Fig. 114) or cross

wires (Fig. 108). Illuminate them by putting a light
behind.

For the cross-wires (Fig. 108) make a 1" hole in a piece of tin-plate
or stout cardboard, say 6" square, Screw the plate to a strip of wood
(W) at the back. Stretch ¥ thin iron wires across the hole, as shown
(back view). A small cross-wires is also useful (Fig. 118): make the
hole 2" diameter, paint the front white.

Z—
7 z =3
|
J !
Fig. 108. . Fig. 109.

A short mm. scale is a useful object. The graduations may be on
translucent paper or glass. Fig. 109 shows how it may be clamped. The
woad strip, ¥, is fixed to a rod ; the scale is between 77 and a wood strip
A ; two screw-bolts, with wing-nuts, F, pass through the strips. By
screwing up the wing-nut, ¥, the scale may be clamped.

For parallax experiments, a rod (knitting needle) with a white paper
flag a little below the point (Fig. 110) isconvenient. Ifasharper point
is needed, push a fine sewing needle through a cork and mount on the
knitting needle {Fig. 111).

In parallaz experiments it is a good plan to use a scale, as above, for
object, and a needle to mark the position of the image of the scale,

Fig. 110.

(8) Images. These are focussed on a screen of white
cardboard attached to a rod, or a woodep stand (Fig. 114).

For several expericments it is convenient to have a piece of ground
glass, mounted vertically in a large ring, so that both sides are
exposed.
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(4) Accessories. Black screens that can be placed in the
neighbourhood of the imuges in order to cut off extraneous
llumination.
A plane mirror (of
very good quality)
- mounted vertically (in
S alarge ring).

The various pieces are
fitted with rods that can be
fixed in stands (Fig. 112).
The stands have a rectangu-

. = lar {iron) base, and carry a

Fig. 112. vertical brass tube. The

rods of the picces fit easily

into the tube and are clamped by the thumb screw at the top. The
base has marks on it to aid in measuring.

4

C ——1

%@
E

Optical bench, or optical bank. 'The stands are frequently
arranged to slide along a horizontal board or frame gradu-
ated into centimetres or inches. Thus the distances between
them are directly indicated. Fig. 112 shows an arrange-
ment (shortlength). The use of these cumbersome benches
can very frequently be avoided.

Tape measures, and bozwood scales (100 em. and 50 em.
long) are required for measuring the distances between the
lens, object, image, ete. Fig. 114 shows a tape fixed to the
bench by drawing pins. Fig. 110 shows an application of
a boxwood scale, useful especially in a parallax adjustment.
1t can be held by hand in such a position (rest the elbows
on the bench).

A distance piecce (Fig. 112) is useful for .+, P ---% - ~»
more accurate measurernents. It consists L[ T ___ p-—--2 ) js
of arod, D, with pointed ends, and of definite
length (say 20 cm.). It is carried by a

stand having a mark, m, on its base. L P e s

1. To measure the distance between two 'k—-—--P“-’i-h:
pieces, L and S (Fig. 113). (i) Bring one n ’:
end of U into contact with L, note r,, the Tig. 113.

scale reading of m; (i) bring the other end

of D into contact with 8, note ry, the scale reading of w. If @ is
the distance (=ry~r;) through which the stand has moved, and & the
length of the distance rod, then the length between L and S=a+5.
It is sometimes more convenient to work as in 11.
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. 70 measure the distance through which a piece L has been dis-
placed (Fig. 113). Let L, be the first and Z, the second position of
the piece. (i) Bring one end of the distance rod into contact with the
piece in its initial position, note the reading (r,) of m. (ii) Bring the
same end of the distance rod into contact with the piece in its second
position, note the reading (»,) of m. Then r,~r, is the distance, p,
through which Z has been displaced. The length of the distance rod
(b} need not be known.

If L itself is carried by one of the standa the distance rod is unneces-
sary. In this case observe the two readings of a mark on the base.

132. The simpler optical experiments do not require
a very dark room. If the laboratory is provided with
green blinds it can be darkened sufficiently. Experiments
by the parallax method can gener. ally be done in ordinary
Light. Arrange the pr1nc1pal axis of the lens or mirror
parallel to the window and place a dark background in
view of the eye.

RULES.

(1) In experiments with lenses, mirrors, ete., the
planes of the lens, mirror, screens, ete., must throughout
the observations be kept at right angles to the base line or
optical bench as nearly as can be judged ; also the principal
axis of the lens must pass through the object, and be
parallel to the base line, optical bench, etc.

(2) In making measurements be careful not to disturb
the pieces. Observe whether the plane of the lens, ete.,
passes through the index-mark on the base of the stand,
If not, decide whether the measurement to be made, or the
way of making it, needs that the distance, if any, between
these should be known. If so, use the distance piece.

CONVERGING LENSES.

133. To find roughly the focal length of a converging
lens.—Get as far as possible from a well-illuminated
window or bright object (lamp). Hold a piece of paper
(envelope) in one hand—the palm of the hand itself is
often good enough—the lens in the othet. Place the lens
close to the paper and slowly draw it away until a well-
defined image of the window is seen on the paper. Guess
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the distance of the lens from the paper: (it is a little
greater than the focal length).t This preliminary esperi-
ment should be done invariably when an unknown lens 18
provided for measurement. Remember that a real image
cannot be obtained on a screen unless the distance between
the object and screen is at least four times the focal
length of the lens (Exp. 156).

134. To obtain a real image of an object by a converg-
ing lens (Fig. 114).—First obtain the focal length roughly
as in § 133. Draw a base line (in chalk), or pin (by draw-
ing pins) a tape measure on the table, or use an optical
bench. Arrange object, lens, and image-screen at equal

Object  _ ___ _____Lens _Imagy|
Lamp
Measure

Fig. 114,

heights ; also the principal axis of the lens parallel to the
base line or bench, and passing through the object. Place
the object and the image-screen at a distance apart greater
than four times the focal length of the lens: put the lens
between, close to the object. Slowly move the lens from
the object until an image is seeny: then leave the lens and
adjust the position of the image-screen until a well-defined
image is obtained. Note that the image is inverted.

To determine the magnification produced by a converg-
ing lens.—Measure by compasses (§ 13), as accurately
as possible (to 1/50 inch), the distance between two
points of the object and the same two points of the
image. The magnification is the ratio of the latter to the
former. The width of the hole or distance between the
wires of the object, or the distance between, say, ten wires
of the ganze may be measured.

t It is of course more accurate to measure by a scale. A precige
determination is, however, not the aim of the expetiment. o
1 Remember rale 1 (§ 132). B

\
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THEORY.— 70 show that the magnification = VjU, In Fig. 115, F is
the principal focus, € the optical centre of thelens, L. 4L is parallel
the principal axis, UCV. Let the object move from a distance up to
the lens. When at 4 U it produces the image BV (obtained by draw-
ing ACB to cut LF at B). FB is the locus of the image of that part of
the object that moves along AL. Then as A gets nearer L, B gets
further from F, i.e. the image gets larger. From the figure, since,
AUC and BVC are similar triangles, BV/AU=¥C/UC. Hence:
magnification = (length of image) + (length of object) = (Distance of
inage) <+ (Distance of object). )

For the relation between focal length and magnification see § 139.

A, A, Ly

<
<

. Fig. 115,

135. To find the focal length of a converging lens by
the method of eonjugate foci (also see Exp. 165).—Arrange
lens, etc., as in § 134, to give a real image. Determine
the distance between the lens and (i) the object, (i) the
image. Calculate the focal length from 1/f=1/v — 1/u

(§130).

Exp. 155.—Find the focal lengths of glass convez lenses by
conjugade foci (§ 135). Make three determinations for
each lens. Record kind of lens, U, V, F.

Exp. 156.—Investigate the relation between the distance of
an image from a converging lens and that of the object.
Find the minimum distance between image and object.
Use a glass convex lens of, say, 15 ins. focal length.
Place the image screen four yards, say, from the object,
and obtain a clear enlarged image. Measure the distance
between (i) imaga and object (U + V'), and (ii) lens and
object (T).

e

14
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Increase the distance (U) of the lens from the object
by about 1 4nch. Focus the image and measure the
‘distances as before. Again increase U, focus and
‘measure : repeat ten or a dozen times. In the later steps
the lens may be advanced a foot, then 2 ff. instead of
1 inch. In each case note whether the image is enlarged or
diminished.

(a) Tabulate the values of Uand corresponding (U+7V),
V,1/U,1/V, (1) U+ 1/V), also mention whether the image
is magnified or diminished. The values of (1/U+1/V)
should be practically constant. Calculate the mean of
them, then its reciprocal, the latter is the value of F.
(b) Plot U horizontally, (U 4 V') vertically.

Note that as U increases, ¥ diminishes, and practically equals the

focal length when U is very large. Also (U+ V) has a minimum

value, it is never less than four

Y R times the focal length. When

’ (U+7) is a minimum then

U=V, and size of image = sige
of object.

THE CURVE obtained by plot-
ting U and U+ 7 is a byper-
bola situated as in Fig. 116.
There i3 a minimum value of

(U+ V)= MN = 4F.

To find the minimum distance
geometrically. Take any point,
O, whose ordinate equals twice
T its abscigsa. Draw a line, CO,
/ through the point and the origin,

0. From the point M where
CO cuts the curve draw MN
parallel tt()l OY. MN is the
(4] P N 3 minimum distance.
. Axis f U X To find the focal length. Bisect
Fig. 116. , ONin P. Then OPis the focal
’ A length.

To find a value of V. Draw 0Z bisecting the right angle X0,
Then V¥ is the length (yz) of the portion of the ordinate (zy) of
an abscissa, Oz, infercepted between the curve and GZ.

Make 0Q=0P. Through P draw PR parallel to O, through @
draw QS parallel to 0Z. These lines are asymptofes to the hyperbola.,
The curve gets closer and closer to these, that is, the smallest values
of U and 7 are ultimately (but not simultaneously) = F.

Axiso /(/*V/
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Exp. 157.—Measure the magnification produced at different
distances by a glass convez lems. Arrange lens, object,
image-screen, etc., and proceed as in Exp. 156. For
measurements, ete.,, see § 134. Tabulate (1) U, (2) ¥,
(8) size of object, (4) size of image, (5) magnification,
(6) V/U. The corresponding values in (5) and (6) should
be equal.

136. Tofind the focal length of a converging lens by the
minimum distance method (a simple and accurate method).
—(i) Arrange object, lens, and screen to obtain a diminished
and real image. (ii) Move lens a little further from the
screen, then adjust the screen to focus the image (be careful
to move only one thing at a time). (iii) Repeat (ii) until
in focussing the image the movement of the screen is away
Jrom the object instead of towards it. (iv) Finally, find
where the screen is nearest the object. Measure the dis-
tance between the screen and object, and divide by four.

Nore.—The position of the lens may not be midway
between the object and image. Theoretically it should be
exactly so. The curve obtained in Exp. 156 indicates how-
ever that considerable variation in U produces little altera-
tion in the minimum distance. Hence in practice calculate
the focal length, not by dividing either U or V by 2, but
by dividing the minimum distance (U + V') by 4.

Exp. 158. —Find the focal lengths of conver glass lenses
by the minimum distance method.

137. To find the focal length of a converging lens by the
“ displacement method.” —(1) Place the object and image
screen at a distance apart, say, about five times the focal
length of the lens. (2) Put the lens between and adjust it
to give a real image. Note the position of the lens stand
on the tape, or by sticking a piece of stamp paper on the
bench and pencilling on it the position of the index mark on
the stand. (8) Do not alter the positiqns of either the
object or image screen, but move the lens until a second
image is clearly fbcussed. Mark as before the position of
the lens stand. (If the former image was enlarged, the
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latter is diminished,or conversely.) (4) Measure the distance
(a) between the two positions of the lens, and the distance
(?) between the object and image screen. (5) Caleulate
Jocal length of lens = (P — a®)/4d.
Magnification. In § 187, (3), (4) measure the lengths of
a suitable part of the image, also of the object.

"
/ 1

Proor.—Let 4 and B (Fig. 117) represent respectively the position:
of the object and screen.  Let a magnified image be got at B wher
the lens is at €, and a minified one when the lens is at (", then 4 and
B are conjugate foci for either position of the lens. .. BC'=40C,

& AC+C0B=l, and CC'=a; also AC'— AC=a,
& AC=%(l1—d), and BC=}{l+a).
11 1 o B—a?
7 aotwe T

Miniman distance.—The minimum value of @2 is 0. Then ! = 4{F.
Thus the minimum distance method (§ 136) is & special case (wher
a = 0) of the above.

Magnification relation.—Let O be the length of object,
I of the magnified image, ¢ of the minified 1mage. Then
I/0 =(CB)/(AC) and /0 = (C’'B){(AC’). Multiply to-
gether the left sides, also the right, then I.i = 0%

) <g>

Ax 4
¢

Fig. 117.

Since

Exp. 169.—Find the focal lengths of glass convez lenses
by the displacement method (§ 137). Prove the magnifi-
cation relation. Make two determinations for each lens.
Record (i) kind of lems, (ii) {, (iii) a, (iv) F, (v) size of
object, 0, (vi) magnified image, I, (vii) minified image, 1,
(viti) Ji, (1x)0% All values of the two last should be
equal. '

138. To find the focal length of a converging lens by
a direct method.—I. Using a telescope. Adjust the
telescope to focus parallel rays (§ 147) : “this must not be
altered during the experiment. Direct the telescope
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towards a printed page or other object with small details:
clamp it in this position. Place the lens close to and con-
centric with the object glass of the telescope.t Put the
object close to the lens. Move the object away from the
lens by short steps of an inch, say; look through the tele-
scope after each step, continue until a position 1s obtained
at which a good image of the object is seen in the telescope,
Then measure the distance between the lens and object ;
this 1s the focal length. |

I1. a. Using a plane mirror. Place in order a plane mirror,
lens,t and object (small cross wires). Arrange that the
principal axis of the lens is practically horizontal, passes
through the centres of the object and mirror and is at
right angles to them. Put the object near the Jens, slowly
move it away until a well-defined inverted image 1is
obtained side by side with and equal in size to the object

" (see Fig.118). Measure the distance between the lens and

object; this is the focal length. Repeat the determination.

IL.b. Parallax method. Placein order aneedle (Fig. 110),
lens, and plane mirror.] Arrange that the needle is, as
nearly as can be judged, on, and the mirror at right angles
to the principal axis of the lens. Place the needle at a
distance from the lens roughly equal its focal length.
Look along the principal axis towards the needle, from a
position three or four feet off, for an inverted image of the
needle : when found adjust the needle, by eliminating
parallax, until its point is in exact coincidence with the
point of the image. The point is then at the principal
focus of the lens. Measure its distance from the lens
(Fig. 110): this is the focal length. Repeat the deter-
mination.

Frequently in IT. a., I1. 5., images are got which turn out to be wrong,
being produced by reflection from the lens surfaces (§ 1434). Re-
member that the right image moves if the mirror is shaken.

The definition depends very considerably on the flatness of the
reflecting surfaces: a good piece of mirror or plate-glass is necessary.

1 It is a good plan to fix the lens to the teles’cope, in front of and
concentric with the abject glass.

1 It ie convenient to clamp the lens to the face of the mirror, or put
them in the same holder.
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Exp. 160.—Find the focal lengths of glass convex lenses by
methods of § 138.

Exp. 161.—Test the flatness of a reflecting surface. Use
an object with well-defined lines. Work in a dark room.
Using a good mirror and glass convex lens adjust as in
§ 138, IL.a. Substitute in turn the several surfaces to be
examined for the mirror. The bad surfaces give blurred
images.

Nore,—For another test of flatness, see Exp. 45,

139. To obtain the focal length of a converging lens by measuring
the magnification produced.—Let a lens, focal length f, at a distance
1, from the object, produce an image, magnificalion m,, at a distance
v,. Algolet the same lens and object at a distance u, produce an image
of magnifica®on m, at a distance #,. The lens may be thick or thin.

1 1 1 1 1 v )
= my = 1 mn=_2,
S vy ow vy uy A S Uy
v v
Sd=1-L=1~m ooy = (1 —m)fe
1 1 1
J ¥

Similarly ¢, = (1 — my) f,

. . vy -
S vy = vy = f (i, — ) o f= ml —ﬁmz'
2 1

Exp. 162.—Determine the focal length of a glass convez lens by measuring
magnification. (1) Open the legs of some compasses so that the tips
are exactly, say, half-an-inch apart. Arrange the compasses, lens,
and a finely divided (7}5") steel scale on stands on an optical bench,
and adjust so that a magnified image of the scale rests on the compass-
points (by the parallax method).+ Note the number (%) of image-
divisions bridged by them. (2) Move the compasses towards the lens
through a measured distance (d, say 1 inch for a short-focus fo 6 or 9
inches for a long-focus lens). Adjust the scale (the lens must not be
moved) until an image of it rests on the compass points.+ Note the
number (n;) of image-divisions bridged by them. Let n be the
number of divisions of the steel scale bridged by the compass-points.
In the first position the magnification m, = sfn;, in the second
my = n/ny.  Focal length = df(my, — m,).

140. The surfaces of lenses reflect sufficient light to form
images visible in a dimly lighted room. Lens-surfaces
can therefore be tised as concave or convex reflectors.

T Examine with a magnifying glass so that the adjustment may be
very accurate.



MIRRORS AND LENSES, 215

SPHERICAL MIRRORS OR REFLECTING SURFACES.

For the experiments with concave surfaces it is convenient to use
small mirrors (like those of galvanometers). 7o kold them fit each into
a hole in a thin, broad cork (Fig. 107); make a loop at the end of
a piece of stout, springy brass wire and push the cork into it so that
the loop and mirror are in the same plane. Bend the brass so that
when the stem is held in a holder the axis of the mirror is horizontal.

141. To find roughly the focal length of a concave
mirror.—An experiment similar to § 133 may be attempted;
the paper is held between the mirror and object, a little to
one side, in order that it may not cut off all the light.

To obtain a real image of an object by a concave mirror.
—(1) Obtain the focal length roughly. (2) Draw a chalk
line—the base line—on the table, or use an optical
bench, etc. (3) Arrange the illuminated cross-wires and
mirror (centre) at equal heights, also the principal axis of
the mirror parallel to the base line or bench and to pass
through the object. (4) Place the object and mirror at a
distance apart somewhat greater than twice the focal
length. Push the object screen slowly towards the mirror
until an image is obtained upon it side by side with the
object. Note that the image is inverted and equal to the
object in size. (5) Place a screen between the object and
mirror, close to the former, arrange it to catch the image
near to itsedge. (6) Move the object a little (two or three
inches) away from the mirror. Push the image screen slowly
towards the mirror and adjust until a well-defined image
is obtained.t (7) Repeat (6) until object and image are
obtained in convenient positions. Note that the image is
minified and inverted.

142. To find the centre of curvature and focal length of
a concave surface.—IL. Place the small cross-wires (illu-
minated) (Fig. 118) in front of and close to the centre of
the surface. Move the surface away from the object until
a clear image of the cross-wires is obtained side by side
with the cross-wires themselves; the cross-wires will then
be practically at the centre of curvatuwe. Measure the
distance of the,cross-wires from the surface: its value

t Remember rules, § 132.
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is that of the radius of curvature. The focal length is
one-half the radius of curvature.

Fig. 118.

II. By eliminating paralloz. Place a needle (Fig. 110)
in front of the reflecting surface so that its point is
roughly on the principal axis. Arrange that the distance
separating them is about twice the focal length. From a
position several feet off look along the prmmpal axis at the
needle: an inverted image of it will also be seen. Adjust
the position of the object until the point of the image is
exactly in coincidence with the point of the needle. The
points are now at the centre of curvature of the surface.
Measure (Fig. 110) the radius, calculate the focal length.

IIL. The focal length and radius of curvature may be
found by the method of conjugate foci. Arrange asin § 141
to get a real image, measure U, V, calculate F and B
(§ 180). See Exp. 164. '

Exp. 163.—Find the radit of curvature of the concave
surfaces of lenses, and of long focus galvanometer marrors
by the above methods.

Exp. 1864.—Demonstrate conjugate foet with a comcave
reflecting surface : Parallax method. (1) Clamp in stands
two needles, P, @, so that the points are at the same height
and on the principal axis of the lens. (2) Using one
needle, P, find the centre of curvature by § 142, Method
II. (3) Place thé needle, P, say 2" further from the
mirror. From a position three or four feet off look
towards P for its inverted image: bring up the needle Q
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and adjust by the method of eliminating parallax, until
the point of the image of P is exactly in coincidence with
the point of @. Observe that the image of Q is in
coincidence with the object P when the image of P
coincides with the object .

Measure U, V and caleulate F = UV/(U+ V).

Repeat at other distances.

Exp. 165.—Demonstrate conjugate foci with a convez lens :
Parallax method. Find the focal length (F) of lens
roughly. Clamp a knitting needle in each of the two
stands so that the points are the same height and on the
principal axis of lens. Place them apart at a distance
= 5Ft nearly. Put the lens between so that the needle
points are roughly on its principal axis and at a distance
irom one needle = 3F't nearly. From a position three or
four feet off look along the principal axis towards one of the
needles, @, for the inverted image of the other needle, P.
Adjust, by the method of eliminating parallax, the point of
Q into coincidence with the point of the image of P.
Observe that the image of P is exactly in coincidence with
the object @, when the image of @ is exactly in coincidence
with the object P; that is, P and @ are at conjugate foci.
Also if the image of @ is magnified, that of P is minified,
or conversely.

Measure the distances (U, V) of the lens from each
needle point and calculate ' = UV/(U + V).

Repeat, making U two or three inches larger.

143. To find the radius of curvature of a convex surface. (See
Fig. 119.) Let the object at 0 and a glass convex lens at L produce a

P i

J 7 I . »; TS ——— "
- 0 L K S,
oo '

Fig. 119.

real image at I. Let M be a position of the cenvex mirror, and § of
its centre. A ray from O after passing through the lens is incident
b ]

+ These values are convenient : others of course can be adopted.
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on the mirror at P (normal PS), is reflocted, returns through the lens
and forms an image at J. If the mirror is in such a position, A,
that its centre, S, coincides with Z, then the rays emerging from L,
since they converge to J, fall normally on the mirror ; they are there-
fore reflected normally and return along the path by which they
came. Hence they form an image J;, at 0. Thus when the mirror
is adjusted to give an image J, side by side with the object, O, the
position is discovercd for which its centre of curvature becomes
coincident with Z.

Exp. 166.—Find the radius of a convex reflecting surface. (1)
Arrange the small cross-wires, convex lens, and image screen, so
that a magnified real image is produced (roughly). (2) Place the con-
vex surface (carefully observe the rule, § 13Z) between the image screen
and the lens and close to the former. Slowly move it towards the lens,
and adjust to produce an inverted real image side by side with the cross-
wires themselves., (See (4) below.) (8) Remove the surface. Adjust
the image screen (do not move either object or lens) so that a well
defined image is focussed on it by the lens. (See (4) below.) (4)
Measure (by the distance picce) the length between the surface 1n (2)
and the image in (3): this is equal to the radius of the convex
surface.

143a. To find the radius of the convex surface of a lens.—Let O
(Fig. 120) be an object (distance #) in frontof alens. Consider a pencil
of rays incident, say, at M, generally it gives rise to four pencils in
different directions, viz. a pencil (i) reflected at M, (ii) refracted at
M,, going through the lens and
incident at 2f,, (iti) reflected at Mz,
(iv) refracted at M, and emerging
from the lens. The last gives rise to
the virtual image at a distance, v.
Also Y/f = 1jv — 1/u.

If O is at such a distance, D, that

Fig. 120. the portion (ii) strikes at M, normally,

then the emerging part (iv) is also

normal and the virtual image is at S, the centre of curvature of A, A, :

hence v = r,; the portion (iii} returns normally, is refracted at

along M,0, and forms an image at 0. Ience when an image, J, is

obtained side by side with the object, then the virtual image, I, of the

object formed by refraction through the lens is at the centre of curvature

of the second surface. Hence 1/f = 1/72 — 1)D. Note thatif D = — f,
r, = o, that is the swface is plane. Compare § 138, II. 4 and .

PRACTICE.—Place a needle in front of that surface of the lens whose
radius is not being determined. Look for a real inverted image of the
needle. Adjust, by wliminating parallax, the point of image and
needle into coincidence. Measure the distance (D) of the needle point
trom the lens. Find the focal length of the 1%ns. (This is con-
veniently done for a convex lens by § 138, IL 4.)
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144. To find the index of refraction of the material JI a. ‘lens.—
Measure the radii of curvature (v, »,) of both surfaces, anﬂ the focal
length (f). Calculate (§ 130) from the expression i

1 1 |
7= (- ) \

Exp. 167.—Find the radit of curvature of the surfaces of
a glass lens and calculate the tndex of refraction.

DIVERGING LENSES.

145. To find the focal length of a diverging lens.—None
of the preceding methods is immediately applicable because
a diverging lens always gives virtual images. 1If, however,
the diverging lens is put with a converging lens suﬂiclently
powerful to form a converging combination ; and the focal
lengths, (1) of the combination (f), (ii) of the converging
component (f)), are found, then that of the diverging lens
(/) can be calenlated from the relation 1)f=1/f + 1/f..
Attention must be paid to the signs. For instance if F
and F, are the wmumerical values of the focal lengths of
the combination and converging lenses respectively,

A=—F, f=—F . f=F.F/F~F)

Exp. 168.—Find the focal length of a glass concave lens.
Combine with a glass convex lens. Test whether the com-
bination is convergent (§ 127). If so find the focal length
by § 136 or § 138, I1.a,, (1) of the combination, (ii) of the
convex constituent. Then calculate the focal length of
the concave lens as in § 145.

145a. Other methods for a diverging lems by using an auxiliary
converging lens. f—Let (I'ig. 121) a real image of an object at Pbe
formed at P' by the convex lens, L. Ifa concave lens I’ is placed
between L and £, then the image is no longer formed at P 'but (1) at
a further point P”, provided that L’'P’is less than the foeal length of
the concave lens, or (2) the light emerges from the concave lens
parallel to the axis when L'P' is equal to the focal length (F1g 122).

In case (1) a real image is formed on a screen placed at §'. If L'P”

=U, L'P' =V, and the focal length is T ther,

YF=1/V-LU 5 F=UI{U=7).

+ The method, § 145, is a special case of this; when LL = 0,
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In the second case, F=L'F’. To test when the emergent light ia
parallel (i) use a telescope focussed for viewing a distant object, or (ii)
ut a plane mirror at right angles to the principal axis.
The axes of the lenses and telescope should be in line, and the planes
of the lenses and mirror perpendicular to it.

Exp. 169.—Find the focal length of a glass concave lens using an
anziliary convex lens (Fig. 121). (1) Arrange an object and convex lens
to give a real image. Mark the position (P') of the screen when the
image is focussed on it. (Do not move the object or convex lens again
during the experiment.)

(2) Put the concave lens between the convex lens and screen, geveral
inches from the latter. Move the screen until an image is focussed on
it: then mark its position (P'). Measure L'P' (= V), and L'P"
(= U). Calculate the focal length.

Repeat the experiment several times with different distances,

Fig. 122.

Exp. 170.—Find the focal length of a glass concave lers wusing am
auziliary convex lens and a telescope,

(1) Adjust the telescope for parallel rays (§ 147).

(2) Arrange the object and convex lens to give a real image. Mark
the position (P') of the screen when the image is focussed. (Do not
again move the object tnd convex lens during the experiment.) :

(3) Take away the screen. Arrange the telescope to look towards
the object. Introduce the concave lens between the convex and tele-
scope. Move the concave lens until a well defined image of the object
is seen in the telescope. Mark the position of the concave lens (I').
Measure distance (L'7') between the marks: this ig*he focal length of
the concave lens. Repeat several times,
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Exp. 171.—Find the focal length of @ glass concave lens using an au:n.
liary convex lens and a plane mirror.

{1) Arrange an object (small cross wires), convex lens, and screen
to give & real image on the screen.

(2) Place the concave lens between the convex lens and screen. Puig
plane mirror between the concave lens and screen. Move the concaye
lens until an image of the cross wires appears side by side with the
object. Adjust until the image is well defined. Then mark the
position of the concave lens (L').

(3) Do not move the object or convex lens, take away the concaye
lens and mirror, bring in the image-screen and mark its position (P)
when a well defined image due to the convex lens is obtained on it,
Measure the distance (L' P) between the marks: thig is the focal length
of the concave lens. Repeat several times.



CHAPTER XL
OPTICAL INSTRUMENTS. THE SPECTROSCOPE.

146. Optical Instruments.—The following section de-
scribes how to arrange lenses, ete., to illustrate the con-
struction of the commoner optlcal instruments. A con-
cave lens (27 or 8" focus) and two convex lenses (long focus,
say 10” to 20”; short focus, about 3” or 4”) are required,
and stands to hold them ; alse a ground-glass or cardboard
screen, a candle flame or electric light, an object with
prominent details (a poster), another with minute details
(a microscope- or lantern-slide, a millimetre scale on glass,
an inked diagram on ground glass). The room should
be dimly lighted.

A

Fig, 123.

The Simple Microscope (¥ig. 123).—In this a converging
lens is arranged to produce a magnified erect image.
An ordinary magmfymg or reading glass s arranged simi-

larly to the above.
222
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Exp. 172 —Place an object close to a short-focus convex
glass lens. A magnified erect image is seen. Slowly move
the object away from the lens, observe that the magnifica-
tion increases ; presently the image blurs—this occurs when
the distance of the object is greater than the focal length.
Any position short of this will satisfy the conditions for a
simple microscope. In practice
the lens is adjusted to produce
a well-defined, magnified, erect
image when the eye is placed
close to the lens.

The Compound Microscope
(Fig. 124).—In this a converg-
ing object-glass forms a magni-
fied real-inverted image; this
image is viewed through a ;
converging eye-piece in a similar -~
way to that in which the object
is viewed in a simple microscope.
A highly magnified, inverted
image of the object is obtained.

Exp. 173.—Place a short-
focus convex lens—this repre-
sents the object-glass—so that
its principal focus comes be-
tween the lens -and object
(candle flame). Obtain the
inverted image on a cardboard
screen.t Place, as in Exp.
172, a long-focus convex lens—
this represents the eye-piece—so that a magnified erect
image of a mark on the back of the cardboard screen is
obtained.+ Then remove the screen, and substitute a
microscope slide (well illuminated) for the candle. Adjust.

The Astronomical Telescope (Fig. 125).—1In this a con-
verging object-glass forms near its principal focus a real-
inverted diminished image of a distant object; this image

tIf a ground glas.s screen is used the image of the object can be seen
from the back.
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is viewed through a converging eye-piece in a similar way
to that in which the object is viewed in a simple micro-
scope. An inverted image of the distant object is obtained.

Fig. 125.

Exp. 174 —Place a long-focus convex lens—object-glass
—to focus the image of a distant object (light) on a card-
board screen. (Note, p. 223.) Place a short-focus convex
lens—eye-piece—so that a magnified erect image of a mark
on the back of the screen is obtained. Remove the screen,
and substitute a poster for the light.

Opera Glasses (Galileo’s Telescope) (Fig. 126).—In this
& converging object-glass forms near its principal focus a .
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Fig. 126.

real-inverted dimipished image of a distant object. The
eye-piece 18 diverging, and lies between the object-glass
and its focus. An erect image of the Wistant object is
obtained.
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Exp. 175.—Place a long-focus convex lens—object-glass
—to focus an image of a distant light on a cardboard
screen. Place a short-focus concave lens—eye-piece—close:
to the screen, between it and the object-glass. Remove
the screen, substitute a poster for the hight, and adjust the
concave lens until a well-defined image of a distant poste:
ig obtained. :

The Optical (Magic) Lantern (Fig. 127).—In this a
converging lens—the objective—Iorms a highly magnified
real-inverted image of an object on a screen some distance;

Fig. 127.

off. The object needs to be well illuminated. To effect this
a bright light (lime-light or electric) and a condenser are
used. The condenser is a large, short-focus converging lens :
the source of light is situated beyond its principal focus.
Hence the light after passing through it forms a conver-
gent beam in which the lantern slide is placed close to the
condenser (the condenser is between the light and slide).

Exp. 176.—Place a moderate-focus (say 10") convex lens
—objective—to produce a large image of a candle flame on
a screen. Replace the candle flame by a lantern slide.
Place a short-focus convex lens—conderser—close to the
object. Place a candle flame on the other side of it and
adjust until a well illuminated image of the lantern slide
is obtained on the screen. :

1Tr
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147. Reading or observing telescope.—A small astrono-
mical telescope is very useful for reading distant thermo-
meters, scales, etc. A long tube, 4 (Fig. 128), carries an
achromatic object-glass, O, at one end. A tube, B, slides
into 4, C into B, and D into C. At F is fixed a ring, S,
across which two fine hairs or wires—called the cross wires
or spider lines—are stretched. Two convex lenses are
fixed in D to form a Ramsden (+) eye-piece. (This con-
gists of two lenses of equal focal length, at a distance of
2/3 focal length—see Text-Book of Light.) 'The tubes

' o r g
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Fig. 128.

B, C, D can be moved by turning the milled head, H—the
so-called focussing screw. Thus the distance between the
objective, O, and the spider lines can be adjusted without
affecting the distance between the eye.piece and spider
lines.

To focus a telescope.—(1) Adjust the tube, D, by sliding
it in or out until the cross wires appear clear and distinet
to the eye placed at B. (2) Direct the tube to the object,
and turn the milled head, H, until the image of the object
and cross wires appear distinet simultaneously. Also move
the eye about in front of the eye-piece: there must be no
movement of the image relatively to the spider lines (the
best test).

The adjustment is not easy. Frequently either the cross wires or the
image can be seen clearly, but not both at the same time. It is well
not to look into the telescope while the final focussing is being done.
In focussing the cross wires, remove the tubes ¢, D from 4, B, roughly
adjust the eye-piece, then put it to the eye and look through 1t : if the
cross wires are not visible at once, remove the tube from the eye, slightly
alter the adjustmen, and again look through it. Repeat several
times, The focussing is right when the eye sees the eross wives as soon
as the tube is put to it. ‘There is no need to shu the other eye. Re-
place the tubes in the telescope, and similarly focus the object on the
cross wires by turning the focussing screw. The adjustment is right
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then both object and cross wires are scen as soon as the eye looks into the
tube. 'The observations are then taken with the eye at its normal ac-
commodation, and work becomes less tiring.

Frequently the focussing that suits one person will not do for another.
‘When this is the case, one observer should focus first the cross wires,
then the image of the object as above. A second observer must npt
touch the focussing screw, H, but should adjust the eye-piece until he
sees the cross wires and image simultaneously. If thisis not possible,
the original focussing by the other observer may be at fault, and
should be done again.

A microscope is adjusted similarly.

A telescope is said to be focussed for infinitty or for
parallel rays when it has been adjusted for viewing a very
distant object.

148. Magnifying power of an optical instrument.—The
apparent size of an object depends upon the angle it
subtends at the eye. An ordinary object at a distance and
a minute one close at hand both appear small because the
angles subtended by them are small. The function of a
telescope or microscope is to change the directions of the
rays coming from the object so that their angular separation
when they enter the eye is considerably increased. The mag-
nifying power of the instrument is the ratio of the respec-
tive angles subtended at the eye by the image seen through
the instrument and by the object viewed directly.

For a telescope the magnifying powert is equal to the
ratio (i) of the focal lengths of the object-glass and eye-
piece respectively, or (ii) of the size of the image to that of
the object when the telescope is focussed so that these are
at the same distance (considerable) from the eye.

For a microscope the magnifying powert is equal to the
ratio of the size of the image to that of the object when
the instrument is focussed so that these are at the distance
of most distinct vision (average value about 10 inches, but
varies for different eyes).

The magnifying powert of a simple microscope (thin
convex glass lens) may be calculated roughly from its focal
length. Let D be the distance of mos% distinet vision;
then the magnifigation =1 4 D/F.

1 For proofs see the Text-Book of Light.
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Exp. 177.—Find the magnifying power of a telescope.
Set up a scale vertically at a distant end of the room.t
Focus the telescope so that the image of the scale can be
seen in its field by one eye, and the distant scale by the
other. Adjust so that the object appears to lie on its image.
Note how many divisions (n) of the image are equal
to the length of the scale. The ratio of the total length
(V divs.) of the scale to » is the magnification.

Exp. 178.—Find the magnifying power of a microscope.
Focus the instrument on a finely divided scale, 4 ; place a
second scale, B, At the distance of most distinct vision
(usually about 10”). Arrange that ome eye looks at the
image in the microscope, the other at the scale B. Adjust
80 that the two appear side by side. Find the number of
divisions (n) of the image that equals N divisions of the
scale (B) seen directly. The magnifying power is N/n.
(& and = must be expressed in terms of the same unit.)

149. Micrometer scale.—Microscopes are often provided
with a minutely divided scale, called a micrometer scale,
in the eye-piece, for measuring small dimensions.

To find what size of object corresponds to one of the
micrometer scale divisions, place a finely divided scale, 4,
before the object-glass, focus, and note the number, W, of
the divisions of the micrometer scale equal n divisions of
the image of A. Then one division of the micrometer
scale = n/N divisions of 4.

To find the size of an object, focus the microscope upon
it, note the number (z) of divisions of the micrometer
scale covered by theimage. Then the size of object is z
times the length corresponding to one scale division as
previously determined.

Exp. 179.—Find the diameter of a capillary tube. Clamp
it so that it may be viewed end on through the microscope.
Measure both ends. Calculate the mean.

1 A brick wall is convenient. Number the layeis (by chalk marks) to
distinguish them. Or view a slate roof.
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THE SPECTROSCOPE.

150. The Spectrum.—If light from an illuminated slit -
passes through a prism, it 1s deviated from its original
path and dispersed into its constituent colours. A num-
ber of coloured images of the slit lying side by side,
sometimes overlapping, sometimes separate, may be ob-
tained on a screen. The group of images is called the
spectrum of the light that enters the slit. If the coloured
images lie side by side without overlapping the spectrum
is said to be pure, if they are more or less superposed the
spectrum 18 impure. Various lights have characteristic
spectra (see § 1565). The light from a gas flame (ordinary
or with incandescent mantle), candle, or electric lamp
gives a ribbon-like spectrum in which seven colours may
be distinguished : viz. violet, indigo,t blue, green, yellow,
orange, red (least deviated). Such a spectrum is called .
continuous because it is not broken up into lines or bands.
Spectra when continuous or made up of bright lines ok
bands are called radiation spectra. If light is passed’
through media like coloured glasses, liquids, etc., the spec-
tra produced are crossed by dark lines and bands: these
are called absorption spectra (§ 153).

150 a. The Solar Spectrum.—Sunlight gives an absorp-
tion spectrum, it is crossed by many dark lines. These
are called Fraunhofer lines (Fraunhofer first investigated
them, 1814). The more prominent ones are designated
4, a (a group), B and Cin the red ; D, orange; F, yellow ;
b (a group), green; F, on the border of green and blue;
G, indigo; H, violet.

Exp. 180.—O0btain a spectrum on o screen. Apparatus:
Slit, about 1 em. long and 1 mm. wide, cut in a plate of
metal, supported vertlcally, convex lens say 6" focus;
glass prism cardboard screen. Arrange that the centres -
of the slit, lens and prism shall be in one hne A darkened
room is important.

T Indigo is frequently not specified, it then being regarded as part
of the hlue



230  OPTICAL INSTRUMENTS. THE SPECTROSCOPE.

*]. Place an electric lamp or a luminous flame (edgewise,
behind the slit. Arrange the convex lens to produce a sharp
image of the slit on the screen when the latter is 2 or 3
feet off. Place the prism (with its refracting edge parallel
to the slit) near the lens (Fig. 129), to catch the light that
emerges from it: the image then disappears from the screen,
the light being deviated from its original path, in a direction
away from the refracting edge of the prism. Arrange
the cardboard screen so that a well-defined spectrum is
focussed upon it. Observe the colours of the spectrum, that
red is less deviated than violet, and that the screen is now

as far from the prism as at first. Turn the prism so that
the deviation of the spectrum increases, observe also that -
the spectrum lengthens, and is not so well defined. Then
slowly turn the prism in the reverse way, the spectrum
moves, its deviation diminishes, and its definition improves.
Presently the spectrum becomes stationary, looks sharp
and bright, then begins to retrace its path, and, gets
shorter in length. Note that the stationary position is the
one in which the deviation of the light from its direction of
incidence is least. In this position the prism is said to be
set roughly for minimum deviation.

NOTE.— The deviation is a minimum when the angle of incidence on one
face of the prism equals that of emergence from the other. TFor the same
angle of incidence Jach ray, reckoming from red to viclet, has a
slightly greater angle of emergence. Hence the prism can only be
exactly at minimum deviation for one ray at a tile. When, however,
it is at minimum deviation for one ray it is nearly so for all.
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2. Arrangement illustrating the optical system of a spectro-
scope. Adjust the convex lens (method I. or IL a, § 138)
8o that the illuminated slit is at its principal focus. Place
a second convex lens (say 6" focal length) about 3” from
the first, so as to catch the emerging parallel beam, and,
further off, a cardboard screen so that the slit is 'well
focussed on it. Place the prism between the two lenses,
move the second lens and screen so that the light emerging
from the prism is focussed to form a spectrum on the
screen.  Adjust for minimum deviation.

3. Place coloured glasses between the slit and the prism.
Observe the resulting spectra (see § 153). Also illuminate
the slit with coloured flames produced by placing metallic
salts in a Bunsen flame (see § 153).

4. Repeat experiment (1) without the convex lens;
alse using a round hole, and broad slit instead of the
DArrow one.

The experiments show that to obtain a pure spectrum,
it is important to use a narrow slit placed parallel to the
refracting edge of the prism and to arrange that a parallel
beam of light from the slit shall be incident on the prism.
Itis an advantage to set the prism at minimum deviation.

151. The Spectroscope (Figs. 130, 181).—The parts of
this instrument are arranged for producing and examining
a pure spectrum. (1) 4 slif, the width of which can be
varied by a thumb screw, is placed at one end of a tube,
an achromatic converging lens at the other. The distance
between the two can be altered, and adjusted so that the
slit is at the prineipal focus of the lens. The tube so fitted
is called a collimator. The tube is supported on an arm
that can turn about a vertical axis at one end, or it is
clamped to the large table of the instrument.

(2) The prism is usually of glass, often a “heavy”
variety, thatis having a high index of refraction (these are
somewhat yellowish in appearance). The section is trian-
gular. If two faces only are polished i§ has one refracting
angle, if three faces there are three refracting angles. The
latter is an ad%antage when the angles are unequal, say
45°, 60° 75°. The prism is either clamped to the table of



232  OPTICAL INSTRUMENTS. THE SPECTROSCOPH,

the instrument (Fig. 130) or to a small platform or table
resting on levelling screws (Fig. 131).

Fig. 130.

(3) The telescope is an astronomical one and is provided
with cross wires. Its objective forms a real image of the

Tig. 131.

spectrum, which thé eye-piece magnifies. The telescope is
supported on a movable arm that can turn'about a vertical
axis ab one end. :
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the instrument (Fig. 180) or to a small platform or table
resting on levelling screws (Fig. 131).

~ (8) The telescope is an astronomical one and is provided
with cross wires. Its objective forms a real image of the

7 7i‘ig7. 1731: V

spectrum, which thé eye-piece magnifies. The telescope is
supported on a movable arm that can turn-about a vertical
axis ab one end.



OPTICAL INSTRUMENTS. THE SPECTROSCOPE. 233

{4, As it is often necessary to compare two spectra the instrument
is provided either with a comparison prism (§ 151 (5)) or each spec-’
trum is mapped (§ 157).

(6) The slit (Fig. 132) should have sharp straight edges. These
may be cleaned by rubbing them with a slip of soft wood; e.g. a
match end, bevelled. A metallic piece, @, with a P-slot can be slid
over the slit, §, and thus make its working part longer or shorter. A
comparison prism, P, either equilateral or right-angled, can be placed
over half the slit. By
its means two spectra may
be compared (Fig. 133):
light from ome source,
L,, enters the collimator

through the uncovered P
portion of the slit, that P
from the second source, S

Ly, is caught by the

comparison prism and Fig. 133.

reflected into the colli-
mator. The spectrum of the one appears below that of the other.
The spectrum, for instance, of an unknown substance may be
obtained by putting one of its salts (§ 158) in a flame at ;. Salts of
known substances are similarly placed in turn at Z,, and their spectra
compeared with the unknown. When the lines of the spectra coincide
it is inferred that the substances at L, and L, have a common con-
stituent.

A spectrometer (Fig. 131) has the same parts as a spec-
troscope : viz. (Fig. 134) collimator, C, prism, P, and
telescope, I'. In addition the supporting table is graduated

Fig. 134,

into degrees, ete. (§ 22 (2)), and the movable arms of
telescope and collimator are provided with verniers. Also



%
\

OPTICAL INSTRUMENTS. THE SPECTROSCOPE. 233

|

(4) As it is often necessary to compare two spectra the instrument!

is provided either with a comparison prism (§ 151 (5)) or each spec-!
trum is mapped (§ 157).

(6) The slit (Fig. 132) should have sharp straight edges. These"
may be cleaned by rubbing them with a slip of soft wood; 6.g. a;
match end, bevelled. A metallic piece, @, with a 7-slot can be slid |
over the slit, §, and thus make its working part longer or shorter. A )
comparison prism, P, either equilateral or right-angled, can be placed \1
over half the slit. By
its means two spectra may
be compared (Fig. 133):
light from one source,
L,, enters the collimator
through the uncovered
portion of the slit, that
from the second source,
Ly, is caught by the
comparigon prism and
reflected into the colli-
mator. The spectrum of the one appears below that of the other.

The spectrum, for instance, of an unknown substance mary be
obtained by putting one of its salts (§ 153) in a flame at ;. RSalts of
known substances are similarly placed in turn at L,, and their spectra
compured with the unknown. ‘When the lines of the spectra coincide
it is inferred that the substances at Z; and L, have a common con-
stituent.

A spectrometer (Fig. 131) has the same parts as a spec-
troscope : viz. (Fig. 184) collimator, C, prism, P, and
telescope, T. In addition the supporting table is graduated

¥
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Fig. 134.

into degrees, ote. (§ 22 (2)), and the movable arms of
telescope and collimator are provided with verniers. Also
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the prism platform -can rotate about an axis through the
centre of the graduated circle. It is also provided with a
vernier. Thus the position of each can -be accurately ex-
pressed, or its angular displacement measured. The
telescope is provided with cross wires and a fine adjustment.
To effect the latter a screw with a large milled head works
‘through a nut fixed to the telescope arm. The end of the
screw is held in a piece that can be clamped to the table of
the instrument. The telescope is roughly got into position,
and the piece clamped: the milled head is then slowly
turned until the intersection of the cross wires is brought
into coincidence with the line or part of the spectrum
under observation. The reading of the zero of the tele-
scope vernier is then taken: the reading is considered to
specify the position of the vertical spider line.

152. Adjustment of a Spectroscope or Spectrometer.—
Do as much as possible with the unaided eye. Use the
telescope, ete., for the final adjustments. (1) Focus the
telescope for parallel rays. (2) Arrange the telescope
so that the axes of the collimator and telescope are in
line. Remove the prismt from its platform. Illuminate
the slit? (opened moderately wide) by a gas-flame, lamp
flame, electric light, or reflect daylight on it by a mirror
or white card. Adjust the collimator (do not touch the
telescope) until a well-defined image of the slit is seen in
the telescope. Replace the prism+ on its platform.

In some instruments the prism is clamped directly to
the platform. Its faces should have been ground perpen-
dicular to its base: therefore when put on the platform
the faces should be perpendicular to the axes of the
telescope and collimator without further adjustment. In
other instruments the platform has to be “levelled ” (as
below), that is the faces of the prism are adjusted to be at
right angles to the axes of the tubes. :

1 Hold the prism at the edges, its faces must not be touched.

T The light (edgewise, if possible) should be placed six or more inches -
from the slit. Glare due to reflection from the ingjide of the collimator
tube is then avoided. If there is a third tube focus it (see 5, § 152)
before adjusting the collimator.
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(3) To level the prism. (i) Place the prism with one
face (M) perpendicular to the line joining two (P, Q) of
the three screws (P, @, E) for levelling the platform.
(ii) Turn the platform so that the prism is in the position
suitable for measuring its refracting” angle (Fig. 93).
(iii) Find the image of the slit formed by the light
reflected from the face, M, of the prism. Bring up the
telescope, and adjust the levelling screws, P, @, until the
image is seen at the centre of the field of the telescope.
(iv) Similarly, find and adjust, by the third levelling screw,
R, the image of the slit due to reflection from the second
face of the prism.

(4) To set the prism roughly at minimum deviation.
Turn the telescope out of the way. Arrange the prismt so
that the light from the collimator falls on one face
‘at an angle of incidence of about 830°. Look for the
spectrum with the unaided eye. When found slowly turn
the prism platform, and observe the movement of the
spectrum. The deviation diminishes (if its deviation in-
creases rotate the prism the reverse way), presently the
movement of the spectrum ceases for a moment, then
recommences in the opposite direction. Adjust the prism
so that the spectrum 1s at its turning point. :The prism is
now roughly set at minimum deviation. Bring round the
telescope so that the light emerging from the prism may
enter its object-glass. Cover prism, end of telescope, etc.,
with a black velvet cloth (be careful not to disturb the
prism). Look into the telescope for the spectrum. If it
is not seen move the telescope slowly to the right or left
until the spectrum is found. Narrow the slit until the
spectrum is well defined. A slight refocussing of the
telescope is sometimes uecessary. In accurate work the
prism must be placed so that a specified spectrum line has
minimum deviation (§ 159). Use a monochromatic light

(§ 156) or a hydrogen tube (§ 154, IL).

(5) If the instrument is p10v1ded with a third tube
(Fig. 130) its scale should be focussed in a similar manner
to the slit of the collimator. It is colvenient to put the
scale-tube in the place of the collimator, do the focussmg
then return it to 1ts own holder. B
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When the adjustments have been completed, look into
the telescope and slowly turn the arm of the scale-tube
until the image of the scale is seen in the field of the
telescope. A slight refocussing of the scale is then some-
times necessary.

153. To obtain flame spectra.—The spectra of some
metals are conveniently obtained by placing their metallic
salts in a non-luminous Bunsen flame. To effect
this, a narrow elongated loop is formed at the end of a
platinum wire, the loop is moistened with dilute hydro-
chloric acid, dipped into the salt (powdered in a watch
glass, or bottle kept for the purpose), and then heated in
the flame. The salt fuses and £ills the loop, then volatilises,
and gives a characteristic colour to the flame. It is some-
times sufficient to use clean iron wire instead of platinum:
or the salt may be put at the end of a narrow boat-like
strip of fine wire gauze or platinum foil and held in the
flame.

To obtain a continuous spectrum illuminate the slit with
a luminous gas-flame, a lighted candle, oil, or electric
lamp.

To obtain absorption spectra of coloured glasses, gelatine
strips, ete., hold the coloured media in turn between a
luminous flame and the slit. If the slit is only partly
covered the continuous spectrum of the flame will show
above or below the absorption spectrum due to the
medium ; thus the two may be compared.

Liquids should be placed in a test-tube held against the
slit. A cell with parallel glass sides is preferable. A
liquid should be observed wlen in several known degrees
of dilution.

To obtain the spectrum of sunlight, arrange a lens to
focus an image of the sun on the slit: a cylindrical lens—
a test-tube full of water—is suitable. Or reflect sunlight
from a mirror on to the slit.

154. To obtain spark or vacuum tube spectra.—I. Spark
spectrum’ of (say) iron. The ends of two pieces of iron
wire are adjusted  inch apart, and set oppbsite and close
to the slit. The other ends are joined by thin wires
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(copper), each to one of the secondary terminals of an in-
duction coil (§ 202) or to the prime conductors of a
Wimshurst machine (§ 184). The intensity of the spark
is increased by having another gap (¥, Fig. 186) in the
secondary circuit.

The spectrum obtained is largely that of the material of
the wire between the ends of which the spark passes. Some
lines (faint), however, are due to the air, this becomes
incandescent where the spark occurs.

ITI. Vacuum-tube spectrum. A Plicker’s tube, CD
(Fig. 135), should be used. This consists of two bulbs
joined by a fine-bore tube, S. The tube contains a small
trace of gas, hydrogen for instance. The electrodes, metal

rings at the ends of the tube, are joined each to one of the .

secondary terminals of an
induction coil (§ 202). A A
‘When an electric discharge
passes through the tube € L 1
the rarefied gas becomes )
incandescent, the capillary,
8, shows as a brilliant line
of light whose spectrum
may be examined by placing
the capillary part against
the slit.

Figs. 135, 136 show con-
venient arrangements. 7 is a
strip of wood supported vertically
in a stand by therod 2. Pand
Qare two side pieces, each bored
with a hole. The Pliicker tube
Fig. 135) is loosely wedged in - . .
fghegholes Lvith papex}‘r or a short Fig. 135. TFig. 136.
piece of string. 4 and B are . .
stout rings to which the wires from the induction coil are joined.
The electrodes are thus not damaged by pulling and twisting due to

connecting wires. For the spark spectrum (Fig. 136) two rods are passed

each through a glass tube, and fixed in it by sealing or paraffin wax or
sulphur so that a portion projects at each end, The glass tubes are
held by the pieces P, Q. There is a spark gap at E. A connector, F,
carrying a short length of a wire, made out of the material whose
spectrum is to be examined, is clamped to the end of each rod.

!
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155. Flame spectra.t—Sodium. Use common salt. A
brilliant orange line—D, sometimes split into two, D, (5896),
D,(5890)—is obtained.

Potasstum. TUse nitre. A line (a,7699) in the extreme
red, another (v, 4047) in the exfreme violet, will be
visible.

The nitre melts into a bead, then suddenly flares. A mumber of
observations must be made before the positions of the lines can be fixed
with certainty. A companion should feed the flame while the observer
is looking for the lines.

Thalliwm. Use thallium chloride. A strong green line
(a, 5351).

Lithiwm. Use lithium chloride. Red (e, 6708) and
orange (6104) lines are usually seen.

Stronfium, use strontium nitrate ; Barium, use the
chloride; Calcium, use the chloride. The spectra obtained
are complex. The strontium blue line (4607), and the
calcium blue line (4226) should be noted.

Spark Spectra.—Iron and copper give brilliant, complex
spectra.

Plucker-tube spectra.—Hydrogen. Red (C or a, 6563),
green (F or 3, 4861), blue (f or v, 4340), and violet
(h or 8, 4102) lines are obtained.

Air, Ozygen, Nitrogen, Iodine give complex spectra.

Mercury. Use an electric discharge in vacuo between
two electrodes of mercury. A brilliant green (5461) line
is obtained, and very faint ones in the yellow and violet.

156. Monochromatic light.—By this is meant light of
one wave-length. As the spectrum of the sodium flame
consists of two lines very close together, the light from it is
very nearly of one wave-length. It affords the most con-
venient source of monochromatic light.

A bright and persistent sodium flame is conveniently obtained by
holding in a Bunsen flame a thick piece of asbestos that has been soaked

+ The numbers in btackets are the wave lengths of the lines in air
expressed in tenth-metres, e.g. sodium, D; = 5890 x 10~1¢ metres. The
Roman letters are the designation by Fraunhofer, etc., of the corre-
sponding lines of the solar spectrum. (See § 150a.)
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in salt solution. Or, bettor, wind a piece of stout iron wire, two or three
turns close together, round the metal tube of a Bunsen burner. Moisten
the ring with water, dip in salt, place in the flame, the salt fuses and
runs between the turns of wire. Repeat until the ring is well charged.
Spiral the other end of the wire round the metal tube of the burner so
thut the salted ring is held in the flame.

The most effective monochromatic illumination is obtained by passing,
in vacuo, a powerful electric discharge between clectrodes of mercury.
The light produced is almost entirely green and of wave length §461
tenth-metres.

157. To map a spectrum.—MzrrHOD I. A third tube
(Fig. 130) is provided : in this there is a finely divided scale
of equal parts at the outer end, (1), and a convex lens at
the inner. Like the telescope, it 1s supported on a movable
arm. The scale is well 1lluminated (by a mirror or white
card), and the tube arranged so that the light from it
strikes the face of the prism and is reflected down the tube
of the telescope. When focussed (see § 152 (5)), an
image of the scale is projected on the spectrum. Hence
the position of a line or band can be specified by noting ity
scale reading. \

Mzreop II. If the instrument is a spectrometer N
(§ 151), the cross wires of the telescope are successively
brought into coincidence with the spectrum lines, and
the respective readings of the zero of the telescope vernier
noted.

By either method care must be taken that for the
spectra observed the D-line (the orange line due fo sodium,
this can usually be seen) shall always have the same scale
reading or be set at minimum deviation.

Finally, the readings of the lines of a spectrum are
plotted along a horizontal axis, and short vertical lines
drawn at the points. The next spectrum is drawn under-
neath the first, with the D-line vertically below, and
80 on.

As the scale readings are arbitrary it is better to refer to the various
lines by their wave lengths. To do this obtain, the readings for the
important lines of known spectra, plot them horizontally and their re-
spective wave lengtis (see § 155) vertically. From the curve obtained
the wave lengths of other lines may be deduced after their scale
readings have been determined.
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158. To measure the angle of the prism.—Adjust the
spectrometer as usual (§ 152). Mermop L. Arrange the
prism with its refracting edge towards the end of the
collimator (Fig. 92). llluminate the slit: look for its
image (uncoloured) formed by reflection from (i) ‘the
right face of prism, (ii) the left. In each case adjust
the spider lines of the telescope into coincidence with
the image of the slit, and read the position of the
telescope vernier on the graduated circle. The difference
between the readings is twice the angle of the prism (see
Exp. 188).

Mzeraop II. Place the telescope at an angle of about
90° with the collimator (¥ig. 137). Turn the prism table
or platform until the image of the slit formed by the light
reflected from one face is on the spider lines: then read the
vernier attached to the prism table. Do not alter the
telescope and collimator, but turn the prism table until
the image of the slit formed by the light reflected from the
second face is on the spider lines: then read the table
vernier. The difference between the angle, B, through
which the prism has been
rotated and 180° .is the
angle of the prism. B is
equal to the difference of
the readings of the positions
of the zero of the vernier.

Proor. Let (Fig. 137) the
prism in its first position be
represented by the thick con-
tinuous lines, and in its second
position by the dotted lines. The
rays reflected in the second case

Fig. 137. are parailel to those reflected in

the first, hence M, is parallel

to N,. Then 4 + B = two right angles. But 4 equals the angle of

the prism, and B the angle through which the prism table has been
turned.

. & A4=180°—B.
If the prism is turned the other way, the difference of the readings

f its positions
o p =B = 360° — B = 180° 4 4.

ot
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159. To measure the minimum deviation of a line of the
spectrum —For the same prism the angle of minimum
deviation is slightly different for each line of the spec-
trum. The sodium line, and the red and violet hydrogen
lines are convenient to adopt (see §§ 153, 154). Furst
obtain the reading (a), called the direct reading, of the
position of the telescope when the telescope and collimator
are in line and the image of the slit on the cross wires.
Second, set the prism roughly at minimum deviation
(§ 152 (4)), then slightly turn the prism so that the selected
line moves across the field of the telescope and begins to
turn back just when it reaches the intersection of the cross
wires. To do this stop turning the prism when the
spectrum is stationary: then bring up the cross wires to
the selected line. Rotate the prism slightly in both direc-
tions, and readjust the spectrum line to the cross wires.
Repeat until the cross wires are exactly at the turning-point
of the line. Finally note the reading («,) of the position
of the telescope. Calculate the minimum deviation,
D =a —a Turn the prism over and repeat the deter-
mination (the deviation i1s nmow to the other side). The
mean of the two is the minimum deviation of the selected
ray (which should be specified).

160. To find the angle of incidence of the light on one face of the
prism.—The direct reading, (@) of the telescope must be known.
(1) The prism being in position on its platform, turn the telescope so
that the image of the slit formed by the light reflected from the face of
the prism is obtained on the spider lines. Note the reading (y) of the
telescope position.

The reading of the collimator would be 180 + a. Then the angle
between the incident and reflected rays is 180 + a — y. Therefore
the angle of incidence = § (180° 4 a — 7).

To set one face of the prism perpendicular to the axis of the
collimator. Obtain an avgle of incidence as above. Note the reading
of the prism vernior. Turn it through an angle equal to that of
incidence.

A more usual method 18 as follows: (1) Obtain the direct reading
(a) of the telescope. (2) Set the telescope at right angles to the direct
position of (1). (3) Tuxn the prism until an image of the slit due to
light reflected from its face appears on the crossWires of the telescope.
The angle of incidence is now 45°.  Note the reading of the position
of the prism. (4)' Twrn the prism through 45° from the position
of (3).

PB. PHY. 16
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161. To find the refractive index of a ray through the
prism.—Measure the angle of the prism (4) and the
minimum deviation (D) of a selected line of the spectrum,
then sin (A + D) /sin 34 is the index of refraction of the
selected line for light passing from air into the materlal of
the prism.

A second method of finding a refractive indez is as follows : (1) Find the
angle (4) of prism. (2) Find the direct reading, a, of the telescope.
(8) Set a face of the prism accurately perpendicular to the incident light
(§ 160). (4) Adjust the cross wires of the telescope into coincidence
with a line of the spectrum. Note the reading, a,, of the position of the
telescope. Crlculate the deviation, d=a,—a. Since thelightisincident
normally on the first face of the prism, it passes into the substance of
the prism without deviation, and is therefore incident on the second face
at an angle equal that of the prism (4). The corresponding angle of
refraction is equal (44 4). Hence the index of refraction from air to
glass =sin (A4d)/sin 4. Evidently the value of 4 must not be
greater than the critical angle of the prism material. The method is
suitable for prisms of small angle.

To find the refractive index of a liquid.—The liquid is put into a
hollow prism. Determine the angle of the prism and that of
minimum deviation of a selected ray. Frequently the hollow prism
is a bottle or tube having two faces of thin plate glass inclined to
each other.

162. To measure the dispersive power of a medium.—If
pr and py, be the respective indices of refraction of a
medium for the extreme red and violet rays of the
spectrum, and p the mean value, then (p» — p,) /(0 — 1) is
the measure of the dispersive power (usually denoted by w)
of the medium.

To find the dispersive power of a substance a portion of
it should be formed into a prism, and the refractive indices
determined (§ 161). A liquid is placed in a hollow prism.

If the prism has a small refracting angle it is sufficient,
after setting the prism at minimum deviation, to measure
D,, D,, the angular deviations of the extreme red a.nd violet
rays.t Then, D being the mean deviation,

dispe.sive power = (Dy — D,)/ D.

+ Often the extreme blue is adopted instead ¢f the violet. The
position of the blue is better defined.
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Exp. 181.—Observe by the spectroscope, and map the
spectra of sodium, potassium, hydrogen, lithium, and a few
characteristic lines of bartum, strontiwm, calctum, irom,
copper, air, elc.

Exp. 182.—Observe the absorption spectra of uncoloured
glass, cobalt-, ruby-, green-, and black-glass.

Note that blue glasses transmit a little red, and ruby a little blue.

Exp. -183.—Observe the absorption spectra of solutions of
potassium chromate, potasstum permanganate, blood. Use
solutions of different strengths (known).

Note that the potassium chromate gives a narrow band, that is the
transmitted light is nearly monochromatic.

The other substances give spectra that vary with the degree of
dilution of the liquid. Map the speetra, and arrange them so that the
effects of dilution may be compared, e.g. strongest solution first, below
it the next strongest, etc.

Exp. 184.—Measure the angle of the prism of the spectro-
meter by two methods, and the minimum deviation of the
sodiwm, hydrogen, and potassiwm lines. Calculate the indew of
refraction of the prism for these rays. If the prism has three
polished faces measure its three angles. Show that their
sum 1s 180°. Also find in each case the minimum devia-
tion of, say, the sodium line, and calculate the index of
refraction from each determination.

Exp. 185.—O0btain a curve of wave lengths for use with the spectro-
scope or spectrometer.

Exp. 186.— Adjust a prism face so that the light is incident norinally.
Find the deviation of the sodium line. Caleulate the index of vefraction
for the sodium line.

Exp. 187.—Measure the dispersive power of glass, water, carbon bix
sulphide.



PART V.
MAGNETISM AND ELECTRICITY, !

 CHAPTER XII, .
MAGNETISM.

163. Bar-magnets and keepers.—These must be replaced
in the box with keepers across the poles as in Fig. 138,
Note the order of the poles. A horse-shoe magnet should
also be provided with a keeper when not in use.

Cavrion.—Magnets should on no account be played with
or laid carelessly on one another. If incautiously wused
they soon become irregularly magnetised, '

Fig. 138.

The tmagnetic needle or compass (Fig. 139) is a small bar
magnet that can turn freely ina horizontal plane. It is
either suspended by a fibre or has an agate or glass central
cap resting on a steel point. J

A small compass (2inch long) in a case with a glass top
and bottom is very useful. It is sometinfes provided with

a pointer set at right angles to its length.
244
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In the mariner's compass the card upon which the
cardinal points are marked is attached to the needle, so

—

Fig. 139.

that the north-point of the card indicates the magnetic
north. Fig. 140 shows a laboratory form. A wire points

Fig. 140.

up from N. Arrange the case so thaj this can be seen
through the sighting tubes, ¢, #, when the lid is closed.
Each tube has § wire across it. Arrange all in line with
two pins outside (Exp. 200); or the “sighter,” I,
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*Exp. 188.—Magnetic and mnon-magnetic substances.
Bring the ends of a horse-shoe magnet (without keeper)
against preces of various substances—glass, wood, iron,
bone, copper, steel, paper, a stair-rod (these are often of
iron covered with brass), etc. Classify these into (1) mag-
netic substances (those attracted), and (2) non-magnetic
(those unaffected).

*Exp. 189.—Lay the magnet on a table, place on it,
in turn, a sheet of glass, card, thin wood, tin-plate (lid
of a tin), sprinkle iron filings on the sheet, and gently
tap it with a long pencil loosely held between finger and
thumb. The filings arrange themselves in definite chains
stretching from end to end of the magnet, except in the
case of the tin-plate (iron coated with tin). Hence non-
magnetic substances are, in a sense, “transparent” to
magunetism, that is permit the magnetic forces to act through
them without modification. The curves with the tin-plate
will not be well defined, because the iron partially “screens”
off the induction due to the magmnet. A thick plate of
iron will do this more effectively.

*Exp, 190.—Poles and equator. When the magnet is
placed in tin-tacks or iron filings these readily adhere at
its ends, but not at its middle. Also more filings adhere
to the edges, especially theinside ones, than to the surfaces.
The ends, where the attraction is strongest, are called
poles ; the middle, where there is no attraction, is called the
equator of the magnet.

*Exp. 191.—Make a magnet (¥ig. 141). Stroke a
knitting-needle 30 or 40 times from
one end (A) to the other (B) with
one pole (say that marked N) of
the horse-shoe magnet. Always
stroke one way, never reverse : carry
the magnet back at a distance from
the needle. Slowly rotate the needle
Fig. 141. » about its Jongitudinal axis during
the operations so that the stroking
pole may move along different parts of the surface. Test
as in Exp. 190.
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Observe, by testing as in § 164, that the polarity of
the end at which stroking began is like that of the
stroking pole.

The above is the method of single touch. TFor double and divided
touch see a text-book of Electricity.

*Exp. 192 —Naming the poles of a magnet. (i) Hang
two magnetised needles horizontally each by a fibre of silkt
(unspun) at a distance from one another and away from
masses of iron. Note that each comes to rest in a nearly
north and south direction. Mark on each magnet (by
stamp paper) the end that points northwards. Observe
that the needle always comes to rest along the same line
with the marked end pointing porthwards after being
(ii) disturbed: (iii) set so that the marked end points
southwards.

*Exp. 193. Mutual action of poles. Show (i) that the
marked or north-seeking ends of each needle repel one
another, (ii) the unmarked ends repel one another, (iii) the

marked end and unmarked end attract one another.

164. Drrinirions.—The end of a magnet that points
north is conveniently called the north, north-seeking, or N
end or pole of the needle, the other end then being the
south, south-seeking, or S end or pole.

The vertical plane in which a suspended magnetic needle
comes to rest is called the magnetic meridian.

In a laboratory the line along which a compass sets is
likely to vary in direction owing to the presence of masses
of iron (gas pipes, etc.). The line is then a magnetic
reference line, not necessarily the meridian. It is however
usually called the meridian (Exps. 200, 201).

To test whether a piece of iron is a magnet or not.—Hold
the piece horizontally east and west (note Exp. 202) and
bring each end of it, in turn, slowly towards, say, the N
pole of a compass”needle. If the piete is not a magnet

+If the experim'ent works unsatisfactorily, the fibre is likely to be at
fault, probably too stiff. Try another. See § 173.
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Doth of its ends will attract the pole of the compass: if it
is a magnet one end will attract, the other repel the pole
of the compass: if it is a weak magnet one end may at
first slightly repel the pole of the compass, and then
attract 1t when brought eloser. Confirm by using the
other pole of the compass.

To distinguish the poles of a magnet.—Observe which
end of the magnet repels the N pole of a compass. This
end will be the N pole of the magnet. Confirm by testing
the other end with the S pole of the compass.

To demagnetise a weak magmnet hold it horizontally
east and west and strike it irregularly (note Exp. 202).

*¥Exp. 194.—Magnets and magnetic substances. Show
that the same end of a rod of iron (1) attracts botk ends
of the magnetic needle if unmagnetised, (ii) attracts one
end and repels the other if magnetised.

Show that a soft-iron keeper cannot be permanently
magnetised, that is, after being treated as in Exp. 191, it
does not act as in Exp. 194 (ii), but as in (i),

*Exp. 195.—Breaking a magnet. (1) Break one mag-
netised needle in halves. Show that each half is a magnet
with two unlike poles. Also that the original poles remain
unaltered in nature (also in strength). (2) Break each
piece into halves, and smaller. Show that each piece is a
magnet.

Arrange at each stage tlie pieces to reform the bar;
obtain and draw the filing chains (Exp. 207).

*Exp. 196.—Making red-hot destroys @ magnet. Use one
of the magnetised needles. Test by Exp. 195 after heating
red-hot.

*Exp. 197.—Make a magnet with consequent poles: that
is, having a pole or poles intermediate to-those at the ends,
Stroke a needle as'in Exp. 191, beginning at each end
and finishing at the middle. Obtain and draw the filing
chains (Exp. 207).
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*Exp. 198.—Make a compound magnet. Separately

magnetise seven or eight knitting needles. Test each by

filing chains for consequent poles. Neglect any needle

that has consequent poles. Bind the magnetised needles
together, so that the N poles are all at one end.

*Exp. 199.—Magnetic induction. Suspend the keeper
horizontally (use a paper or wire stirrup) about half an
inch from the ends of the horseshoe magnet. Bring a
pole of the compound magnet near an end of the keeper,
and show by attraction or repulsion that the end of keeper
near the N end of magnet is a south pole, the other end a
north.

Exp. 200.—Find the magnetic meridian or reference line
by a compass needle. Remove all movable iron or steel
Set the needle oscillating. When at rest adjust two brass
pins vertically and in line with, but a little distance from,
the ends of the needle. (Tap the pivot base gently with a
loosely held pencil.) The line through the two pins is the
magnetic reference line. (Exp. 203 gives a more accurate
determination.)

Exp. 201.—Trace the magnetic meridian or laboratory re-
ference line across the room. Proceed as in Exp. 200, but in-
stead of setting up pins, make chalk marks, A, B, on the table
just under the ends, P, Q respectively, of the needle. Move
the needle so that P is over B, make a mark C under Q.
Move the needle so that Pis over €, make a mark D under &.
Proceed by similar steps. Draw a line through the points.
The laboratory reference line is not necessarily coincident
with the “real” magnetic meridian (§ 164). To find the
latter do the experiment in a place free from iron; eg. in
a field.

*Exp. 202. Induction by Earth—(1.) Hold a poker or
soft iron rod vertically (say handle dowywards), bring (1)
its upper end near one pole of a suspended magnetised
needle, (2) its lower end near : (3) and (4) repeat when the
poker is reversed in position (handle upwards). Show



250 MAGNETISM.

that the upper end always repels the S-pole and the lower
repels the N-pole of the magnet.

(I1.) Bold the poker or soft-iron rod horizontally, east and
west, and bring its ends in turn up to the poles of a sus-
pended magnet. Observe that each end attracts both
poles, that is, the poker is not polarised at its ends.

(IT1.) Hold the polker vertically, hit it once or twice with
a mallet. Test as in (IL). Observe that the end that was
lower is now an N-pole, the other end an S-pole.

(IV.) Throw the poker down, or hit it violently. Test
as in (IL.). Observe that it no longer has polarity (§ 164).

Expranarion —The east and west position (I1.) is one
In which the Earth's induction produces no polarity. The
induction is greatest along a line parallel o the dipping
needle (§ 165).

Note that the important position deseribed as east and
west 18 strictly one perpendicular to the magnetic reference
line: hence in practice begin by holding the bar horizon-
tally, some distance from and at right angles to the com-
pass needle,

Note that the lower and more northern end is magnetised
N. Inthe southern hemisphere the lower end is magnetised

.S. In (II1.) the temporary magnet is made permanent,
~ but is destroyed by violence in (IV.).

Exp. 203.—Find the magnetic meridian or reference line
by a bar magnet. Fix (by soft wax) two pins, 4, B, per-

”

- Flg. 142,

pendieular to the edges of a bar magnet (Fig. 142). Sus-
pend the magnet by a long fibre above paper fixed to the

v
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table: the points of A, B should just clear the surface.t
‘When the magnet is at rest set a pin, C, in line with 4, B:
then another, D. Turn the magnet right over so that
A, B point upwards instead of downwards. Then, as before,
fix pins K, F in line with 4, B. Draw the bisector
(dotted) of the angle between 0D and EF : it lies in the
magnetic meridian.} Regarding the suspension of the
magnet see § 173.

An adjustment similar to the above is done when using the dip-
circle or the declination compass.

*Exp. 204.—Find the magnetic azis of a magnetised disc,
or combination of magnets. The latter may be several
magnetic needles fixed to a card.

(1) Find roughly the direction of the magnetic meridian
at the place where the experiment is to be done.

(2) Mark any diameter AB across the disc.

(8) Suspend so that the plane of the disc or card is
horizontal (say, in a large stirrup of copper or brass wire
hung by a fibre) and near the surface of the table.

(4) When the disc is at rest stick two pins in the table
close to the ends of the marked diameter, say,a near 4 and
b near B.

(5) Reverse the disc,and when at rest male, close to the
pins, two marks on what is now the underside of the disc,
say o near A and b near B.

(6) Remove the disc and join ab, a't’. Bisect the angle
between ab and «'b’. This bisector marks the position in
which the magnetic axis of the combination sets and from
this the magnetic axis can easily be marked on the disec.

165. Dip-needle and dip-circle (Fig. 143).—A dip-needle
is a small bar magnet that can turn freely in a vertical plane
about a horizontal axis that passes through its centre of
gravity.

A dip-circle is an instrument for observing the mag-

netic dip. It consists essentially of a dip-needle and two

+ The apparatus, Flg. 154, is suitable. Tee the marks on the
shade instead of pins C, D. Put the magnet flatwise.

T Note that the &ngle to be bisected is that over which an end of
the magnet lies.
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graduated circles, one vertical, the other horizontal. The
axle of the needle is supported on knife-edges, at the centre
of the wvertical circle: hence its inclination may be
measured. The plane of the vertical circle turns about a
line that passes through the centre of the horizontal circle -

) JUIL

R e A
‘ Fig. 143,

hence the latter measures the angular movement of the
vertical circle, that is, of the axis of the needle.

The instrument is adjusted by altering the levelling screws
until the spirit level or plummet fixed to it indicates that the
proper position is attained. If there is no spirit level or
plummet arrange a fine plummet close 4o the face of the
vertical circle, and adjust so that the plumb line lies
parallel to the plane of the circle and over #he two divisions
marked 90°. -
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Exp. 205.—Investigation of the change of inclination of
a dip-needle as its plane of vibration alters from a position
perpendicular to the magnetic meridian to another coincident
with . (1) Adjust the instrument as in § 165. (2)
Rotate the vertical circle until the needle stands vertically.
Read the position of the vertical ecircle on the horizontal
scale. (3) Turn the vertical circle through 15°, then
observe the readings of both ends of the needle. (4, etc.)
Repeat, taking steps of 15°, until 180° have been turned
through. Record as below, and deduce the angle of dip.
Plot the mean inclinations of the needle as ordinates to the
angular displacenients of the vertical circle as abscissae.

i
Angle between |
plane of vibra- Reading of Mean inclina-
tion of mneedle tion.
and magnetic| Upperend of | Lower end of
meridian, needle. necdle.
90° | | s e
7w s L
150 [The inclination diminishes to a
0 minimum (about 70°) at 0 and then
15° increases to 90°. The minimum value
iy the magnetic dip.]
75° | ] e e
90° | L e e

Exp. 206.— Determine the magnetic dip. The following
is the direct method of determining dip: (i) Set the in.
strument and get the needle vertical as in Exp. 205. (ii)
Turn the vertical cirele through a right angle. (iii) Read
the positions of beth ends of the needle. The mean is
the dip.

Accurate determihation of dip is not an easy matter. (See a more
advanced work.)
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MAGNETIC FIELDS.

166. To map a magnetic field by iron filings.—Place the
magnet under a large card. Scatter iron filings (through
muslin or by a pepper-pot) scantily over the card. Gently
tap the card for some time by a long pencil loosely held
between finger and thumb. Draw a diagram showing the
shapes of the filing chains: these are also the shapes of
the magnetic lines of force.

To fix the filing chains. Spray gum mastic over the paper, allow to
dry ; or use paper that has been soaked in paraffin wax, brush over
with a Bunsen flame, or warm in hot air. Allow to cool or dry before
removing the magnets.

*Exp. 207.—Obtain and draw the filing chains for a
horse-shoe magnet and keeper. For method see § 166.
Observe the following cases—(1) horse-shoe without
keeper; (2) horse-shoe with keeper half an inch away;
(8) horse-shoe with keeper on.

Nore.—(1) The chains lie between points situated along
the limbs as well as on the ends. This shows that the
“ polarity ” is not confined to thé ends, although most
concentrated there. Thus some of the internal lines of
force that cross the equatorial section of the magmet leak
out before reaching the ends. (In a
wniformly magnetised bar all the lines
pass through from end to end.)

(ii)) The chains are symmetrical
about a middle line between the
limbs: but the magnet is not uni-

5 e > formly magnetised.  Similarly bar
. <. magnets are found to be symmetrically
3 but not uniformly magnetised.
gy L (iii) Observe the movements of the

filings (indicated by arrows in Fig.
144)). Those scattered in the neigh-
bourhood of the magnet do not travel
Fig. 144. along the curves,-but at right angles

" to them, and tend to form flatter and

shorter chains. Those on the surfaces of *the limbg stand
aslant and during the tapping march towards the edges
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(they are really the ends of chains that tend to be
formed above the magnet). If the tapping is prolonged
the filings concentrate along the shortest lines between the
oles.
P The formation of the chains and the movements of the
filings show that at every point of the field magnetic
induction is effected and forces called into play which tend
to turn the magnetised filings into definite lines, and to
translate them in a direction perpendicular to these lines.
The soft-iron keeper considerably modifies the field.
Notice in (3) the short chains bridging the minute gaps
between the keeper and the ends of the limbs. They
bulge out more as the keeper is separated further:
compare (2).

Exp. 208.—Obtain filing chains and draw illustrative
diagrams for the following cases—(1) a bar magnet;
(2) two bar magnets,
parallel, an inch apart, un-
like poles adjacent; (3) as SoftIrone
(2), but like poles adjacent ;
(4) }— arrangement of two

el
bar magnets; (5) a bar / -
magnet and soft-iron rod of :
equal length, placed parallel, A

an inch apart; (6) ditto, Fig. 145.

half an inch apart; (7) j—

arrangement of bar magnet and soft iron; (8) as (7), but
positions interchanged; (9) two bar magnets in line,
unlike poles facing, two inches apart, soft-iron ring
between ; (10) magnet with consequent poles.

Compare the filing chains obtained in (2) and (5). In
both cases there are parallel magnets with unlike poles
adjacent, but in (2) two independent magnetic fields are
superposed, while in (5) the field of the soft-iron induced
magnet is dependent upon that of the inducing magnet.
Observe that no chains are formed behind the soft-iron
rod, the magnet’s influence fails to word through the soft-
iron. This illustrates the value of a thick iron plate as a
magnetic screen.
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167. To map or trace the lines of force in a magnetic
field. —Place a small compass needle (§ 163) in the
field, and mark the positions, 4, B, of its ends. Move
the compass until the end that was against 4 is over B,
mark the position, C, of the other end; again move the
compass until the end that was over 4 is against O, mark
the position, D, of the other end ; coutinue the process until
the line has been sufficiently traced. Join AB, BC, etc.,
as each step s completed. The curve through ABC ... marks
a magnetic line of force. Obtain others by starting the com-
pass from different positions. Indicate by an arrow-head the
+ sense (that in which a north-pole tends to travel) of
the line of force.

The magnetic field may be due to a magnet or magnetic
combination placed on a sheeb of paper fixed to a board,
and the survey is restricted to the horizontal plane of the
paper. '

Filing chains afford a somewhat rougher and more
restricted picture of the lines of force, but are more quickly
obtained. Qbservations of them, too, have a kinetic value
(Exp. 207 (iii)) as well as static. By the compass method,
however, the lines can be traced in those portions of the field
where the forces are very small, areas where the filings would
not be visibly affected. Practically when filing chains are
produced the effect of the earth is negligible, and the curves
show the lines of force due to the magnets alone. The lines
obtained by the compass needle in the weaker parts of the
field are those that vesult from the combination of the
earth’s forces with those due to the magnet.

Exp. 209.—Trace magnetic lines of force due to the earth
(D) alone, (IL, ete.) in combination with a bar magnet.

(I) Fix a sheet of paper to the table with an edge, PQ,
lying roughly east and west. Start the compass from
positions along P about an inch apart.

(IT) On a large sheet of drawing paper fixed to a draw-
ing board set a bar magnet in the magnelic meridian with
its N-end pointing south. Place its certtre about a foot
from a corner of the paper. Map the field.
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I
Fig. 146 shows the sort of map obtained. X isa null or
neutral position. The complete map would be symmetrical
about the axis of the magnet, and a line through its centre
. .perpendicular to its axis. Hence there is a second null
point on the lower side.

N

(P>

Fig. 146.

(IXX) Similarlys a bar magnet in thg magnetic meridian
with its N-end pointing morth. 'The two null points are
found equidistent from the magnet on the line through its
centre perpendicular to its axis.

PR. PHY. . 17



258 : MAGNETISM.
(IV) Similarly a bar magnet at right angles to the mag-

netic meridian (Fig. 147. There are two null points
diagonally opposite). :

£ g

|

Fig. 147.

y

Figs. 146, 147 show null or neutral positions, obtained under certain
conditions, at which the horizontal field due to the magrnet is neutralised
by that due to the earth. At these points the only magnetic force is
practically the earth’s vertical component. The maps show a fairly
well defined region in which the forces
due to the magnet are predominant;
at greater distances the effects of the
magnet are - subordinate, and the lines
appear to be those of the carth’s field
more or less distorted.

168. Relation between moment of
magnet and the horizontal intensity of
the earth’s field.—Let (Fig. 148) ns be

" a magnet of moment M, polc strength p,
Fig. 148. length L. Let X be a null point at dis-
) tances a, b, respectivefy from the N and
8 poles of the magnet. Imagine a unit N-pole at X: it will be in

v
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equilibrium, and acted on by three forces, H due to the earth, a
repulsion, ¥, an attraction, . Draw the force-triangle, j#%. Then
E[H = jljik, F|H = jk[ik.

Also E = p/a?, F=p[? and M = p. L,
oo M= La*.E, and M = LI*.F.

Mo md Mg
"E—L'aﬁc an T b A

Hence by measuring L, a, b, ji, ¥, kj, two values of M/H may be
dotermined. If H is known, M and p may be calculated.

MAGNETIC MOMENTS AND FIELD INTENSITIES.

169. The tangent relation.—If two uniform magnetic fields are
superposed on one another, the resultant field is also uniform. Its
direction and intensity are determined by the parallelogram of forces.

Let OP (Fig. 149) represent in length and direction the intensity ( F)
and direction of one field, and simi- '
larly 0Q, the intensity (H) and @ R
direction of the second field. Then
on completing the parallelogram, OR
represents the resultant field in in-
tensity and direction, H
Now  F/H = sin 8/sin ORQ. o

Hence when the fields are at right
angles F|H = tan 8.

Also intensity of resultant field

(OR) = 4/ (F*+ H?),

If a freely suspended magnet is placed in the field it will set itself
with its magnetic axis in the direction of the resultant, or of either
component if the other is not acting., If then I is a known fleld,
e.g. the earth’s, the intensity of an unknown field, 7, can be com-
pared with it by observing the angle, §, between the position of a
compass needle when due to # only, and ifs position when aeted upon
by both F and H. If, by arrangement, F is set at right angles to
H, then F = H.tan §. This is effected in the Gauss positions
(§ 171) and in the tangent galvanometer (§ 208).

Note that the position assumed by the compass does not depend upon
its moment, pole-strength, or length. It is, however, frequently
necessary to use short anagnets, becanse the magnetic fields obtained in
practice are only approximately uniform within narrow limits (§ 208).
The magnets, too, ghould be strong in order that the effects of friction
at the pivot, or the torsion and stiffness of the suspending fibre, may be
insignificant.

o F P
Fig. 149.
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170. Vibrating Magnet.—Let a bar magnet of magnetic
moment M, suspended in a wniform magnetic field of
intensity H, be set in vibration. When the angle of
vibration is small, if ¢ is the period and I the moment

of inertia (§ 75), then

t = 2r vV I[MH (the magnetic pendulum).

Now ¢ can be measured and I calculated or found by ex-
periment, hence obtain (express quantities in C.G.8. uniis)

MH = 4=* I/* = 3948 I/iA

N
o

w—A ML g
S

Fig. 150,

171. Compass needle deflected by a magnet.—Let a

small compass needle lie in a wuniform

N magnetic field of intensity, H. Place a

V/ bar magnet (length, 21, magnetic moment,

Cf--4- M) with its magnetic axis perpendicular

/ to the magnetic meridian and magnetic

north or south, east or west of the compass

(Figs. 150, 151). Let an angular deflec-

tion a of the compass be produced, and

let d be the distance between the centres

of the deflecting magnet and the com-
pass.

A

$

B Py

w.-MT__-&__E ‘When 21 is small in comparison with d
the relations are as below :

Fig. 151.
Figure.. e . e 150 151
Name of position .. End on. | DBroadside on.
Value of M/H (1st applon- 1 3
mation, / neglected) 54 tan a @ tan a.

¥
Value of M/H (closer ap- (d2=1)2 N
proximation) .. .. }, 54 tan o | (427 tan a.
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The above are called the Gauss positions. After d and «
have been observed the value of M/H can be calculated.

Nore.—The same magnet at an equal distance will
produce a bigger deflection when end on than when
broadside.

The formulae for the stationary and vibrating magnets
form the basis of the methods of measuring the moments
of magnets, and the intensities of fields.

172. Magnetometers.—These are instruments arranged
for magnetic measurements.

By deflection magnetometers the angular displacement of
a suspended compass needle is observed.

By vibration magnetometers the period of vibration of a
suspended magnet is determined.

Fig. 152.

Deflection magnetometer (Fig. 152). The short compass
needle, ns, is supported on a pivot, and has attached to it
at right angles a long pointer, pp’, that can move over a
graduated circle. Some plane mirror is exposed at the
bottom of the box. The parallax error (§ 120) in reading
the position of the pointer may then be avoided. The
graduated metric scales, S, S, enable the bar magnet, NS, to
be put at known distances from the compass needle. The
instrument is adjusted so that, when no magnets or pieces of
iron are in the »neighbourhood, the, pointer lies either
over the 0 and 180° divisions of the graduated circle, or
over the 90° antl 270°. The scales may then be assumed
to lie in the magnetic meridian or at right angles to it.
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In the reflecting or mirror magnetometer (Fig. 153) several very short
magnets are fixed to the back of a small mirror, which is suspended
by & long fibre of unspun silk in a brass chamber or cell only slightly
too big for it. (By
this means the oscil-
lations of the mir-
ror are quickly
damped.) Thefibre
passesup & tube and
is fixed to the cap
at the top. A glass
window covers the
mirror cell. The

= = suspended needle is
L ] adjusted by the
=3 & levelling screws so
FRONT VIEW. SIDE VIEW, that it moves freely.

The small deflec-
tions of the mirror
i are measured by
one of the methods of § 37, very frequently by Method IV.

173. Vibration magnetometer.—Fig. 154 illustrates a
convenient arrangement. A wooden
stool, 4, supports a tube, B, and cork, C.
A rod, D, passes through the cork. A
fibre carrying a metal or cardboard
(Fig. 142) stirrup for holding the mag-
net 1s fixed to the rod. A glass shade, E,
covers the whole (this shields from
draughts). Two strips of stamp paper
are placed on the shade, with their edges
vertical and diametrically opposite.

A rough arrangement is to hang the
magnet in a wide-mouthed bottle. The
upper end of the suspending fibre is tied
to a hook on the under side of the cover Fig. 154.
(wooden).

®Another arrangement consists of .a wooden boz, say, 8"
long, 3" wide, 3" deep. In each of the two long sides there
is a glass strip that can be slid in and out. A glass tube
rises from the top of the box. The suspénding filiment is
attached to a cap at the upper end of this, passes down the
tube, and supports the stirrup and magnet in the box. The
cap can be twisted. '

Fig. 153,
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ADJUSTMENTS, ETC., OF THE VIBRATION ¥AGNETO-
METER.

1. Mark roughly the magnetic reference line (Exp 200).
Set the magnetometer so that the reference line passes,
roughly, midway between its legs.

2. There must be no twist to begm with of the suspending
filament. To avoid this place ‘a small brass bar in the
stirrup (the brass stirrup itself may be sufficient) and
leave until vibration ceases—the fibre may then be assumed
to be untwisted.

8. Observe the angle between the bar and reference
line. Turn the cork through an angle equal to this so
that the brass bar may rest over the reference line. Hold
the stirrup so that no further twisting takes place, put
the magnet in it and remove the brass bar. Now allow
the magnet to hang freely and let it come to rest—this
may be assisted by touching it lightly and carefully with
the fingers. Place the glass shade over it, and adjust so
that the marks on it (edges of paper strips) are on the
magnetic reference line. Care must be taken mnot to
disturb the magnet when the cover is put on (certain
magnetometers having sliding covers seem designed to give
a bad start). \

4. Start the suspended magnet swinging by bringing slowly
towards it a bar magnet presented end on (when done
remove this bar magnet from the neighbourhood). If there
is an appreciable side to side movement of the suspension
and magnet, stop and start again. A twist only 1s
required.

5. Make the observations when the arc of wibration is
small.

174. To compare magnetic moments: (1.) By deflecti
a compass needle.—If magnets of moments M,, M, are
placed in turn either broadside or end ont at distances d,
and d, from a compass needle, then (§ 171) if the position
of the compass neédle is not changed, H is constant, and
M,:M,=d?. tane : d}. tana,.

1 End on is the better position (§ 171: Note).
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If the deflections are equal M, : M,=d : d,}, or the
moments of the magnets are directly proportional to the cubes
of their distances when the deflections are equal.

In the last case the magnets can be arranged one on
each side of the compass needle and at such distances that
they tend to produce equal deflections in opposite senses
and hence the needle remains undeflected. The distance
should not beless than five times the length of the magnet.
This is the most convenient way of comparing magnetic
moments.

(I1.) By determining the period of vibration.—Each
magnet is in turn suspended in the same place (hence H
is constant) and its period measured. Its moment of
inertia is also calculated. Then (§ 170)

M _ I.t}

M, I,.t*
If the magnets are practically of the same dimensions and
mass, and vibrate about the same axis, I, = I,, then
M, : M, =1t7: 47 or when the moments of inertia are equal
the magnetic moments are tnversely proportional fo the
squares of the periods of vibration.

If the magnets are of the same cross-section then the mass is pro-
portional to the length and the moment of inertia varies as the lngth
cubed. When thin magnets are hung edgewise their breadth and

depth may generally be neglected, but their lengths (?) and masses (m)
should be measured. Their moments of inertia are then proportional to

(mass) (square of length),

or Iy Iy =my . L% imy . D2,
M, m \2 t,\?

Th My _ o, ;).(1)
en M, " m, (12 5

(IIL.) S8um and Difference Method. The measurement of the
moments of inertia, etc., may be avoided by proceeding as follows:—
Sugpend both magnets together with like poles pointing (i) the same
way ; (ii) in opposite ways. In each casedetermine the vibration-period
of the combination.

Let M and m be the magnetic moments of the magnets, ¢; the period
of the combination in the first case, ¢, in the secsnd, then, since the
total moment of inertia, 7, is the same in both,

Mtm _ (tl)’ R AN

M—m Z m r =%
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If round and thin it is convenient to push the magnets through a
cork: if flat and large they may be
bound by thread, one on each side of a
strip of wood (Fig. 155). First bind
one magnet to the strip, then the other.
Mark the positions of the magnets on
the wood. To reverse the positions of
the poles cut the binding of the second
magnet, reverse, place in coincidence
with the marks on the wood, and rebind.
The combination may be supported in a
wire stirrup or cradle hung by a fine Fig. 155.
wire or fibre (Fig. 154).

To compare pole strengths, let p,, p, be the pole strengths
and 1, I, the respective lengths of the magnets. By defi-
nition M =1. p, therefore p /p, = M, .1/M,.1,.

Exp. 210.—Compare the moments of magnets—I. Marl
the magnetic meridian (Exp. 203). Draw a line at right
angles to it. Place a compass at the point of intersection.
Note the positions of its ends on the divided circle, or fix
a pointer (brass pin) close to one end. ILay the magnets
to be compared along the east and west line, and adjust
the poles and distance of one of them wuntil there is no
deflection of the needle. Note the distances of the compass
from the equator of each magnet. Repeat at other dis-
tances. Calculate as in § 174 (L.).

The magnetometer shown in Fig. 152 is adapted for this
experiment. Arrange the instrument so that to begin
with the centimetre scales are in line with the pointer.

II. Suspend each magnet in turn edgewise as in § 173.
Measure the time of fifty swings by a stop-watch, also the
length, breadth (often negligible), and mass. Calculate as
n § 174 (IL). ]

ITI. Compare by the sum and difference method (§ 174,
(IIL)). |

175.—Comparison of magnetic moments by a reflecting magneto-
meter. Adopt a difference method as follows: let two magnets of
moments M and m be adjusted to balance, that is produce no deflection,
when at distances D, and &, respectively : also when at distances D,
and d,. Then »

VM Im = D\/dy = Dyjd, = (Dy— Do){(dy — dy).
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Tt is possible to measure the difference in the distances more accurately
than the actual distances, in which there are uncertainties regarding
the positions of the compass and the equator of the magnet. The
differences above are determined by reading the positions on the scale
of any mark on the magnets.

Exp. 211.—Compare the moments of two magnets by means of the
reflecting magnetometer,

176. To compare field intensities: (I.) By deflecting a
compass needle.—If the same bar magnet is placed either
broadside or end on to a compass needle (§ 171) first at
one place (field intensity H,), next at a second (field inten-
sity H,), and if aa,, d d, are the respective deflections and
distances, then

H, .d}.tan o,= H, . d} . tan a,
The caleulation is simplified
(1) if e,=a, when H, : H,=d,’ :d}?
(i) if d,=d, when H;: H,=ton a, : tan a,.

(IL.) By determining the vibration period.—If the
same magnet is vibrated at the two places, and ¢, ¢, are
the respective periods, then since M and I are constant
H, : H,=#?: t} or the field intensities are tnversely pro-
portional to the squares of the periods. This is an important
and convenient method of comparing field intensities.

Exp. 212.—Compare field intensities by a compass needle.

At each of the places (say in different rooms) at which
the field intensities are to be compared, (1) adjust the
deflection magnetometer (Fig. 152) so that the scales lie
perpendicular to the magnetic meridian.

(1) Place the deflecting magnet along the scale on one
side of the compass needle, and with its equator (marked)
at a definite distance from it (obtain asdeflection of about

30°). Note the distance (d) between the equator and the
compass, and the deflection () (read Both ends of the
pointer, the deflection, a, is the mean of these).
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(iii) Keeping the distance (d) the same value through-
out, read the deflection when the magnet is reversed, when

+
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Fig. 156.

on the other side of the compass, when again reversed.
Fig. 156 illustrates the successive positions.
Repeat for another value of d. Record each as below :

; [Specify room [Specify room
Station. bench, ete.] ' bench, etc.] '
. |
Position. Reading of pointer.| «, | Reading of pointer.| a,
W.end. E.end. W.end. E.end.

1. (Draw small

2. sketches as

3. Fig. 156.)

4,

4= mean a; = mean a, =
tan a; = tan a, =

Hence TFieldat...: Fieldat...=1,..:1

Exp. 213.—Compare field intensities by*wibration.

~ Suspend the swme magnet at each place in turn and
find the respective periods of fifty swings.
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GAUSS ABSOLUTE METHOD.

177. To find the field intensity in dynes.—The formulae (§§ 170,
171), M) H=1d3 tan a,and M. H =47*1/¢*,show that the quotient of the
two magnetic quantities, M and H, can be measured by length and
angle, while the product is in terms of time, mass, and length (Zinvolves
mags and length), also M*=(M.H)(M/H) and H?*=(M.H) -+ (M/H).
Hence by using absolute units of the fundamental quantities, M and
H can be expressed in absolute units (usually C.G.S.).

Exp. 214.—Find the field intensity, H, at a place (in the laboratory).
Two experiments are necessary : (1) the determination of M x H by
vibration, (2) the determination of M/ H by deflection.

1. Adjust a deflection magnetometer at the place of observation
and proceed as in Exp. 213. Finally remove the magnetometer.

2. Suspend the deflecting bar magnet used in (1) at the place of
observation, find its vibration period.

3. Measure mass, length, and width of bar magnet and calculate the
moment of inertia (§ 75).

4. Calculate M/H, M. H, and H. Use C.G.S, units, Record as
below.

Exp. 215.—Find by the Gauss absolute method the value of H at a
place in the ladoratory.,
Determination of H, at [bench....], [....lab.], [....Institution].

L. Deflection observations, End on method,

Reading of pointer,
Position, East end. West end. Deflection.
1. (Show by 30 29 29+5
2. small 30°5 295 30
3. sketches 28 29 285
4. as Fig. 156) 29 30 29-5
Distance 30 cm. Mean 29+4°

tan 294° = 0563
M| H=3%x30%x 0563 ="7600.
II, Vibration observations.

h.m. s,
Time at start .. .. .. 8.56.5
Time after 50 complete vibrations.. 9. 4.1 *
Interval 7.56 =476 seconds,

) & vibration p.e;'iod=47‘€;/50:=9'52 seconds.

III. Deflecting magnet,

Mass 62°5 gm., length 10°2 cm., width 1'3 cm,, swung with its two
greatest dimensions horizontal round a vertica] axis through the centre
of the magnet. »

oI = (1022 4 1'3%) x 625 = 551,
. MIT = 3948 x 551(9'52)* = 243,
& H = v(243) + (7600) = ¥0-0320 = 0°18 dyne per unit pole.




CHAPTER XIII.

ELECTROSTATICS.

178. Experiments in Electrostatics.—Of the following
those marked * are perhaps more conveniently done at
home than in the laboratory. The glasses, rubbers, etc.,
must be dry and warm. To make them so place them on
the hearth in front of a good fire. In the laboratory use
an oven.

Oven (Fig. 157). A plece of thin sheet iron is bent to the shape
ABCD. Another piece bent like ZF is placed inside. The base 4¢
rests on four feet or laboratory tripods, and is heated by a Bunsen
burner. Glass rods and paper are placed on EF, silk, flannel, and fur
rubbers on the dome ABC. Ebonite, sulphur, sealing-wax, glass
insulating stands, tumblers, etc., are placed on the table near but not
directly underneath the oven. Care must be taken not to overheat

them.
Rubbers

Fig. 157,

Electroscope.—Paper balls (Fig. 159), made as below,
are very satisfactory, for simple experiments.

»

Fold a piece of tissue paper about three inches square into halves,
then into quarters, fifally into eighths. Cut with sharp scissors a circu-
lar arc BC (Fig. 158), then as shown by the intermediate arcs. Open

269
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out very carefully. Make a second disc in a similar manner. Touch
the edge of one disc in four or five places with a match-end that has
been dipped in gum, superpose the other, press at the gummed places,
and set amde to dry: or (a better plan)
B fix two discs together at the edges by
four or five very small pieces of stamp-
paper. Pass a length (two or three feet)
of silk twist, knotted at one end, through
a pinhole in a small piece of paper, then
\ through a hole at the centre 4. Four
\L of these balls are required. (It is useful
A to make the pairs of papers of different
Fig. 158, colours.) Hang them in pairs from a gas-
pendant, a stretched string or a stick:

they should be at least two or three feet from a wall.

*Exp. 216.—Electrification by friction. 1. Rub a glass
tumbler | with silk.t Bring the glass near the paper balls,
observe that they are attracted, then, after touching the
glass, are (1) repelled from the glass, and (ii) repel each
other. Also (i) they repel each other when the glass is
removed.

2. Bring the finger near the balls, they are attracted,
but after touching the finger are not repelled from it, nor
do they repel each other.

Expranarion. In (1) the glass becomes electrified
when rubbed with silk, and the balls become similarly
electrified after touching the excited glass: the similarly
charged bodies repel. _In (2) the electricity on the balls
induces a charge of the opposite kind on the finger; these
neutralise when contact occurs.

*Exp. 217.—Repulsion of similarly electrified bodies. Lay
two strips (8” by 2”) of thin paper on the table, rub them
with the palm of the hand. Observe that the paper clings
strongly to the table. This is owing to the attraction
between the electrification of the paper and the induced
charge on the table. Tift the strips from the table, one by
the right, the other by the left hand, hold the top edges in
contact, observe that the strips do notf hang vertlcally, but

at an angle with one another. .

+ Must be warm and dry.
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179. DerFintTioN. A positive () electrification is that
developed on polished glass when rubbed with dry silk.

A negative (—) electrification is developed on ebonite,
sulphur, or sealing wax when rubbed with flannel or fur.

The experiments also show that a positive electrification
is developed on brass when struck with india-rubber; and
a negative electrification is produced when the brass is
beaten with fur or flannel. (See § 181.)

RemEmMBER that the kind of electrification produced on
a body depends upon the nature of the rubber as well as
that of the body rubbed.

*Exp. 218.—Show that similarly electrified bodies repel one
another, dissimilar attract. (1) l'ouch a pair of suspended
paper balls with electrified paper+ (rubbed by hand).
Bach ball becomes negatively electrified.

(2) Touch the second pair of sus-
pended paper balls with electrified
glasst (rubbed with silk). Each ball
becomes positively electrified.

(3) Bring the —ly electrified paper
near the +ly electrified balls ( (2)
above) ; the balls are attracted.

(4) Bring the 4ly electrified glass
near the —ly electrified balls ( (1)
above) ; the balls are attracted.

(5) Bring in turn a piece of sulphur,
resin, charcoal, metal, stoneware, or
china, etc., near the paper balls. ODb-
serve that each ball is attracted. The '
bodies are in this case being tested in
their normal unelectrified, or neutral, Fig. 159.
condition.

(6) Rub each body with flannel or fur, and bring it near
the balls. Note whether the +1ly or —ly charged balls are
repelled. If the former then the electrification of the body
is 4, if the latter —, The charcoal and metal will attract
each pair of balls. ’

Ed

+ Must be warm and dry,
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180. To test whether a body is electrified or not present
it first to a 41y charged ball or electroscope, next to a —ly
charged one. If the body is electrified there will be attrac-
tion in one case and repulsion in the other, if unelectrified
attraction occurs in both cases. The repulsion of a body
similarly charged 1s the sure ]})100f of electrification on the
piece tested. To determine the kind of electrification on
the body remember that when the +ly charged ball is
repelled the body is +1ly charged, when the —ly charged
ball is repelled the body is —ly charged.

*Exp. 219.—Conductors and non-conductors. Electrify
one pair of paper balls +ly. Touch the balls with a
body held in the hand (be careful that the fingers do not
come into contact with the balls). If the balls fall
together the body is a conductor, if not it is a non-
conductor or insulator. Try various substances, e.g.
metals, paper,t silk, glass, carbon, wood,t cotton,t sulphur,
‘string,t ete.

Repeat experiment using negatively charged balls.

Record the results making a list of conductors and of
non-conductors.

*Exp. 220.—Induction or Influence. Two insulated con-
ductors are required. FEach may be realised in a simple
manner by covering the mouth of a dry and warm glass
tumbler with a metal lid or canister (inverted). Lift or
move the conductor by holding the glass at the base.
Charge one pair of paper balls —ly, the other +ly.

Place the two conductors in contact. Hold an electrified
rod close to one of them (not however over the centre where
the bodies touch), then separate the conductors and bring
each in turn near the charged balls. The +ly charged
balls will be repelled by a +ly charged conductor, and the
—1ly charged balls by a —ly charged conductor.

Perform the experiment (1) with +ly electrified glass ;
(2) with —ly electrified paper. Show that in either case
the charge on the conductor nearer the inducing electrifi-
cation is of the opposﬂ;e kind to the inducing, while on the
further conduector it is of the same kind»

T Test before and after drying.
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. *Exp. 221.—Malke a paper electrophorus. 1. Group four

i tumblers (mouth upwards) on the table in order to sup-

i port and insulate a metal tray (bottom upwards), put a

; sheet of brown or note paper on the tray, pinch it to the
tray between the forefinger and thumb of the left hand,
rub the paper with the right hand (palm) or a dry clothes-
brush.

2. Lift the paper from, and then present a knuckle to
the tray—an electric spark is obtained.

8. Replace the paper on the tray, taking care that the
fingers do not touch the metal, then present the knuckle
to the tray—a spark is obtained.

4, etc. Repeat operation (2), then (3), several times—a
spark is obtained on each occasion.

The tumblers and paper (use three or four sheets of
foolscap, some to be warming while one is being used)
must be well dried before a fire or in an oven. To lift the
paper bring together two opposite corners, and pinch
between finger and thumb. The paper may be re-electrified
by rubbing with the hand as in (1). (When this fails
substitute a freshly warmed piece and rub it by the hand.)

Expranvarion. The friction with the hand or brush
electrifies the paper —ly. The tray is charged by induc-
tion; the bound-charge being 4, the free charge negative.
The spark of (3) is due to the latter. When the paper is
removed the bound + electricity is released. This gives
‘the spark in (2) and (4). The arrangement is thus a
source of both kinds of electrification.

181. The gold-leaf electroscope (Fig. 160).—This is a
sensitive form of electroscope in which there are twot
gold-leaves (g,9) that hang vertically—collapsed” or
closed-—when unelectrified, and, when electrified, at an
angle with one another—* divergent” or open—the angle
being greater as the degree of electrification is greater. The
gold leaves are hung at the lower end of a metal rod, b,
whose upper end, D, is terminated by a ring, knob, or
disc—sometimes called the cap. The rod passes through a

+ A single gold-léaf resting against a vertical strip of metal is
frequently used. '
PR. PHY. 18
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plug of insulating material—shellac, paraffin-wax, sulphur

—which is fitted in the mouth of a glass flask or shade, or

(Fig. 160) a hole in the top of a

=D box, B, having a glass front (and

back). The sides and base of the

| box should be coated inside with

tinfoil, connected with the terminal,

t. When using the instrument join ¢

to the gas-pipes by a wire. The

tinfoil coating is then earth-con-
nected.

Sometimes caletum chloride or sulphuric
acid is put inside the case 8o that the air
inside the flask may be kept dry. This is
unimportant. The upper parts of glass

Fig. 160. shades are often varnished with a solution

of shellac or sealing-wax in alcohol. This

is unnecessary. A plug of sulphur or pflrathn wax gives excellent

insulation. Provided the plug insulates well it is an advantage for

the glass surface to be damp and therefore conducting. When the

plug does not insulate well substitute a better one. A dirty wax plug
may be cleaned by scraping.

Ta charge an electroscope—When the cap of the
neutral electroscope is beaten (1) with flannel or fur, it
acquires a negative charge, (2) with a strip of india- rubber
(split gas tubing) it acquires a positive charge.

It 1 better to (1) beat a brass ball, held by an insulating
(ebonite) handle, with the fur or india-rubber, then (2)
touch the cap of the electroscope with the ball. The electro-
scope takes some of the charge from the ball.

CavrroNn.—A strongly excited rod ought not to be
brought into contact with or even close to the cap of an
electroscope—the leaves may be torn off.

RemeMBER that the electroscope when charged by contact
with an excited body acquires an electrification of the same
kind; when charged by induction, its electrification is of
the opposite kind to the inducing charge. Also that the
leaves of a charged electroscope diverge more widely if an
electrification of the same kind is brought near, but less
widely for one of the opposite kind. Also that a slight
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closing occurs when an earth-conunected body (the hand,
say) is put-near the disc. Increased divergence is the sure
test of electrification on a body brought near the electro-
scope. These facts are demonsirated in the experiments
below.

Exp. 222.—Charge an electroscope by induction. (1)
Hold an electrified body near the electroscope and while
there (i) touch the cap with the finger for a moment,
(iii) remove the electrified body—the leaves diver, ge. The
electrification of the electroscope is now of the opposite kind
to the inducing charge on the electrified body.

I. Use +ly electrified glass (rubbed with silk). Show
that after operating as above the leaves diverge more
widely if a —ly charged body is brought near, Dut less
widely for one 41y excited. Also that the leaves collapse
slightly if the hand is placed parallel with and close to the
disc, but reopen on removing the hand. Finally that the
leaves close completely and remain so if the dise is touched
for a moment by the finger.

IT. Use —ly electrified ebonite (rubbed with fur, on
the coat, ete.). Show that after operating as above the
leaves diverge more widely if a 4 charge is brought near,
but less widely when the electrification is —. Also the
effects with the hand and the finger are the same as in the
previous case.

Exp. 223.—Observe the phenomena of induction. 1.
Slowly bring a +ly electrified glass rod towards an electro-
scope. Observe that the leaves increase in divergence as
the distance diminishes, but collapse completely when the
glass rod is removed.

ExrravarioNn.—As the inducing charge gets nearer
each of the induced charges increases in amount: the
divergence widens because the quantity of free + gets
greater. Collapse occurs because the induced + and ~
charges are exactly equivalent and neutralise one another
when the inducing charge is removed.

IT. (1) Place the 41y electrified rod., say, three inches

from the disc: the leaves diverge (4 electrification). (2)
Touch the dise for a moment with the finger: the leaves
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collapse. (3) Put the rod further (four inches, say) from
the electroscope: the leaves diverge slightly (negative
electrification). (4) Slowly move the rod towards the disc
of the electroscope: the divergence diminishes, is nothing
when the rod is in the position of (1) and (2), after this
the leaves reopen (with +) and the divergence increases as
the rod approaches the cap. (6) Quickly withdraw the
rod to a distance, the leaves momentarily collapse, reopen,
and remain divergent (negative electrification).
Expranarion.—The tabular statement below shows the
variations in the several quantities involved in the pre-
ceding experiment, II. TLet the inducing charge = Q.

Free |Surplus Potential (see § 182) of I
Case.| Bound charge. charge.{ charge. electroscope. t
- i
1 —q | <Q ¢, | none | + | { B:}t%a;\:itﬂ-‘ tends to flow
2 -q { zZ‘ none —~q 0 | That of earth. }
3 - <q - —¢ | — | ~ tends to flow to earth. |
4 - >q + —g | + | + tends to flow to earth. |
! & | none ~q ] —q — | ~ tends to tlow to earth. |

The experiment shows that the bound charge is always .
opposite in kind to the inducing charge but varies in
quantity, the free charge may be of either kind and de-
termines the potential, whether — or 4-. The potential
is therefore not necessarily that of the surplus electrifica-
tion of the conductor. :

182. Potential.—The pofential of a conductor is a
relation between it and a second conductor which deter-
mines whether + electricity shall flow from it to the other
conductor or in the reverse direction.

Derinirions—(1) If two conductors, 4, B, are so re-
lated that + electricity tends to flow from 4 to B, then 4
is said to be at a kigher potential than B, and B at a
lower potential than 4. (i1) Two conductors are said to
be at the same or equal potentials when electricity does not
tend to flow fromw one to the other. = (iii) The locus of all
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the points for which the value of potential is the same is
called an equipotential surface or electric level.

Also negative electricity tends to flow from a conductor
at lower potential to one at higher.

Convenrtions.—The earth is considered to be at poten-
tial zero (0). Bodies at a higher potential than the earth
are said to be at a + potential, those at lower potential
than the earth are said to be at a — potential.

Hence potential has the same value at every point of a
conductor however electrified ; or the surfaces of all con-
ductors are equipotential surfaces.

All conductors connected with the earth are at zero
potential.

183. The Electrophorus (Fig. 161).—A simple form of
electric generator.+ Its action depends on induction. It
generally consists of an ebonite
or resinous cake or slab, E,
usually resting on a metal base
or sole, and a metal cover or
plate, B, provided with an in-
sulating handle (glass rod).
To work the electrophorus, (1)
beat the cake with flannel or
catskin, (2) place the cover on
the cake, (3) touch the cover
with the finger, (4) lift the
cover from the cake by the
handle. (The handle should be warm and dry, and
held near the top end.) The cover is now 4ly charged.
On placing it in contact with insulated conductors (knob
of Leyden jar (§ 185), ete.) it gives up a portion of its charge,
or on putting the knuckle of a finger against it a spark is
produced. (5) After discharging the cover replace it on
the cake, touch it, lift it, the cover will again he +ly
charged. (6) Repeat several times, then excite the cake
again. ’ :

“If there was no loss of electrification by contact, leakage,
ete., from the cake, the cover could be charged an indefinite

1 Compare with the ‘/ paper electrophorus,” Exp. 221.



278 ELECTROSTATICS.

number of times. Its electrification is <, while that of
the cake is —; hence it does not share the charge of the
cake, but is electrified by induction.

The sole is not an essential part of the instrument: it frequently
consists of a disc of tinfoil stuck to the under side of the ebonite. To
avoid touching the cover with the finger it is convenient to have a metal
pin fixed to the sole and passing through the cake until its point is
practically flush with the upper surface. The free induced negative
charge on the plate sparks across to the pin and passes to earth.

The theory of the action of the electrophorus is deseribed in text-
books of Electricity. The paper clectrophorus (Exp. 221) works
similarly. In it, however, the cake (electrified paper) is lifted from
the cover (tray).

Exp. 224.—Use an electrophorus to charge a Leyden jar, or
an tnsulated conductor.

Exp. 225.—Show that (1) The cake is —ly excited, (ii) the
cover before being touched gives — electricity if kept on
the cake, and nothing if lifted from it, (iii) the cover, afier
being touched, gives nothing if left on the cake, but + if
lifted from it.

Use paper balls (§ 178). Charge a pair +ly, another
—1ly. Bring in turn near to the electrophorus.

184. The Wimshurst Machine (Fig. 162) is a convenient
and reliable means of producing electricity. It is a form
of influence machine. It consists of two circular glass
plates, each of which, by turning the handle at the base of
the machine, can be made to rotate, but in opposite direc-
tions. The glass plates are placed parallel and close
together, and each turns about the same axis. On the
external or exposed surface of each plate fifteen or twenty
metal strips are arranged at equal distances, and with
their lengths radial. Two prime conductors supported
on glass or ebonite pillars are provided. The rakes or
combs of these are placed usually parallel to the horizontal
diameters of the plates. The prime conductors are not con-
nected with one another. When the fachine is at work
one becomes +-ly, the other —ly electrified. Generally a
rod terminated by a knob is attached to ‘each conductor.
These are bent and long enough to permit the knobs to be
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brought into contact. The rods can be moved by the
straight handles shown on the right and left of the
figure, so that the distance—called the spark gap—between
the knobs may be adjusted. Small brushes of soft
metallic filaments attached to each prime conductor are
arranged to touch the sectors. There are also two earth-
connected conductors, one for each plate. Each carries a

metal brush at its ends. These conductors are arranged
at right angles to each other, and at about 45° with the
combs of the prime conductors.

To get the machine to work, nearly close the spark gap,
and repeatedly turn the handle at the base. Almost at
once sparks will appear in the gap. The machine generally
excites itself. If, however, it fails tp do so, rotate the
plates, and hold an electrified conductor near one of the
prime conductdrs. (For the thegry of influence machines
see the Text-Book of Electricity.?
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To increase the intensity of the spark the prime conductors of the
Wimshurst machine may be connected with Leyden jars, as
below :—(L.) A Leyden jar has its outer coat insulated, e.g. it stands,
say, on a slab of wax. The inner coat is connected with one
prime conductor, the outer coat with the other prime conduector.
(I1.) Two jars are taken, the outer coat of each is earth-connected or
joined with the uninsulated conductors of the machine; the inner coat
of one jar is joined with a prime conductor, the inner coat of the second
jar is joined with the other prime conductor.t

Exp. 226.—The “ice-pail ” experiment (Fig. 163). Place

a narrow deep canister (say 12” by 8”) on a piece of parafiin
wax (I). Connect the canister by a
fine wire with the disc of an electro-
scope. Fix a small ball (1" diam.) or
tin (B) to the end of a long (2 ft.)
glass (G) or ebonite rod.

(1) Charge the body (B), say -+ly.
Bring it slowly towards the mouth,

2 . and finally place it within the canister,

but not to touch it. Observe that the
divergence of the leaves increases more
and more as B approaches, but attains

a maximum when it reaches a position

A a little below the mouth (as indicated

by the dotted line). This maximum
divergence is maintained whatever the
Fig. 163. position of B in the canister, provided

1t is below the dotted line. Withdraw

B, the leaves completely collapse. Also bring B into

several positions short of A and withdraw it without
touching the canister: in each case the leaves will diverge
while B is near, collapse when it is removed. -

The increasing divergence of the leaves shows that the
induced charges grow to a maximum which is attained
when the inducing charge is well within the canister. The
complete collapse on withdrawal shows that the induced
charges (4 and —) are always produced in equal
quantities. " >

i

/
Aez=
X

i
1

= N

| M

+ Small jars connected in this way are often fitteg to the frame of the
machine. Thisis an exampla®f condensers joined in series or ¢¢ cascade,”’
The Leyden battery is an example of condensers joined in paraliel.
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(2) Introduce the charged body and let it touch the
bottom of the vessel, observe that the divergence of the
leaves is maintained without a blink at the moment of
contact. Remove B: the divergence is unaltered. Discharge
the canister by touching it: disconnect it from the electro-
scope. Place B in contact with the electroscope: observe
that the leaves remain closed; hence the body has been
completely discharged.

The experiment shows that the maximum induced charge
equals the inducing charge, for the *“bound-charge ” just
neutralises and is neutralised by the inducing. If either
had been in excess the divergence of the leaves would have
altered.

(3) (1) Hold the charged body, B, in the canister, but do
not let 1t touch : theleaves diverge. (ii) Touch the canister
for a moment with the finger: the leaves completely collapse.
(i) Lift the body, B, slowly out of the canister: the leaves
diverge more and more as B is withdruwn further—the
divergence is due to the freeing of some of the bound-
charge. (iv) Replace B in the vessel: the leaves collapse,
and remain so whatever the position of B (below the
dotted line). (v) Touch B against the inside of the vessel,
the leaves remain collapsed. (vi) Withdraw B : the leaves
remain collapsed—hence the canister is unelectrified. (vii)
Test the body, B, by placing it on the disc of the electro-
scope—it is unelectrified.

The experiment shows that the inducing charge and
maximum bound-charge just neutralise one another.

Exp. 27.—Obtatn on a canister a quantity of elec-
tricity equal to that on a non-conducting electrified rod.
1. Place the electrified end of the rod inside, but not
touching, a deep canister. Touch momentarily the outside
of the canister by the finger, then remove the rod. The
canister will be charged with a quantity of electricity equal
to that on the rod, but of the opposite kind.

2. To get an equal charge of the same kind as that on
the rod, support a canister, 4, inside, but not touching, a
larger one, B. flold the electrified end of the rod inside
but not touching, the smaller canister, 4. Touch both
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canisters simultaneously and for a moment, then remove
the excited rod. Next touch momentarily the outer canis-
ter. Finally withdraw the inner one. The outer canister
is now charged as required.

185. Condensers.—A plate condenser (sometimes called
a fulminating or Franklin’s pane) consists of two sheets
of tinfoil (called the coats) separated
by a sheet of insulator, e.g. a glass plate
(see § 233).

A Leyden jar (Fig. 164) consists of a
jar, usually of glass, coated inside and
outside with tinfoil. A metal rod termi-
nated by a knob is connected (by a chain)
with the inner coat. To charge the jar
(i) earth-connect the outer coat : e.g. stand
the jar on a wire joined to gas or water

Fig. 164, pipes, or hold it in the hand by the outer

coating. (ii) Connect the inner coat by

a wire or chain to, or place the knob in contact with, the

prime conductor of an electrical
machine.

To discharge the jar. Use the dis-
charge tongs (Fig. 165). These con-
sist of two rods hinged together at
one end, and terminated by kuobs at
the other ends. They are held by a glass handle.
Separate the knobs sufficiently. First place one in contact
with the outer coat, then bring the other into contact
with the inuer coat.




CHAPTER XIV.
' ELECTROMAGNETICS, ELECTROLYSIS,
ELECTROMAGNETIC INDUCTION.
VOLTAIC CELLS.

186. Voltaic cells.—Descriptions of common types are
given below. For details of the chemistry of the cel] 3
text-book of Electricity should be consulted.

Daniell cell.—Portadble form (¥Fig.167). This consists of
a copper outside vesselt in which a saturated solution of
copper sulphate is placed; a porous pot in which dilute
sulpliuric acid or 4 semi-saturated sotution of zinc suf-
phate is placed; a rod of zinc (amalgamated, see §188)
held in the acid by a wooden plug that loosely fits the
mouth of the porous pot. A terminal is fixed to the zing,
another to the copper. Round the inside of the copper
vessel a shelf is often fitbed. Crystals of copper sulphate
are placed on this: they serve to keep the solution

saturated.

1 Sometimes the ‘external vessel is of glass or earthenware. Therg
is then a cylindrical plate of copper (Fig. 166).
283
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Nore.—The constancy of a Daniell cell during an ex-
eriment is better ensured if it is kept short-circuited
(§ 190) for a little time before it is used in the test.

Leclanché cell (Fig. 168).—A plate of carbon is placed
in a porous pot and packed round with black oxide of
manganese (MnQ,) and pieces of carbon. This is put in

Fig. 169.

an outer glass vessel, which also holds an amalgamated
zine rod and solution of sal-ammoniac (NH,C1). Fig. 177
shows four Leclanché cells joined in parallel.
Leclanché agglomerate form (Fig.169). The pot and
packing are replaced by porous blocks composed of carbon,
black oxide of manganese,
with a little shellac, and
EarthenwareJar potassium sulphate: The
Zine pieces are kept together
—Carbon by rubber bands. A zine
‘Agglomerate cylinder is sometimes used
instead of a rod (Fig.
-Salammoniac 90\,
Dry cells. These are
Fig. 170. modifications of the
) Leclanché, moist pastes
being used instead of liquid. The E.C.C. or Burnley
form, shown in section in Fig. 171, is typial. A carbon rod,
0, is surrounded by a black paste, B, of manganese dioxide,
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carbon, zinc¢ chloride, and sal-ammoniac. Outside this is
an enveloping layer, W, of a white paste of plaster of Paris,

flour, zince chloride, and ammonium
chloride; next a zinc cylinder, Zn,
and finally the whole is encased in
a cardboard tube, which insulates
and protects the cell. The top is
closed by pitch through which a
tube passes (this permits gas to
escape from the cell). .

187. Bunsen cell (Fig. 172).—The
carbon stick, C, with clamp terminal,
stands in a porous pot containing
strong nitric acid. An amalgamated
zine cylinder, Zn, rests in the outside
earthenware jar which contains dilute

A

N e e oy

Zn

sulphuric acid. Frequently the cell is flat, like Fig. 173,
a thin plate of carbon being placed in the inner porous

pot, and the plate,of zine, Z, is U-shaped.

l\g).

(The prepara~
tion of a Bunsen battery is described in § 188.)
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Grove cell (Fig. 173). This is the same as the Bunsen,
except that a sheet of platinum (P) takes the place of the
carbon.

Bichromate cell (Fig. 174). Two plates of carbon dip into
the ¢ bichromate solution ” contained in a vessel, frequently

a globular bottle. Both carbon plates
are joined to a terminal a. A central
3  amalgamated zinc plate is fixed to a rod
= so arranged that the zinc can be raised
out of or lowered into the liquid as
required. The zinc must be out of the
liquid when the cell is not being used. The
zinc is connected through the rod and
holder to the terminal, b. The plates,
terminals, ete., are fixed to an ebonite plug
that fits the mouth of the bottle. The
solution consists of bichromate of potash
(1 part by weight), strong sulpburic acid
=5 7. (2 parts), water (12 parts). Bichromate of
=#*  sodium or chromic acid is sometimes used
Fig. 174. instead of the potassium salt.

The Clark Cell.—This type of ccll when carefully made according
to a definite specification has an E.M.F. of 1'434 volts at 15°C. Itis
used as a standard of E.M.F., (For particulars see Higher Text- Book
of Magnetism and Electricity, 141.)

188. To prepare a cell (Bunsen).t—(1) Clean by a file
and emery paper the parts of the clamps and binding screws
against which plates or wires are to be fixed.

(2) Amalgamate the zinc plate. Nearly fill a jar with
battery sulphuric acid, and immerse the zinc plate in it
until effervescence begius, then remove it and lay it in the
dish of amalgamation mixture. Pour the mercury over the
zine with a wooden spoon and rub until the zinc acquires a
bright appearance. Then hold the zine a little above the

1 Bottles of ¢ Battery Nitric’’ (Sp. Gr. 1-38), of ¢ Battery Sul-
phuric’’ (one of acid fp ten of water, by voluame), and a glass dish
containing ‘‘amalgamation mixture ’ (waste mercury and dilute sul-
phuric acid) should be provided. When the ¢ Battery Nitric”’ hae
acquired a greenish-blue colour it should be replaced by fresh acid.
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dish, tap it gently with the spoon, and let the mercury
thoroughly drain off. Amalgamation should not be done
often, it tends to malke the zinc rotten.

(3) Put together the jar, porous pof, zinc and carbon
plates. Fill, through a funnel, the porous pot, containing
carbon, about three-quarters full, with strong battery nitric
acid, and similarly the jar containing zine with dilute
battery sulphuric acid. T'ix the binding screws.

Fig. 176 shows a battery of four Bunsen cells joined in series.

As the working battery produces pungent gaseous oxides
of nitrogen, it should be put in a fume closet away from
the experimenter and apparatus.

(4) When the cell is no longer required, it must be taken
to pieces, the parts well rinsed with water (soak the porous
pot for twelve hours) and set aside to dry. Put the nitrie
acid back into the bottle labelled “ Battery Nitric,” and
throw away the dilute sulphuric acid (it is contaminated
with nitric). Put waste mercury from the battery vessels
into the amalgamation dish.

189. Secondary or Storage Cell.—This consists of two
plates of lead, more or less
oxidised, dipping in dilute sul-
phuric acid. The positive (of
which the outside tug is painted
red) or more highly oxidised
plate is usually dark brown,
and the negative (lug painted
black) a slate colour.

Portable cells (Fig. 175) can be
obtained from manufacturers. A
simple form suitable for many Iabora
tory requirements can be made by
placing a pair of plates (6" x 247,
“chloride” 4 and — : these may be
bought) in a jar. Their lower ends
are kept apart by a piece of wood
(prism-shaped) well soaked in paraf-
fin-wax. The projectitg lead lugs o
at the upper ends pass through round Fig. 175. )
holes in the wooden -soaked in paraf- . o
fin) Lid of the jar. The terminals consist of a screw-stem with fly-nuts.
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Dilute sulphuricacid (Sp. G., 1-215; one parf acid, five of water, by
volume) is put into the jar.

The terminals of a secondary cell should be removed from the lead
lugs when not in use, rinsed, and put aside in a box. If, however, the
connections of a battery are not to be interfered with, the terminals
should be well smeared with vaseline.

To charge a battery of secondary ecells join it in circuit with a
dynamot so that current enters the secondary cell by the positive
plate, and leaves by the negative. The voltage of the battery of
secondary cells must be less than that of the generator charging it:
¢.g. assuming the maximum E.M.F. of a secondary cell to be 24 volts,
a battery of 50 cells would require a generator developing more than
120 volts to charge it.

The charging current should be about one-half that which is specified
a8 the maximum discharge current of the cell. Charging should be
continued until the solution in the cell appears milky owing to the
evolution of minute bubbles of hydrogen and oxygen. During
charging these substances are deoxidising and reoxidising the negative
and positive plates respectively, and during discharge the positives
are deoxidised, the negatives oxidised. When charging is complete
the E.M.F. of each cell is nearly 2-4 volts. On working, however, it
soon drops to nearly two volts, and remains at that value for a con-
siderable time. With prolonged work the E.M.F. gradually lessens,
it should never be allowed to get Jower than 17 volts. The positive
plate of a secondary cell, when fuily charged, is of a dark brown colour,
the negative a dark slate: during discharge these colours get lighter.
The specific gravity of the acid when the cell is charged is 121, when
sufficiently discharged about 1-15.

190. Nomenclature, efc.—As soon as a cell has been
built up from. its constituent parts a difference of potential
between the terminals is produced. The value of this,
measured in volts, is called the electromotive force (abbre-
viated to E.M.F. or Emf.) of the cell. The plate at which
the potential is the higher is called the positive (+) pole,
the other plate is called the negative (—) pole. In diagrams
a cell is generally represented by two parallel lines, a long
thin one to indicate the 4 pole, a short thick one to
indicate the — pole (Fig. 178).

As soon as the two plates are connected by a conductor,
such as a copper wire, a magnetic field is produced around,
and heat within the conductor: also chemical decomposi-

P -

T It is instructive to charge one or two secondary cells by a Bunsen
battery ; use two Bunsens to charge one secondary, three or four
Bunsens to charge two secondaries (Exp. 240).
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tions occur in the liquids of the cell. These effects are
considered to be associated with an electric current or flow
of electricity. The current is considered to pass round a
circuit of which two parts are distinguished, (1) the
external circutt, consisting of the apparatus, wires, etc.,
joined to the terminals of the cell; (2) the infernal circudt,
consisting of the plates and liquids of the cell or battery
of cells. The direction or + sense of the current is along
the external circuit from the positive pole to the negative,
and through the cell from the negative pole to the positive.
The direction of the current is determined in the external
circuit by deflecting a compass needle (Exp. 229), in the
internal circuit by observing what substances are produced
at the respective plates by the electrolysis of the liquids.
An evolution of hydrogen, or deposition of metals is
characteristic of the positive pole, while oxygen, oxides, and
acids are produced at the negative.

The cell or battery is said to be on open circuit when its
terminals are not joined by a conductor, on closed circuit
when they are so connected : it is short-circuited when the
connection is a conductor of very low re51stance, e.g. a short
piece of thick copper wire.

Parts of a circuit are said to be in series when so con-
nected that the current which passes through one of them
passes in turn through each of the others: they are said to
be in parallel when so conunected that the current in one part
does not pass through any of the others (see §§ 192, 218).

191. Behaviour, etc., of cells.+—From the electrical
standpoint cells are considered with regard to electromotive
force (E.M.F.), resistance, and the constancy of these
quantities. The values of these quantities depend upon
the nature of the plates and liquids used, and upon the
degree of dilution of the latter: also slightly upon the
temperature. For cells of the same kind and of similar
proportions the resistance of smaller sizes is greater
than that of largen; and, for the same,cell, the resistance
is diminished if the plates are increased in size, or brought

+ This section wxll be better understood when experiments on resiste
ance and E.M.F, have been done.
PR. PHY. 19
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closer together, and conversely. The resistance varies
considerably with the degree of dilution of the liquids
in the cell. Broadly speaking, it is increased when the
proportion of water 1s increased.

For cells of the same kind the E.M.F. of all sizes is the
same. The E.M.F. varies a little with the degree of dilution
of the liquids.

Both B.M.F. and resistance alter with temperature.

A particular cell should bave specified (i) its E.M.F. in volts, (ii) its
resistance in ohms at ordinary temperatures. A type of cell may be
specified by its approximate F..M.F. in volts, and its resistance by a de-
scriptive term. It is only when cells are made very carefully by a
detailed method. that the resistances of a number of them arc likely to
be nearly equal in value.

Frequently the current yielded by a cell is the only quantity mep-
tioned. The value then given is that of the maxinuun current obtained
by short-circuiting the cell (§ 190). This datum is not of much advan. -
tage, for the current produced depends not only on the cell but wlso
upon the resistance of the external circnit (§ 221).

The value of a cell is judged with reference to—

(1) Itsinitial electrical E.M.F. and resistance (§ 221).

(2) Its freedom from ‘¢ polarisation,”” that is, the constancy of
its B.M.F, and resistance.

[3) Ttz ability fo recover from polarisation.

(4) Its ability to withstand deterioration if set aside.

(5) The emission of corrosive gases; smell; trouble in preparing
it for, and keeping it at work.

(6} The cost and durability of its parts, both {0 begin with and
to replace.

(7) Tis portability.
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192. Combinations of cells.t—Cells, usually of the same
kind, are joined together to form batteries, the object belno'
to attain higher E. M.Fs. or greater currents.

I. Cells joined in series (Fig. 176). The negative of the
1st cell is joined to the positive of the 2nd, negative of
2nd to positive of 3rd, etc. The positive of 1st and negq.
t.we of last are the free terminals to ~which the external

O T
Fig. 176,

cuit is joined. The E.M.F. of the battery is the sum of

» E.M.Fs. of the constituent cells. The resistance of the
battery is the swum of the resistances of the constituent
cells. .
I1. Cells joined in parallel (sometimes called multiple
arc) (Fig.177). Each cell must
have the same E.M.F. The
positives of each cell are joined
together, also the mnegatives.
"The external circuit has one
.end connected with the positive
group, the other end with the
negative. The E.M.F. of the
- battery 18 the san.e as that of one cell. The resistance of

+ To understand this section the student should be familiar with
Ohm’s law (§ 216).
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the battery 13 equal to the resistance of one cell divided by
the number of cells.

n Cells each of the
same BLM.F., E, and In series. In parallel.
resistance, B.

Battery E.M.F, nE E

Battery resistance n.B DB+n

Current from battery | Current through | #x {Current through
one cell one cell)

. IIL. Cells joined partly in series, partly in parallel. Let the cells,
each of E.M.F., E, and resistance, B, be divided into & number, y, of
groups, each group consisting of # cells. Let the cells of each group be
joined in series, the groups themselves in parallel. Of each group the
EM.F.=2.E, the resistance=z.B. Therefore of the whole battery the
E.M.F.=z.E and the resistance =2.B/y. 'The

carrent from the whole battery=y X (current '_H'_i
through one cell).

Fig. 178 shows 12 cells, in 3 groups each of
4 in series. E.M.F. of battery=4E, resistance ‘H*{
of battery =45/3.

To obtain the maximum current through a I'HI-I

given resistance (R) from a certain number of
cells, they should be joined so that the internal Fig. 178.
resistance, . B/y, equals the external resistance,
R, as nearly as possible. .

When R is high compared to B, join the cells in series, when low
join them in parallel. For intermediate values adopt a mixed arrange-
ment. Calculate from #.B/y =R and 2.y =nwnber of cells.

193. Resistance.—As regards their capability of dis-
charging electrified bodies substances are classified into
insulators, partial conductors, and conductors. In dealing,
however, with electric currents, the various conducting
substances are found to differ considerably in conductivity.
Ii is usual to express the degree of obstruction offered by -
conductors to the flow of electricity by, speaking of their
greater or less resistance. For wires the resistance in-
" creases as the length increases, diminishes as the cross-
section of the wire increases, and depends on the material.
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The following are average values of the resistances, compared
with silver, of conductors of the same length and cross-section :—

Silver ... .vvv.n. 1. Mercury vuvvvveerncerscencanes 64,
Copper .......... 1:04. Bismuth .....oveveiniiieina. 3.
Iron .......0vv.. 6°6. [6£:3.2010) ( N about 3,000.
German silver....13t0 20. | Water,,...... more than 1,000,000.
Platinoid ., .o .. .. about 23.| Wood (dry) ..more than 10,000,000,
Manganin ...... about 29.| Glass (cold) ....more than a billion.

194. Rheostats, ete.—Wires differing in length, -cross-
section, and material are introduced into electric circuits to
control the strength of current. Such wires are, when fine,
insulated and wound on reels, their ends are joined to
terminals (Fig. 181); when coarse, the bare wire is laid
over a board (Fig. 221) or wound in a
spiral and stretched across a frame.
A rheostal or regulating resistance is
a conductor so arranged that the
amount of it through which the
current flows can be readily altered.
Reststance boxes (§ 219) are rheostats
in which definite amounts of resist-
ance may be introduced or withdrawn
as desired.

Varley’'s Carbon Rheostat (Fig.
179). This consists of a number of
discs of carbonized cloth, strung on a

Fig. 179. vertical rod. Three brass plates

with terminals attached are intro-

duced, one at the top, one at the bottom, and one inter-

mediate. The connecting wires of the circuit are joined

to two of these, current may then be passed through the

cloth. A thumb-screw working at the upper end of the

vertical rod presses the cloth discs together. By tightening,
the resistance is diminished; by relaxing, it is increased.

When the current is likely to be considerable carbon
plates in a box or frame are used. These are pressed
together, more or less, by a screw that can be turned by
hand. ;

Liquid rheostats are satisfactory. In these plates of
copper are imniersed in a solution of ecpper sulphate, or
plates of zine in a solution of zinc sulphate.



FLECTROMAGNETICS, ELECTROLYSIS. 295

Fig. 180 shows a convenient arrangement : A wood strip, 4 (soaked
in paraflin), rests on a glass vessel. The central part of the wood is cut
away. Two terminals at B are fixed to a copper strip: similarly a
pairat C. Fach copper plate is supported by a stout wire which
passes throungh and is clamped by one of the terminals. The con-
necting wires of the circuit are joined to the second terminal of each
pair. Put copper sulphate solution in the glass. The resistance
between the copper plates can beincreased by increasing their distance
from each other, or diminishing the depth to which they are immersed,
or diluting the solution with water. For large currents a long wooden
trough (which should be lined with pitch) is used. A copper plate is
fixed at one end ; a second plate can be adjusted at any position be-
tween the ends.

195. Accessories, ete.—1. Connecting wires. Stout
copper wire covered with cotton or insulating material:
e.g. bell-wire; gauge 18 (0048 inch diam., 0-0018 sq. in.
section) is a useful size; this will carry five ampéres with-
out undue heating ; resistance per 1000 feet = 4'36 ohms.
When larger currents have to be used join two or more wires
of equal length in parallel. The insulating material round
a wire is removed (by scraping with a blunt knife) from
the ends of wires over a length of about  inch. The bare
metal ends are clamped by binding screws, ete.

2. Bmdzng and connecting screws (Fig. 181) These are
of various shapes and sizes: a is
more suitable for joining thin wires
to instruments, b for thick (the hole
prevents slipping): Fig. 182 shows
a connector for two wires.

3. Tap or Press key (Fig. 183).
The terminals, 7T, 1", are screwed

Fig. 181, ., to metal strips, B, of which B is
“springy.” The base, C, is of wood

or ebonite. (Fhbonite 1s used when high insulation is
required.) The ends of the connecting wires are joined -
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to the terminals. On pressing H with the finger, the break
at D is closed and current flows through the key. When
the finger is removed the piece B springs back and breaks
the circuit. Thus the tap key is useful when current is
required for a very short time.

Fig. 182. Fig. 183,

4. Plug key. The terminals are screwed to metal plates
mounted separate from one another on a wood or ebonite
base. A plug (Fig. 184) can be pushed into the gap
between the plates. When the plug is out the circuit is
broken, when pushed in, it is made and current flows until
the plug is removed. Thus the plug key is useful when a
current has to be maintained for some time.

7 0

Fig. 184, Fig. 135,

5. Commutator: any arrangement that permits the
direction of the current in a section of the external circuit
to be reversed when required. Fig. 185 illustrates a con-
venient form. Four metal
plates, 4, B, C, D, separated
from one another, are fixed to
an ebonite or wooden base.
Bach plate carries a terminal.
There are two plugs, P, that
can be pushed into the gaps
| J between the .plates. . Fig. 186

Fig. 186. illustrates a second form. A
thick piece of*wood has four
holes, 4, B, C, D, bored half-way through it. Thin sides are
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fixed to it, making a shallow box., From each hole a stout
copper wire passes through the sides. These are joined
into the circuit by connecting screws (Fig. 182). Mercury
is put in the holes. The piece P, is a strip of wood
carrying two copper arcs, the ends of which are wide
enough to reach between adjacent holes. Then the piece
may be placed so that (i) hole 4 is connected with B, and
C with D, or (ii) 4 with C, and B with D. 'The circuit is
broken by lifting the piece out of the holes.

The method of joining either commutator with the cir-
cuit is shown in Fig. 187,
where S represents a battery,
G a galvanometer. Join the
battery wires to one pair of
opposite (not adjacent) ter-
minals of the commutator,
the galvanometer wires to the
remaining pair. The arrows
in the diagrams indicate the
direction of the current. In Tie. 187.

1. the adjacent plates or holes °

A, C and B, D are joined, in II. 4, Band C,D. The
directions of the current in the battery section are the
same in both cases, in the galvanometer section they are
opposite.

ELECTROMAGNETIC EXPERIMENTS.

Exp. 228.—Arrange a Leclanché cell, press-key, and electrie
trembling bell so that the bell may be rung when the key is
pressed. Join in series the bell, press-key, and battery.
Make a diagram of the bell, and describe the working of
it.

N .

The essential parts of an electric bell are the gong, the electro-
magnet, the keeperwof the magnet to which the striker is attached, and
the arrangement called 8 make and break for starting and stopping the
cyrrent. )
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Exp. 229.+—Relation between the semse or direction of
a current and the deflection of a magnet produced by it.
(Ampére’s rule.) Jom the terminals of a cell (Leclanché
or dry) each with one terminal of a tap-key. For one of
the connections use a long stiff wire.

First, arrange (Fig. 188) a straight portion of the wire
parallel to a compass needle in the positions indicated

, I/ j’x | | ’

Fig. 188,

below. Then complete the circuit by pressing the tap-key.}
Observe whether the N-end of the compass turns to the
east or west, up or down. Also whether the current flows
from north to south or south to north (the wire being set
parallel to the compass needle will lie nearly north and
south).

Wire placed Current from N-eﬁié):cfgg pass

Above the compass  ..| North to south
Below the compass ..| North to south
Level with the compass

on the east side § } North to south
Level on the westside § | North to south
Above the compass ,,| South to north
Below the compass .| South to north
Level on the east side § | South to north
Level on the west side § | South to north

T Note that Exp. 229 gives methods of determining direction of
current.

1 Or join a long wjre to one terminal of she cell, arrange with
regard to the compass needle, then press the free end of the wire
against the free terminal, »

§ A strong current is required, and the wire must be carefully ad-
justed near the compass. '
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2. Arrange a portion of the wire vertically. Adjust one
end of the compass close to the wire and note whether on
\ pressing down the key the N-end is deflected east or west.

‘Wire against Current N -or(;(i ﬂogc tcetzimpass
N-end of compass .. up wire 1
S-end of compass . ’ H
N-end of compass . down wire \
S-end of compass .. ’ v

The relation is given by either of the rules below.

Ampere’s rule.—Imagine a man to lie in the wire so
that the current flows from his heels towards his hLead,
and to face the N pole of the compass needle; then the
N pole tends to be deflected towards his left hand.

Maxwell's rule.—Imagine a screw (ordinary right-
handed) to lie in the wire, and to be twisted so that its
end moves with the current, then a north pole tends to go
round the wire in the same sense as that in which the head
of the screw turns.

Confirm the results of the experiment by applvmg
Ampére’s and Maxwell’s rules to each case.

Exp. 230.—(1) Identify the parts of cells provided. Build
JSrom them the complete cells. (2) Determine the + pole of
each cell. (1) See §§ 186, 187, 189. (2) Arrange cell,
compass needle, wire, ete., in oue position of Exp. 229:
observe the direction in which the N pole of the compass
is deflected. Deduce the direction of the current by
applying Ampére’s or Maxwell's rule. Remember that in
the external circuit the current flows from the + pole.

For example, if when the compass is placed above the wire its N

pole is deflected east, then the man lies on his back with his head
northwards : the cml‘ant flows from heel to hmd

Exp. 231.—Prepare o Bunsen Baltery. (Two cells in
series.) See § 188. v
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Exp. 232.-—Test the polarity of a solenoid.t (1) Winda
piece of insulated copper wire (No. 18, say) round a pencil
, or a glass, brass, or cardboard tube
~— . (half-inch diameter, six inches
X% long), so that the turns lie closely
together (tie with string at the ends
if necessary). Hang from a wooden
clamp and connect with a Bunsen
or secondary cell, §. It is con-
venient to introduce a commutator,
K, into the circuit (Fig. 189).
(2) Place one end of the solenoid
Fig. 189, against an end of the compass
needle, complete. the circuit, note
whether there is attraction or repulsion of the pole of the
compass, and thus determine the polarity of the end of the
solenoid. .

(3) Move a finger along the wire of the solenoid in the
direction in which the current is flowing: look at the end
of the solenoid tested in (2): note if the finger appears to
move round the solenoid in the same way as the hands of
a clock (clockwise) or the reverse (counter or anti-
clockwise).

(4) Similarly test the other end of the solenoid.

(5) Reverse the current and again test both ends.

(6) Confirm the results by testing the ends of the
suspended solenoid with the poles of a bar magnet.
Observe which pole of the magnet repels one end of the
solenoid.

The observations will show that when the current is
circulating round the solenoid it acts like a weak bar
magnet, and exhibits a north pole at one end, a south at
the other. The polarity is reversed when the current is
reversed. The relation between direction of current and
polarity is given by the following Rure: If when looking

T A solenoid is an electrical term for the spiral vbtained by winding a
wire round a cylinder : it may be right-handed (Fig. 189) or left-
handed (Fig. 196). The threads of common screwr are right-handed.
The direction of a current may be inferred from the polarity imparted
to a solenoid. .
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at one end of a solenoid and following the current with
the finger, the finger passes round (i) clockwise, then the
end is a south end, (i1) counter-clockwise, then the end is
north (Fig. 189).

Confirm the results by rewinding the solenoid in the
reverse direction: e.g. if wound right-handedly at first,
rewind left-handedly. The coil shown in Fig. 189 is right-
handed, that of Fig. 196 is left-handed.

Exp. 233.—Test the polarity of a solenoid with an iron
core. Rewind the solenoid of Exp. 232 round an iron rod.
Repeat the tests of Exp. 232. Observe that the iron con-
siderably increases the strength of magnetisation but does
not alter the nature of the poles.

Exp. 234 —EBucite an electro-magnet. Join a Bunsen or
secondary battery of two or more cells with the terminals
of a horse-shoe electro-magnet. Tuclude a plug key in the
circuit. Note that the armature or keeper is easily pulled
off before the current is started, but not when the
current is flowing. Also that the keeper when separated
from one pole readily adheres to the other along one of its
edges, and turns like a hinge about this edge.

Excite the magnet by the cwrrent, place the keeper
across the poles, stop the current. Observe that the
keeper now sticks to the poles. Pull it off, then replace it
across the poles, it is no longer held on by them. Repeat
the experiment. Also repeat it with a sheet of paper
between the Lkeeper and the poles: after the circuit is
broken the keeper is found to be held with much less force
than before. Repeat with double and treble thicknesses
of paper.

The experiment shows that (i) when the keeper is in
contact with the poles the residual magnetisation left after
stopping the current is considerable. A large proportion
of this, hpwever, disappears when the keeper is pulled off.
(i) When there i a thin gap (the thickness of a sheet of
paper) between the keeper and polar stirfaces, the residual
magnetisation i3 much less than when the keeper is in
metallic contact with the poles.
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Exp. 235.—Map the magnetic field through a circular
bobbin when carrying a current. The bobbin of a tangent
galvanometer (high resistance preferable) may be used.
Arrange it with its plane vertical and in the magmetic
meridian. Fix a sheet of paper to a board by pieces of
stamp paper at each corner. Arrange the board so that
the paper lies horizontally and passes through the centre
of the hoop. :

1. Trace the magnetic lines of force by the method
described in § 167, when no current passes round the hoop.

2, Substitute a fresh sheet of paper for that used in 1.
Join the terminals of the hoop to a voltaic cell (Dauiell or
secondary) and rheostat. Adjust the resistance so that a
compass needle placed at the centre of the hoop is deflected
40° or 50° from the meridian. Then map the field
thoroughly.

Expranarion. The map obtained in the first case will
be that of the Earth’s field alone and will therefore consist
of a number of parallel lines. If this is not found to be
the case it will indicate disturbance of the Earth’s field due
to iron pipes, ete., in the laboratory.

The map obtained in the second case will be not unlike
Fig. 210 as regards the general disposition of the lines, but
they will lie obliquely to the plane of the coil, not perpen-
dicular to it as in the figure, which shows the lines due to
the current in the coil only. The map obtained in the ex-
periment is that of the resultant field due to (i) the current
in the coil and (i1) the Earth. The obliquity of the lines
at the centre of the coil indicates the angle through which
a compass needle would have been deflected by the current
if it had been placed in that position.

EXPERIMENTS ON ELECTROLYSIS.

~ Exp.236.—E!lectrolyse copper sulphate solution.t A glass
containing copper sulphate solution is required. Join a
stout copper wire to each terminal of a Bunsen cell.
Dip their ends (two or three inches) parallel to one another,

T The experiment affords a means of determjnin‘g* the direction of a
t
current.
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near, but not touching, into the copper sulphate solution.
Examine the ends after the current has passed for two or
three minutes. A deposit of copper will be found on the
wire (cathode) joined with the negative pole of the battery.
Reverse the. direction of the current through the liquid.
Copper is deposited on the other wire (now joined to the
zine of the cell).

196. NOTE ON NOMENCLATURE.— Electrolysis i8 the chemical decom-
position of a liquid by the electric current; the electrolyte is the liquid
that undergoes decomposition ; the wvoltameter is the vessel containing
it. The electrodes are the plates by which the current enters or leaves
the voltameter, the positive (-+) or anode being that by which it enters,
and the negative (— ) or kathode being that by which it leaves; thus
the anode and -+ pole of baltery are connected together, also the
kathode and — pole of battery. The ions are the products of the
decomposition. Hydrogen and metnllic ions are often called electro-

* positive radicals, they appear at the kathode; Oxygen, acid radicals,
and the halogens are electronegative and appear at the anode. (Note
that a voltameter i3 a measurer of quantity of electricity, sometimes of
current (Exp. 239); a voltmeter (§ 204) is a measurer of voltage, that
is of difference of potential or electric pressure.)

197. Laws of Electrolysis.—Faraday showed that the
amount of decomposition of an electrolyte is directly propor-
tonal to the quantity of electricity that has passed through
it. Hence if a mass, m, of a metal (say silver, or copper)
is deposited in a voltameter, the quantity of electricity

q < m,
or m=w.q
where w is a constant. If a constant current, O, is main-
tained for £ seconds, the quantity of electricity ¢ = C.£.

Hence m = Caw.d.

The constant, w, is called the electro-chemical equivalent of
the metal. -

The value of the electro-chemical equivalent is different
for each radical. A relation, however, exists between them,
for the electro-chemical equivalents of radicals are directly
proportional to their respective chemical equivalents.
Hence, if one is known, others may be déduced if the mole-
cular weights and valencies are known (see a text-book of
.Electro-Chemistry).
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The electro-chemical equivalent of silver has been very
carefully determined : it is 0-001118 gramme per coulomb.

TABLE.

Substance. Silver. ydrogen. | Copper. Zine.

Chemical equivalent | 107-94 1 4(63-44) | ¥(65-38)
Electro-chemical

equivalent in grms. } 0+001118 [ 0-00001035( 0:0003286 | 0-0003386
per coulomd

When a current of 1 ampére is maintained a coulomb of
electricity flows past any section of the cireuit per second.
Therefore 1 ampére deposits 00008286 gramme of copper
per second from a solution of copper sulphate.

Hence

Mass in grammes Current Time in seconds
( of copper ) = 00003286 x ( in ) X ( during which )
deposited amperes the current flows

Then if a constant current is passed through a solution

of copper sulphate for a definite time (f secs), and a mass
(m grms.) of copper is deposited on the kathode, then

C = m/0-0003286 x £ amperes.
If the electrolyte is silver nitrate, then
C = m/0001118 x & ampeéres.

A current of one ampére when passed through dilute sul-
phuric acid decomposes 0-00009326 grms. of lguid per
second, and liberates 011733 cu. em. at N.T.P. of miwzed
hydrogen and oxygen. When the temperature is £°C. and
the barometric height H. mm., then the volume in cu. em. of
mixed hydrogen and oxygen is

0-1733 X 760 X (2734-8)/H X 273 per ampére per second.

198. To arrange a voltameter for the electrolysis of
water.—1. The electrolyte. Ordinary water is a very poor
conductor of electricity, hence it electrolyses very slowly.
If it is acidulated with sulphuric acid the result of the
electrolysis is the same as for water alone, but the rate of
decomposition is quickened considerably. An electrolyte
consisting of concentrated sulphuric acid, 1 part; water, 5
parts (by volume), is the best to use-—~its conductivity
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is then greatest. For many purposes, however, the pro-
portions, acid, 1, water, 10, are very satisfactory.

2. Fig. 190 shows a Hofmann voltameter: The three
vertical tubes join at the bottom. The electrolyte is
poured into the bulb, B; on slightly opening the taps at
S, 8, it rises in the tubes T T
When these are full the taps are
closed. H, F are two platinum
electrodes, each joined to a ter-
minal, . On connecting these to
the plafes of the battery, current
flows between the electrodes and
decomposition of the liquid occurs.
When the electrolyte is acidulated
water, oxygen collects in the tube
over the anode or + electrode, hydro-
gen over the cathode or — electrode.
Note that the volume of hydrogen
is practically twice that of the
oxygen. The identity of the gases
may be verified by showing that
the hydrogen burns with a pale
blue flame if a lighted taper is held
near when the tap is slightly opened,
while the oxygen rekindles a glow-
iy splinter of wood held simi-
larly.

3. Fig. 191 shows a common form
of voltameter. The vessel, V, is
filled with the electrolyte. Each of
the tubes, T, T (it is convenient
to bave these graduated into parts
of equal volume), is separately tilled
with the liquid. The open end, Fig. 190.
closed by the thumb, is immersed
in the liquid+ in V, adjusted, the thumb being removed,
over the electrode, ,F, and held in plce by the cross-
piece, C. The terminals, ¢, ¢, are joined to the battery. ' -

o

=~ 4The acid, if sufficiently dilute, will do no real harm to the skin, !
PR. PHY, 20
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4. The voltameter (Fig. 192) described below can be
readily and cheaply constructed.t A wide-mouthed bottle,
B, is fitted with a bung (india-rubber). This is bored with
four holes. The electrodes are passed through two of the
holes, a pipette through a third, and a short delivery tube
(shown dotted) through the fourth, There are two marks,

Fig. 191. Fig. 192.

X, Y, one above, the other below, the bulb of the pipette.
The upper end of the delivery tube is provided with a
piece of rubber tubing and a pinch cock so that the
interior of the bottle may be opened to the air or closed
as required. The bottle is filled about three-quarters full
with the electrolyte.

To make an electrode (two required) take a strip of platinum (1" by £
and weld (see Appendix) it to a piece of platinum wire (1" long). Fuse
the wire through a piece of glass quill tubing so that % inch of the wire

projects into the tube. Pass the tube through a hole in the bung, put
into it a little mercury. Bend a length (3") of bare copper wire at

t+ A convenient and simple modification of 'a common form. The
Iercury cobnections are very satisfactory. Voltameters like Figs.
190, 191 are usually not well fitted for meeting the wear and tear of
laboratory life.
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right angles. Arrange cne end to dip in the mercury in the tube.
Fix the wire (not tightly) by wedges of soft wood (match ends) and
wax.

Method of measurement. Close the delivery tube. Join
the electrodes by connectors to an electric circuit. The
gases produced by the electrolysis accumulate in the bottle
and the liquid is forced up the tube of the pipette. Note
the time in seconds taken by the liquid surface to travel
from the mark below the bulb to the one above.

Exp. 237.—Faraday's law (§ 197). Skow that if a
constant current is maintained through a water voltameter
the volume of hydrogen or
ozygen produced 8 pro-
portional to the time during
which the -current flows.
Join in series a Bunsen or
secondary battery (2 cells),
S (Fig. 193), a water-
voltameter, ¥, having grad-
uated (say in cu. cm.) Fig. 193.
collecting tubes, a carbon
rheostat, PR, and plug-key, K (plug out).}

(1) Complete the circuit by pushing in the plug of the
key, adjust the carbon rheostat until there is a rapid pro-
duction of gas (say 5 cu. em. of hydrogen per minute).
Break the circuit. Refill the tubes with acidulated water.

(2) Place a watch where the seconds hand can be
readily seen. Start the current through the voltameter
just when the seconds hand is beginning a minute. Note
the number of seconds that have elapsed when, say, 10, 15,
20, 25, 80, 35, 40 cu. cm. of hydrogen have been collected,
and 6, 8, 11, 13, 16, 18, 21 cu. cm. of oxygen.f

Tabulate (i) volumes of hydrogen, (ii) time in seconds;
(iil) volumes of oxygen, (iv) time in seconds. Plot on
the same sheet (1) volumes of hydrogen with regard to

1+ Note that the diréetion of current through the cirenit may be
inferred by identifying the gas liberated at either electrode.

1 The readings tbr oxygen can thus be taken between those for
hydrogen.
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time, (2) volumes of oxygen with regard to the same time
axis,

In each case the graph will be practically straight, and
for any abscissa the ordinate of the hydrogen graph. is
twice that of the oxygen. Each graph passes through the
origin, The results are thus in agreement with Faraday’s
law of electrolysis.

Exp. 238.—Resistance of conductors. 1. Join in series
two Bunsen or secondary cells, a water-voltameter, and
plug-key (plug out). Make a mark on a collecting tube
five or six inches from the top. (Bind a piece of fine
copper wire round it, or a graduated tube may be used.)
Fill the voltameter and collecting tube with the electrolyte
(water, 5 by vol., sulphuric acid, 1). Place the tube over
the cathode. Start the current through the voltameter at
a definite time. Note the number of seconds taken for
the tube to fill to the mark with hydrogen. Then stop the
current. (The pattern, Fig. 192, is satisfactory.)-

2. Refill the hydrogen tube with the electrolyte. Place
a length of German silver wire (say a yard, No. 20) in
series with the battery, voltameter, etc. Again observe
the time taken to collect the same amount of hydrogen as
before.

8, ete. Repeat with wires of equal lengths and diameters
of platinoid, manganin, ete.

The times taken to collect the same quantity of hydrogen
will be different, the shorter the time the greater the
-current through the circuit.

The experiment shows that the strength of the current
.depends on the conductors in the circuit, some of these
ofter more resistance than others and less current flows.

Exp. 289.— Demonstration of Ohm’s law (§ 216). Arrange
in series several Bunsen or secondary cells, a water volta-
meter (preferably like Fig. 192), a stretched wire (Fig. 221)
or resistance frame (up to 2 or 3 ohms), and a plug-
key (plug out). Note the times, in seconds, taken to collect
the saume volume of hydrogen or of mbPxed gases, when
various lengths of the wire are respectively in circuit: viz,
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(i) the v/hole wire, (ii) 0-8 of the length, (iii) 0-6, (iv) 04,
(v) 02, (vi) 01, (vii) none.

Tabulate (1) lengths of wire, (ii) times. Plot the latter
as ordinates to the former as abscissae. The graph is a
straight line (it does not pass through the origin).

ExpranaTion. The intercept on the axis of abscissae
is the length of wire equivalent to the resistance of volta-
meter, battery, connections, etc. The graph indicates that
times are proportional to lengths of wire, or total resistance
of circuit. Since equal masses of gas are produced in each
case, the quantities of electricity that have passed through
the electrolyte are also equal (§ 197), and the respective
currents afre inversely proportional to the times. Hence
the currents are inversely proportional to the lengths of
wire in or the resistances of the circuit. (See Ohm’s law,

§ 216.)

Exp. 240.—Make a secondary cell. The lower ends of
two strips of lead are immersed in dilute sulphuric acid;
each strip is joined to a terminal of a battery (two Bunsen
cells in series). As the current passes the electrolyte
decomposes, the lead plate joined with the carbon of the
battery oxidises (it acquires a brownish appearance), and
hydrogen bubbles off from the other plate. The cell may
hence be regarded as a voltameter for electrolysing acidu-
lated water with lead electrodes.

Pass the current for some timme, then disconnect the
battery. Arrange wires, etc., in one position of Exp. 229,
join up with the lead plates. Observe the deflection of the
compass needle, and deduce the direction of the current.
It will be found that the current from the secondary cell
passes round the external circuit from the oxidised plate
to the unoxidised one. Thus the current from the
secondary on discharging passes through the cell in the
opposite direction to that of the charging current from the
Bunsen battery. *Hence the E.M.F.* developed in the
secondary cell dqll;ing charging is in the opposite sense to
that applied by the battery, .: it is a counter- or back-
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199. Copper voltameter (sce Exp. 243).—(1) Fig. 194 shows a form
of copper voltameter. The kathode, X, is a strip of moderately thin
copper. The anode consists of two thick copper strips, 4, 4', fixed to
a wooden fork. A copper wire is soldered to each strip, the ends are
bent round the fork and twisted together. A connecter, ¢, joins the
anode with the +- pole of the battery. A stiff wire is also fixed to the
kathode ; the end of this is clamped by the terminal, 7, so that X is
supported between 4 and A4'. (In the lower figure 4’ is only partly
drawn in order to show the position of X.) The wooden fork rests
on the top of a wide-mouthed
earthenware jar or glass, into
which the electrolyte is put.
The copper plates should be
rounded at the corners and
edges.

(2) The copper plates.—(1)
Before use thoroughly cleant
the copper plates with glass
paper, Then dip them for,
say, half a minute in moderate-
ly strong nitric acid (conduct
the operation in a fume closet),
2 . lift out and immerse in a jug

st of tap water, finally rinse in
distilled water. Do not touch
the plates with the fingers;

I always interpose a doubled
2222 strip of paper when it is
necessary to handle them.
Fig. 194. Lift them by the attached
wire, or by a copper hook in-
troduced into the hole in the projecting lug. (i) When the kathode
is removed from the copper sulphate solution, plunge it at once into
water very slightly acldulated with sulphuric acid (this prevents
oxidation of the copper), then immerse it in a jug of tap water,
finally rinse with distilled water, drain, and lay 1t on filter paper.
Hold the plate in the warm air two or three feet above a Bunsen
burner ; then allow it to cool, The area of the kathode surface must
not be less than 25 (it is well to allow 50) square centimetres per
ampere passing : if it is less, the copper adheres to the plate poorly.

(3) The electrolyte is prepared by adding one per cent. by volume of
gtrong sulphuric acid to a solution of density 1-18 (about) of re-
crystallised copper sulphate in tap water.

iz

il

1 Unless well cleaned the copper deposit wifl not adhere. There

should be no trace of brown oxide on either side.
>
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ELECTROMAGNETIC INDUCTION.

Exp. 241. On Electromagnetic Induction. PRELIMIN-
ArY. (1) Wind a length (say ten yards) of cotton-
covered copper wire to form a ring-like coil (about an inch
diameter). - (2) Arrange a sensitive galvanometer (pre-
ferably a moderately dead-beat reflecting instrument),
adjust the index near to the centre of the scale. (3) Join,
say, the left terminal of the galvanometer with the negative
pole of a cell. Touch the other terminal lightly with a
wire connected to the positive of the cell. Observe whether
the index moves to the right or left.+ Record the direc-
tion in which the index moves, and the terminal at which
the current leaves the galvanometer. (4) Disconnect the
cell. Move a bar magnet to and fro at a distance of three
or four yards from the galvanometer: observe whether
the galvanometer index is affected. If so, find a position
further off where the magnet has no influence. (5) Clamp
the coiled wire at the position thus determined, and by
long wires join its ends to the galvanometer terminals.

I. (1) Quickly push nearly half the length of the magnet
into the coil: note whether the index moves to the right or
left.+ Observe that the index presently comes to rest in its
original position, thus showing the induced current of
electricity that produces the deflection to be momentary, to
exist during the movement of the magnet. (2) Now with-
draw the magnet rapidly, and observe that the deflection is
in the oppostte direction to the previous one. (3) Repeat
the operations, but move the magnet more slowly. Note
that each deflection is in the same direction as before, but
is smaller. (4) Next repeat the operations, using the
other end of the magnet.

Finally, determine for each case, by applying the rule of
Exp. 232, the polarity, due to the induced current, of the
face of the coil towards or from which the magnet is
moved. If, for iwstance, the prelimigary test (3) shows
that the index moves to the rigcht when current leaves the

*
+ With an indicator like that of the galvanometer shown in Fig. 205
describe the deflection as clockwise or counter-clockwise.
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galvanometer at the left-hand terminal, and the observa-
tions of I. show that the current induced when the N-end
of the magnet approaches the coil (Fig. 195) produces a
deflection to the right, then, on moving the finger along
the wire of the coil in the direction of the current, it will
be observed that it passes counter-clockwise round the
near end of the coil. Therefore the induced polarity is
north. Hence there is repulsion between the coil and
the approaching N-pole. Record as in the table below.

]
Polarity of face |

Operation. Deflection. of coil.

N-end approaching .,
N-end receding -
S-end approaching ..
S-end receding

(right or left) | (north or south)

e 0 BT -

16

G

Magnet approaching Coil Primary current increasing
Fig. 195. Fig. 196.

II. Join one or two cells (Bunsen or secondary) in series
with a plug key (plug out) and a solenoidt (spirals,
3-inch diameter. ‘Wind insulated copper wire on a brass
or glass tube into which an iron rod can be slipped). Com-
plete the circuit through the plug key, and determine the
polarity of the primary solenoid. Next push about half
the length of the primary through the secondary coil, and
note the direction of deflection: also on withdrawing.
Repeat, using the other end of the primary. Also when
the solenoid has an’iron core. In each tase determine the

+ The solenoid joined with the battery is called the primary, that
joined with the galvanometer is called the secondary.
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polarity of the face of the secondary coil towards or from
which the primary is moved. Record as in table below.

Polarity of face

Operation with primary. Deflection, of secondary coil.

1 | N-end pushed in ..

g lg{;erifll))&‘slﬁ% ?Et ” "’| (right or left) | (north or south)
4 | S-end pulled out .. .

5 [When the primary has an iron care the deflections are the

ete.| sumein direction as above, but are of much greater magnitude. ]

III. Arrange the primary (withdraw plug from key) so
that the secondary lies over one end of the primary. Note
the direction of deflection when the current is (1) made,
(2) broken. Determine the polarity of an end of the
primary, and the face of the secondary muearer to it.
Repeat with the other end of the solenoid. Record as
below. .

In Fig. 196 the end, B, of the primary is a south pole,
that of the nearer face, D, of the secondary is a north pole.

Polarily of face

Operation with pl‘inlal‘)'- Deflection. of secondary,

1 | Current made so that the end,
A, of primary is an N-pole
2 | End, 4, of primary an N-pole
(current broken) .. ..
3 | Current made so that theend,
A, of primary is an S-pole
4 | End, 4, of primary an S-pole

(current groken) .. .

(right or left) | (north or south)

Hence in an induction coil (§ 202) the induced currents
are alternately in epposite senses as the primary circuit is
made and broken. When, however, the coil 13 provided
with a condensey, only the induced current at break dis-

v charges across the spark gap.
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IV. Arrange as in III. Close the circuit. Note the
direction of deflection when the soft-iron core is (1)
slid in, (2) withdrawn. Determine as in IIL. the polarity
of the end of the primary and the face of the secondary
nearer to it. Repeat with the other end of the solenoid.
Record as below.

i Polarity of face

Operation with primary. Deflection. of secondary.

Current flowing so that the
endof primary is an N-pole

Tron core introduced. . .

Iron core withdrawn ..| (right or left) | (north or south)

End of primary an S-pole ..

Iron core introduced. . .

Iron core withdrawn

2

> COTD N

200. ExpranarioN. The experiments show that the in-
duced current flows one way (sometimes called the inverse
induced current) for (1) an approaching N-pole,t (2) a
receding S-pole,t (3) an N-pole increasing in strength, (4)
an S-pole decreasing in strength; the reverse way (some-
times called the direct induced current) for (1) a receding
N-pole,t (2) an approaching S-pole,;t (3) an N-pole de-
creasing in strength, (4) an S-pole increasing in strength.

The induced current is in each case momentary, it is
called into play while the magnet is moving or the pole
changing in strength (§ 201).

The following summarises the observations of Exps.
I. and II. The induced current in the secondary always
magnetises it in such a way that the force called into play
between it and the inducing pole of the primary is one
that opposes the relative motion of the primary and
secondary; that is, if the two are being separated the force
is attractive: if the two are being brought together the
force is repulsive (see § 201). The induced pole, for
instance, is North«if a North pole is hpproaching, it is
South if a North pole is receding.

t Either of a permanent or electro magnet.
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The following summarises the observations of Exps.
HI. and IV. The induced current in the secondary
always magnetises it in such a way that it opposes the
change of magnetisation of the primary;t that is, if the
magnetisation of the primary is increasing in strength (by
making or increasing the current or adding the iron core),
then the induced polarity of the secondary is in the opposite
direction to that of the primary, and in the same direction
when the primary is decreasing in strength (§ 201). In
Fig. 196, if the connections are such that 4 becomes an
N-pole and B an S-pole, then the magnetisation of the
secondary is related to it as below.

Coil Primary magnetisation in-| Primary magnetisation de-

creasing. creasing.
Primary [End B, an S-pole.... End B, an S-pole....
End A, an N-pole. End 4, an N-pole.
Secondary | End D, an N-pole. ... End D), an 8-pole.. ..
End ¢, an S-pole. End C, an N-pole.
Polarity |Unlike poles adjacent. Like poles adjacent.
Totalmag- | Less than the magnetisa-| Greater than the magnetisa-
retisation tion of primary. tion of primary.

201. Laws of Electromagnetic Induction.—A current
is induced in a circuit
while the flux through the
circuit is changing.

The magnitude of the 1Y
electromotive force to <« L XL..
which the induced current
is due is dependent on the L
change per unit time in the .- 4~
flux through the circuit.

The Auz is the number of
magnetic lines of force. The
magnitude of the induced Fig. 197. Tig. 198,
E.M.F. also depends on the
number of convolutions of the solenoid.

The direction of the induced current is such that the
magnetic field associated with it agts in conjunction

£s P's
Flux increasing Flux decreasing

+ When a curren} is made or broken in a circuit it does not reach its
maximum strength nor become zero instantaneously : a finite time is
required to effect the change, and it is during this short interval that
the induced E.M.Fs are developed.
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(Fig. 198) with the inducing field when the latter is
diminishing in intensity, in opposition (Fig. 197) to thie
inducing field when the latter is increasing in intensity.
The following generalised statement is important :—

Lenz’'s Law. If a constant current flows in the primary
circuit, P, and if, by the motion of P, or of the secondary
circuit, S, a current is induced in S, then the direction of this
duced current is such that it tends, by its electromagnetic
action on P, to oppose the relative motion of the circudts.

Nore.—It is considered that when any conductor or
part of a conductor moves so as to cut magnetic lines of
force a difference of potential is produced between points
on it. The direction of the P.D. depends on the relative
direction of motion of the conductor, and that of the mag-
netic lines of force. The magnitude of the P.D. depends on
the number of magnetic lines cut per unit time. The
total P.D. acting along any conductor is the algebraic sum
of the P.Ds. induced in its various parts. To produce a
current the algebraic sum must therefore not be zero. In
order that the resultant E.M.F. in a closed circuit may not
be zero the flux through the circuit must alter.

202. The Induction or Ruhmkorff Coil.—Fig. 199 shows
a common form. The cylinder, A B,consists of a core of soft-
iron wires, round this a primary solenoid of thick copper wire
is coiled. The secondary sclenoid is outside the primary:
it is made of fine copper wire, a considerable length (ten to
twenty miles in large coils) being used so that there may
be hundreds of turns. The ends of the primary solenoid
are connected through a commutator, D, and an automatic
“make and break,” S, with the terminals, a, b. The ends of
the secondary are connected to brass pieces, S, S, fixed at the
top of ebonite pillars. These pieces also carry discharging
rods, pointed at one end and with ebonite handles at the
other. The points are directed towards one another; and
the distance between them—called the spark gap—can be
adjusted. When the coil is at work sperks pass between
the points if their distance apart is not too great.

The function of the “ make and break” fs to magnetise
and demagnetise the primary rapidly and regularly. The
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stiff metal pillar, ¢, is joined with one of the terminals. A
flexible metal strip, d, carries a soft-iron piece at its upper
end, close to the iron core of the primary. The end of the
screw, C, can be adjusted into contact with the flexible strip,
d, bv turning the head.

Tig. 199,

The function of the commutator is to veverse the direction -of thé

current through the primary when desired. It isalsousually arranged .-

to set or stop the apparatus working. In the commutator shownat D
(Fig. 199) two brass plates, insulated from one another, are fixed to an
ivory or ebonite cylinder. By turmng the screwhead, m, 8o that the
plates come into contact with the springs, p, g, the circuit 18 completed.
Rotating the cylinder through two right angles reverses the direction
in which the current flows thlounh the primary. Rolativg it throngh
one right angle breaks the cir cuit.

To set the coil working.—(1) See that the commutator is
off, so that the circuit is broken. (2) Connect two or three
Bunsen or secondary cells with the terminals, a, b. (3) Make
the length of the spark gap small. (4) AdJust the head, C
80 that the screw end touches the spring, d. Longer sp'uks
may be obtained by screwing more tightly. (5) Tuwn the
commutator so that the circuit is completed. Remembet
that the immedigte neighbourhdod of the spark gap 1,
dangerous; do not touch the metal mountings or any part
of the apparatus, except the handle of the commutatm
while the coil is working, . D



CHAPTER XV,
GALVANOMETERS.

203. Galvanometers.—These are instruments for com-
paring primarily the strengths of electric currents. There
are two important types of galvanometer, (1) the moving
magnet type, in which the current is passed through a
fixed ‘coil, and produces a movement or deflection of a
magnet, (2) the moving cotl type (also called D’Arsonval,
Despretz, or suspended coil), in which the current is passed
through a movable coil placed between the poles of a
powerful fixed magnet.

In the so-called electro-dynamometers the wire through which the
current is passed is wound in two coils, one fixed, the other movable :
there is no permanent magnet. In hof-wire instruments the expansion
due to the heating of a wire by a current is indicated.

Galvanometers are also distinguished as (1) pointer
galvanometers, in which a pointer is attached to the needlet
and arranged so that its end passes over a scale fixed to the
instrument, and (2) reflecting or mirror galvanometers, in
which the needlet is provided with a mirror from which a
pencil of light is reflected.

The method of supporting the needle gives rise to
another difference. (1) A suspended needle galvanometer
is one in which the needle is hung by a fibre of silk, or
quartz, or a thin strip of metal. (2) A pivoted needle
galvanometer is one in which the needle is provided with
(@) an agate centre and lies on a vertical pivot, or (b) an
axle whose pointed ends are held in Jewelled centres fixed
to the instrument. »

t The part that undergoes deflection, whether coffipass or coil, may
be conveniently spoken of as a needle.
318
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A further classification refers to the behaviour of the
needlet when deflection occurs. If it continues to vibrate
about its equilibrium position for a long time the galvano-
meter is periodic; if it rapidly comes to rest the movement
is damped ; if it glides up to and assumes its position of
rest without vibration the galvanometer is dead-beat or
aperiodic.

Ballistic Galvanometer.—A periodic galvanometer whose needle has
a comparatively large time of vibration (more than 10 seconds) is
called ballistic, and is of value in measuring the total guantity of
electricity dlscharued from a condenser, Such a needle will prac-
tically not move from its initial position during the short period of
discharge, and hence receives the total impulse due to the momentary
current.

A light needle may be made ballistic by loading it with a bit of
lead, or weakening the magnetic field in which it swings (alter the
control magnet so that the period of vibration is increased).

204. Galvanometers and galvanoscopes: Calibration.—
The magnitude of the deflection or angle through which
the needle of a galvanometer is turned depends partly on
the strength of the current through the instrument. The
greater the current strength the larger the deflection.
There is not, however, always a simple relation between
the angle of deflection and current strength. The current.
strength in the case of the reflecting galvanometer is
proportional to the displacement or deflection of the index
when small. In the tangent galvanometer the current
strength is proportional to the tangent of the angle of
deflection. Those instruments in which the relation rule
or low connecting deflection and current is simple are
spoken of as galvanometers, in distinction to others, called
galvanoscopes, that are detectors or indicators of the exis-
tence of current.

A galvanoscope may, however, be converted into a cur-
rent measurer or galvanometer by calibration. To effect
this, currents of known value or ratio are passed through it,
and the resulting positions of the poipter on the scale of
the instrument noted. The observations are plotted, cur-
rents as ordinates, scale readings as abscissae. The graph
obtained is called the calibration curve. By means of the
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gurve the instrument may be made direct-reading, that is
have its scale marked to indicate a unit current, its multiples
and sub-multiples. This may be done by finding from the
calibration curve the deflections corresponding to currents
1, 2, 3, ete., then making marks on and numbering the
scale of the instrument at the values of deflection so deter-
mined. The scale is not necessarily one of equal parts.

Direct reading instruments often have a vertical face
and scale (Fig. 209) and the needle turns about a hori-
zontal axis.

An ampére meter (or amineter) is usually a direct-reading
instrument whose scale divisions are numbered to indicate
ampéres or practical units of current. When the pointer
is deflected its scale reading is the number of ampéres
passing through the instrument. Similarly a wvoltmeter
(Fig. 209) is direct-reading, it is graduated so that when a
current passes through it the scale reading of the deflected
pointér is the value in wolts or practical units of the
difference of potential between the terminals of the in-.
strument.

Generally a voltmeter is a high resistance instrument
and an ampere-meter one of low resistance.

Frequently a voltmeter is converted into an ampére-meter by pro-
viding it with a shunt across its terminals (§ 212). High resistance
‘galvanometers are sometimes called potential galvanometers because they
can be used to measure differences of potential.

205. Varieties of the moving magnet type.—In these
the wire through which the current is passed is coiled into
a number of loops. A stiff frame of brass or ebonite is
made, round this the wire is wound evenly and closely in
one or more Jayers. (In Fig. 205 the bobbin lies under the
circular card.) Sometimes the wire is wound on two or
more bobbins. A terminal is connected to each end of the
wire.

Many galvanometers are wound with two indepemndent
lengths of wire on the bobbin, a pair of terminals being
supplied for each wire. Usually one winding, called the
low resistance coil, consists of comparatively few turns of
thicker wire, the other, called the high resistance coil, of
many turns of fine wire, :
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Differential Galvanometer. In this there are two independent wind-
ings, of equal length, of the same size of wire, wound side by side,
and so arranged that when equal corrents are passed simultaneously
through the coils, each tends to producc equal deflections, but in
opposite ways; hence the needle remains undisturbed. If one current
is stronger than the other the deflection produced depends on the
difference between them.

The magnet is small, and is either supported on a pivot
or suspended by a fibre of silk. Regarding the first
method, the friction between the magnet and pivot is a
defect, and instruments in which it is adopted require
gentle tapping with the fingers. Pivoted magnets are
used in the less sensitive instruments, especially in direct-
reading ones. In the more sensitive galvanometers the
magnet is suspended by a silk fibre.

The advantage of silk fibre is that, when twisted, it has litile tendency
to untwist. ‘Co minimise what there is the fibre sheuld be long and
fine. Fibres, however, are easily broken.

Single needle galvanometer (Fig. 200). The magnetic
needle lies entirely in-
side the bobbin upon Py
which the wire is wound.
If the magnet rests on
a pivot it is provided
with an index set at
right angles to the mag-
net and with its end
or ends projecting out-
side the bobbin, over a
circularscale. Bywind- =
ing the bobbin with a Fig. 200.
large number of turns
of fine wire a sensitive and useful galvanometer can be
constructed.

Reflecting single needle galvanometers are shown in
Figs. 201, 202. The bobbin, R, surrounds a mirror, m
(3 inch diameter), a4 the back of which js placed a short
magnet. The mirror is suspended by a silk fibre. The
optical arrangements and adjustments are described inm
§§37,38. The large magnet NS is the control magnet; its
PR. PHY. 21
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Differential Galvanometer. In this there are two independent wind-
ings, of equal length, of the same size of wire, wound side by side,
and so arranged that when equal currents are passed simultaneously
through the coils, each tends to produce equal deflections, but in
opposite ways; hence the needle remains undisturbed. If one current
is stronger than the other the deflection produced depends on the
difference between them.

The magnet is small, and is either supported on a pivot
or suspended by a fibre of silk. Regarding the first
method, the friction between the magnet and pivot is a
defect, and instruments in which it is adopted require
gentle tapping with the fingers. Pivoted magnets are
uged in the less sensitive instruments, especially in direct-
reading ones. In the more sensitive galvanometers the
magnet is suspended by a silk fibre.

The advantage of silk fibre is that, when twisted, it has little tendency
to untwist. To minimise what there is the fibrc should be long and
fine. Fibres, however, are easily broken.

Single needle galvanometer (Fig. 200). The magnetic
needle lies entirely in-
side the bobbin upon
which the wire is wound.
If the magnet rests on
a pivot it is provided
with an index set at
right angles to the mag-
net and with its end
or ends projecting out-
gide the bobbin, over a
circular scale. Bywind- _——
ing the bobbin with a Fig. 200.
large number of turns
of fine wire a sensitive and useful galvanometer can be
constructed.

Reflecting single needle galvanometers are shown in
Figs. 201, 202. The bobbin, R, surrounds a mirror, m
(3 inch diameter), a} the back of which js placed a short
magnet. The mirror is suspended by a silk fibre. The
optical arrangements and adjustments are described in
§§ 87, 88. The large magnet NS is the control magnet ; its

PR. PHY. 21

e



322 GALVANOMETERS.

use is explained in § 210. It can be pushed higher or
lower along the vertical rod, or rotated by hand. The
tangent screw, 7, is a fine adjustment: by twrning its head
the control magnet can be twisted very slightly.

The Tangent galvanometer (described in § 208) is an im-
portant example of a single needle galvanometer.

Fig. 201. Fig. 202.

Astatic galvanometers. These are so called because the
needle is a combination of two magnets forming a roughly
astatic pair. Theideal astatic combination is one that would
be in entirely meutral equilibrivm, and would therefore
not set itself along any pavticular line. This ideal can
only be roughly realised. One method is to make two
needles of practically equal pole strength and length, fix
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use is explained in § 210. It can be pushed higher or
lower along the vertical rod, or rotated by hand. The
tangent screw, T, is a fine adjustment: by turning its head
the control magnet can be twisted very slightly.

The Tangent galvanometer (described in § 208) is an im-
portant example of a single needle galvanometer.

Fig. 201, Fig. 202.

Astatic galvamometers. These are so called because the
needle is a combination of two magnets forming a roughly
astatic pair. The ideal astatic combination is one that would
be in entirely ueutral equilibrivm, znd would therefore
not set itself along any particular line. This ideal can
only be roughly realised. One method is to make two
needles of practically equal pole strength and length, fix
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them parallel to one another with the N-end of one and

Fig. 203. Fig. 204.

the S-end of the other pointing in the same direction
(Fig. 203). The .

combination, after
zonstruction, will set
itself along a definite
line, the direction of
which varies with
lifferent needles. It
may, by judicious
swisting of the wire
shat holds the needles
ipart, be made to set
sractically at right
mgles to or in the
neridian.

An astatic galva-
1ometer may haveone
>obbin swrrounding
me needle (say the
ower (Fig.204)),0ra
»obbin surrounding
sachneedle (Fig.203)
‘often adopted in re-
lecting astatic gal-
ranometers). Note
hat in these cases tle
orces due to the
urrent in the portions of the bobbins above and below the
ieedles all tend to deflect the combination the same way.

TFig. 205
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them parallel to one another with the N-end of one and

Fig. 203. Fig. 204.

the S-end of the other pointing in the same direction
(Fig. 203). The '
combination, after
construction, will set
itself along a definite
line, the direction of
which varies with
different needles. It
may, by judicious
twisting of the wire
that holds theneedles
apart, be made to set
practically at right
angles to or in the
meridian.

An astatic galva-
nometer may haveone
bobbin surrounding
one needle (say the
lower (Fig.204)),0or a
bobbin surrounding
eachneedle (Fig.203)
(often adopted in re-
flecting astatic gal-
vanometers). Note
that in these cases tle
forces due to the
current in the portions of the bobbins above and below the
needles all tend to deflect the combination the same way.




324 GALVANOMETERS,

Fig. 205 illustrates Nobili's astatic galvanometer. There
is a single bobbin round the lower needle. The upper
needle (sometimes lengthened by a light piece of wire)
moves over a graduated circle. Irequently the bobbins
are mounted so that they can e turued independently of
the base. It is then possible to adjust the plane of the
bobbins parallel to the needles without disturbing the whole
instrument.

206. Moving-coil galvanometers.—These are very useful
and important. Fig. 206 shows the-essential features of
the type. A coil of wire is suspended by a thin metal strip,
w, between the poles, M, M, of a permanent magnet. The
upper end of the rectangular coil is connected with the
suspension, w, and thence with a terminal of the in-
strument. The lower end of the coil is joined to the wire,

Fig. 206.

', and spring ; from this a wire passes to the other terminal
of the instrument. The mirror, m, fixed to the coil serves
in connection with lamp and scale to measure the deflection
produced. Cis a cylinder of soft-iron held within, but.de-
tached from, the movable coil. Fig. 207 is an illustration
of a moving-coil instrument.

In moving-coil galvanometers the suspension is of fine
metal wire or strip; this is twisted whén deflection occurs.
Sometimes a bifilar suspension is adopted: that is, the coil
is lung by two wires placed parallel and close togethu
(Fig. 207).
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Fig. 205 illustrates Nobili’s astatic galvanometer. There
is a single bobbin round the lower needle. The upper
needle (sometimes lengthened by a light piece of wire)
moves over a graduated circle. Irequently the bobbins
are mounted so that they can e turned independently of
the base. It is then possible to adjust the plane of the
bobbins parallel to the needles without disturbing the whole
instrument.

206. Moving-coil galvanometers.—These are very useful
and important. Fig. 206 shows the-essential features of
the type. A coil of wire is suspended by a thin metal strip,
w, between the poles, M, M, of a permanent magnet. The
upper end of the rectangular coil is connected with the
suspension, w, and thence with a terminal of the in-
strument. The lower end of the coil is joined to the wire,

Fig. 206, Fig. 207.

', and spring ; from this a wire passes to the other terminal
of the instrument. The mirvor, m, fixed to the coil serves
in connection with lamp and scale to measure the deflection
produced. C is a cylinder of soft-iron held within, but.de-
tached from, the movable coil. Fig. 207 is an illustration
of a moving-coil instrument.

In moving-coil galvanometers the suspension is of fine
metal wire or strip; this is twisted whén deflection occurs.
Sometimes a bifilar suspension is adopted : that is, the coil
is hung by two wires placed parallel and close togethpr
(Fig. 207).

\



GALVANOMETERS. 325

Fig. 208 shows another pattern of reflecting D’Arsonval
galvanometer. The maguet is ving-shaped, the distance
between its poles is short. The suspended coil consists of a
number of very narrow long rectangular loops: there is no
iron core. The coil is placed inside a tube, which is of
silver when the galvanometer is to be dead-
beat, and of ivory when it is to be ballistic. In
the figure the part containing the suspended
coil is shown separately on the right. The
large brass cylinder on the left is arranged
to cover the magnet and fittings. (Generally
this form of galvanometer should be insulated
by resting each levelling screw on an ebonite
dise.)

Fig. 208.

Fig. 209 shows a voltmeter of the moving-coil type. The ends of the
steel horsc-shoc magnet are yrovided with soft-iron pieces projecting
inwards, The moving coil 1s wound on a copper frame and has a
pointer attached to it. The frame is mounted on pivots working in
jewels and arranged %o turn about a horizowXAl axis: its motion is
controlled by small ‘‘ hair’’ springs. Inside the coil and concentric
with it there is a ifxed soft-iron cylinder. Thisin conjunction with

. the soft-iron projections on the poles of the horse-shoe magnet
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Fig. 208 shows another pattern of reflecting D’Arsonval
galvanometer. The magnet is ring-shaped, the distance
between its poles is short. The suspended coil consists of a
number of very narrow long rectangular loops: there is no
iron core. The coil is placed inside a tube, which is of
silver when the galvanometer is to be dead-
beat, and of ivory when it is to be ballistic. In
the figure the part containing the suspended
coil is shown separately on the right. The
large brass cylinder on the left is arranged
to cover the magnet and fittings. (Generally
this form of galvanometer should be insulated
by resting each levelling screw on an ebonite

disc.)

Fig. 208.

Fig. 209 shows a voltmeter of the moving-coil type. The ends of the
steel horse-shoc magnet are yrovided with soft-iron pieces projecting
inwards, The moving coil 1s wound on a copper frame and has a
pointer attached to it. The frame is mounted on pivots working in
jewels and arranged %o turn about a horizowX¥Al axis: its motion is
controlled by small ‘‘ hair”’ springs. Insidc the coil and concentric
with it there is a 1fxed soft-iron cylinder. Thisin conjunction with

v the soft-iron projections on the poles of the horse-shoe magnet
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produces such a magnelic field that the scale is nearly uniform. The
movement is dead-beat owing to the cuxrents induced in the copper
frame.

Fig. 209.

Such an instrument can also be used indirectly as an ampere-
meter (§ 204).

207. Magnetic fleld due to a current flowing round a cirenlar
hoop.—The magnetic field produced is of nearly uniform intensity ut
and near the centre of the hoop, and along the perpendicular through
the centre to the plane of the hoop. “The width of the uniform field at
the centre of the hoop is not greater than one-tenth the diameter.
(Fig. 210 shows the lines of force produced by a current in a circular
hoop.t The space, aded, is that of approximate uniformity.)

The intensity of the magnetic field at the centre of a hoop, 1 cm. in
radius and carrying unit current (C.G.8.) is by definition 2u dynes.

‘When the radius is » cm. unit current gives at the centre of the hoop

Sield-intensity = 2wr[rt = 23y,

t The figure is tho field of the coil uninfluenced by the earth. A
resultant of coil and earth is obtained in Exp. 235.
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produces such a magnetic field that the scale is nearly uniform. The
movement is dead-beat owing to the currents induced in the copper
frame.

i ——

Fig. 209.

Such an instroment can also be used indirectly as an ampere-
meter (§ 204).

207. Magnetic fleld due to a current flowing round a circular
hoop.—The magnetic field produced is of nearly uniform intensity at
and near the centre of the hoop, and along the perpendicular through
the centre to the plane of the hoop. The width of the uniform field at
the centre of the hoop is not greater than one-tenth the diameter.
(Fig. 210 shows the lines of force produced by a current in a circular
hoop.+ The space, adcd, is that of approximate uniformity.)

The intensity of the magnetic field at the centre of a hoop, 1 cm. in
radius and carrying unit current (C.G.8.) is by definition 2 dynes.

‘When the radius is » cm. unit current gives at the centre of the hoop

Jield-intensity = 2mrfr® = 2m)r.

+ The figure is the field of the coil uninfluenced by the earth. A
resultant of coil and earth is obtained in Exp. 235. .
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Vo
Therefore a current of ¢ absolute (C.G.S.) units round the hoop gives a
field-intensity at the centre,
F=2xCr.
If there are » circular coils of equal
radius, 7, in the winding, then at the

centre, the field intensity, F = 2wnCfr. .
The direction of the magnetic field at _ /

the centre is perpendicular to the plane /,,_ﬁb> _

of the hoop. Hence when the hoop is
placed parallel to the direction of a
field of strength, H (that due to the @

earth for instance), if current passes
round the hoop there will be at its
centre two uniform fields superposed at
right angles. Fig. 210.

Let D be the angle between the
direction of the resuliant field and the one of strength, H'; F, the
field strength due to the current, C, round the coil,
then (§ 169) F=H.tan D.
But F = 2rn.Cfr; & C=0.H . tan D[2mrn.
If the current be 4 ampéres, since 1 C.G.S. unit of current = 10
ampéres,

. A4 =10r.H . tan D/2m n.

Now r and » depend entirely on the construction of the coil, the
quantity #/2w n is therefore invariable. The value of its remprocal
2mrn/r i8 called the coil constant.

208. The tangent galvanometer is constructed in such
a manner that the above expressions may be applied. A
simple form of it is shown in Fig. 211.
The wire is wound in a circular bobbin.
A magnet is placed at the centre or at
some point along the perpendicular
through the centre to the plane of the
coil. In a tangent galvanometer the
length of the magnet must not be
greater than one-tenth the diameter
of the hoop. Fixed to the magnet at
right angles is a long light pointer of
wire or aluminiuin (“lozenge ”-shape,
like Fig. 139). ,Lhe ends of this
move over a circle graduated in degrees,

»  ete. A strip of mirror is usually fitted
to the base of the compass-box to avoid parallax error
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(§ 120). The figure shows several pairs of terminals
fixed to the base-board. To these are joined the ends
of independent coils. These may be used separately or in
combination. Sometimes the compass-box is arranged
to slide so that its magnet moves in a line perpendicular
to the hoop and passing through its centre.

The method of adjusting a tangent o-a.lvanometer 18
given in § 214.

Galvanometer constant.-—It was shown (§ 207) that
A=107H. tan D2 7 n.

‘When a properly adjusted tangent galvanometer is used, D is the
measured deflection of the needle.

If the galvanometer is used at one place and K is the intensity there
of the earth’s magnetic ficld, then the whole factor

107 Hf2mn = 15927 H/n
will be constant. The value of this is called the working constant or
reduction factor of the galvanometer. Denoting it by K, then the
current in ampéres = K . tan D.

Thus when K is constant, A is proportional to tan D.

RULE OF THE TANGENT GALVANOMETER.— When the
instrument is in adjustment the strength of the current in
the cotl is proportional to the tangent of the angle of
deflection it produces. Thus the tangent galvanometer
affords a means of comparing currents, for two currents
will be in the same ratio as that of the tangents of the
respective angles of deflection, or

C,: C,=tan D, : tan D,

The value of the constant (A7) need not be known in making a com-
parison of currents, provided that the position of the galvanometer is not
altered.

If the value of X is known, then,the strength of the current pro-
ducing a deflection, D, may be caleulated, either in ampéres or C.G.S.
units, by assuming A amperes = K .tan 'D. The value of X may be
obtained in two ways, (1) by electrodeposition, (2) from the data of the
coil and value of H.

1. To find the constant by electrodeposition.—Pass a constant
current through the galvanometer and a copper (or silver) voltameter
in series with it. Find the mass (m) of copper deposited in ¢ seconds.
Note the angle of deﬂecb’on } of the galvanomefer. Then

4= m/O 000328 ¢, o K =m/0:000328 ¢. tan D,

The method is not convenient if the galvanometer has a high

resistance,
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2.t To find the comstant from the data'of the coil.—Apply the
expression
K =1692r Hfn.
Count the number (#) of turns, and measure the mean radius (), then
calculate 1592 »/n.  Assume the value of H (it may be determined
as in § 177), calculate K.

3.1 The following is called an absolute method of measuring eurrent,
Use a well-made tangent galvanometer. Count n, measure » (mean).
Determine the value of H at a convenient place in the laboratory. Set
up and adjust the galvanometer at that place. Pass current through
the galvanometer, note, 7, the deflection produced. Then the

current in absolute {C.G.8.) units = r H . tan D[2 wn.

4. The value of H may be obtained by determining X by electro-
deposition, measuring r,t and counting ». Then

H=Kn/1'692r.

209. Reflecting galvanometers.——These, whether of the
moving-magnet or moving-coil type, can be used for
comparing the strengths of small currents. (For the
method of measuring large currents see § 212.) The
moving-coil type is more satisfactory, however, because
its indications are practically unaffected by small changes
in the magnetic field. In moving-magnet reflecting gal-
vanometers the tangent relation between deflection and
current practically holds. In the moving-coil type the
angle of deflection itself is proportional to the current.
As however the angular deflections are in either dase small,
the displafcemeut of the index on the scale, the angular
deflection, and its tangent are proportional (§ 36), hence
the rule below.

RULE OF THE REFLECTING GALVANOMETER.—The cur-
rents through a reflecting galvanometer are proportional to
the displacements of the index produced by them.

210. Methods of control—In the various measuring
instruments it is important to consider what forces tend
to produce deflection of the needle, and what tend to
prevent it. The position assumed by the needle depends
on the resultant of these. Generally the forces form a
deflecting couple and a controlling coupie, and equilibrium

+ The bobbins foust be accurately circular, and very carefully
wound.
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occurs when things have so adjusted themselves that the
moments of these couples are equal.

In the moving-magnet type of galvanometer the de-
flecting couple 1s due to the current in the coils, the
controlling couple to the magnetic field of the Earth or
of the Earth and another magnet. 1In the latter case the
added magnet is called the controlling or governing magnet.
It may be arranged so that its field acts in conjunction
with or in opposition to the Harth’s field. Suppose it
placed magnetic north and south a little distance from the
galvanometer (whether above or to the side does not
matter). The centre of the galvanometer magnet should
lie on the line passing through the centre of and perpen-
dicular to the control magnet. Hence when the S-end
of the control magnet points northwards it acts in con-
junction with the Eartli’s field, and therefore the controlling
forces are increased. When the N-end of the control
magnet points northwards it acts in opposition to the
Earth’s field. If now the control magnet 1s some way off
from the galvanometer magnet its field may merely weaken
that of the Earth, if it is brought near the direction of the
controlling field may be reversed. RememMBER that a
given current produces a greater deflection when the com-
trolling field is weaker.

In the moving-coil type of galvanometer the loops of the suspended
coil should when undeflected lie roughly parallel to the lines of force
between the poles of the fixed magnet.  When current flows round
the coil the magnetic lines of force associated with it tend to coincide
with those of the permanent field, and thus deflecting forces act upon
the coil., When deflection occurs controlling forces are called into
play by the twisting of the suspending wire. This is an example of a
torsion controd.

In many ampéremeters and voltmeters the control is due to a hair
spring like that of the balance wheel of a watch.

A controlling magnet has no effect on the suspended coil when no
current is passing through it. Also when the coil is carrying current
there is practically no effect, because the field of the permanent magnet
is 50 powerful that very little change is produced in it by bringing a
magnet close to its poles. This 18 an important advaniage of the
suspended-coil type, 2§ the indications are thgrefore unatfected by
magnetic changes in the neighbourhood, as, for 1stance, the running,
etc., of dynamos. Instruments of the moving-magnet type are very
susceptible even to small magnetic changes, and are therefore trouble-
some to work with when moving machinery is near.



GALVANOMETERS. 331

211. Methods of damping.—A freely swinging needle may be

damped by putting it in a narrow cell (§ 172) or attaching to it a
small vane of mica immersed in oil, or to a larger vane exposed to the
air,
Electro-magnetic damping is most satisfactory, and is effected by
allowing 1he magnet to swing close to a piece of copper or other good
conductor. In a moving-coil galvanometer the coil is often put inside
a silver tube (§ 206). Electro-magnetic damping is due to the
induced currents (eddy currents) set up when there 1s relative motion
between a conductor and a magnetic field (§ 201).

212. Shunts, etc.+—Suppose the resistance of the coil of
a galvanometer to be G and that when it carries a current,
C,, the index is displaced to the limit of the scale: C, is
therefore the maximum current that can be measured by
the galvanometer. Let V| be the P.D. at the terminals of
the instrument, then ¥V, = C,(. Since G is constant, ¥V,
is therefore the maximum P.D. that can be applied at the
terminals. Thusif ¢, =1/1000 and G =200, then ¥V, =1/5.
The range of the instrument may be extended by using
(1) a controlling magnet; (2) a shunt or resistance in
parallel with the galvanometer coil; (3) a resistance in
series with the galvanometer coil.

1. The control or governing magnet (§ 210).

2. Shunts. A galvanometer is said to be shunted when
its terminals are joined by a wire (called the shunt).
Fig. 212 indicates the arrangement. The
galvanometer wire of resistance @ isin
parallel with the shunt of resistance, S. G
If C is the current round the circuit, and
¢, that through the galvanometer, then
(§218) ¢,/0=8/(G+8). IfGand 8§ €

are known, theu the ratio of C to ¢ S
can be calculated. Thus if G = 200, )
S = 40, then C = 6, Fig. 212.

Usually a galvanomeler is provided with scveral shunts of resig-
tances G/9, G/99, G/999, etc. 'With these the main currents are
respectively 10, 100, 1000, etc., times the galvanometer currents. If
then a galvanometer jndicates 2 maximum curyent of 1/1000 ampére,

1+ To understarfd this section the student should be familiar with
Ohm'’s law, etc.
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it will indicate currents in the main circuit up to 1/100 ampére, with a
shunt whose resistance is /9, up to 1/10 ampére with shunt
G{99, and up to 1 ampére with shunt ¢/999. Tig. 213 shows an
arrangement of resistances in a shunt-
dox. A plugis placed in one of the
gaps a, b, or ¢, between the brass pieces.
The numbers 1, 10, 100 indicate the
ratic of the main current, C, to the gal-
vanometer current, (The respective
shunt resistances are o, /9, ¢/99.)
Note that the combined resistance of
galvanometer and shunt is less than that
of the galvanometer itself. Hence the
main current will increase in value
owing fo the diminished resistance of
) the circuit. When it is desired to keep
Fig. 213. the main eurrent constant, a compensat-
ing resistance equal to G'—{GS/(G+8)}
must be added to the main circuit.
Galvanometer Resistance (G)
Shunt Resistance () =
Combined Resistance = &5/ {6+ 8)
Compensating Resist. = ¢ - {G'§/(G'+ S)}

G/9 G/99 | /999
&j10 | ojwe | @000
9G/10 | 99¢2/100 | 999G/1000

3. Resistance added in series with the galvanometer wire.
Fig. 214 indicates the arrangement;
the galvanometer coil of resistance, &,
is in series with conductors of resist- / G
ance, B. The ends, A, B, of the
galvanometer circuit are joined with R
points between which there is voltage
=V, produced, say, by a flow of

current along a conductor. 1If ¢, is N

the maximum current that the galva- A c 8
nometer can measure, v, = ¢,# is the Fig. 214.
greatest voltage between its terminals. /

Since /!

Vv, = (G + R)/G
if G and R ave known then the rvatio V/v, can be calculated.
Thus V= 6 v, when B = 5G.

It several resistances DG, 996, 999 G are provided, then ¥ = 107,
or 100 v, or 1000 v, respectively. Hence if the maximum reading of the
galvanometer is 1/10 volt it will indicate up to 1, 10} or 100 volts when
these resistances are respectively joined in cireuit.



GALVANOMETERS. 333

213. Adjustments and tests of a galvanometer.-—1. Join
the appropriate parts of the circuit to the terminals of the
instrument, which should be placed away from the rest of
the apparatus. Twist the wires leading to it loosely
together.

2. Generally a pointer instrument is so constructed that
the needle is in its proper position with regard to the coil
when the indicator is over the zero. Hence adjust so that
the needle swings freely and the index rests over the zero of
she scale. (This is not always necessary.) ILevelling and
sther screws are provided so that the adjustment may be
sffected.

In moving-magnet instruments since the needle tends to
set, itself along a definite line, e.g. the magnetic meridian,
she coils and scale must be adjusted to the needle
§§ 205, 214)).

In moving-coil instruments the head to which the
suspending wire is attached can be twisted, and thus the
'o1l adjusted until the index is in position. (In Fig. 20
urn the milled edge at the top of the long tube.)

When the needle is pivoted the instrument should b
rently tapped with the finger whenever the position o
he pointer is to be observed.

For the optical adjustment of a reflecting galvanometer

iee § 37.

3. When an instrument is provided with several independent coils,
he relation between the windings and terminals should be examined,
Vumber the terminals 1, 2, 3 ..., from left to right. Join 1 to the
b pole of acell, join2, 3 .... in turn to the — pole : cbserve the
alues and directions of the deflections of the needle. Next join termi-
al 2 to the + pole, and 3, 4 .. .. in turn to the — pole : observe the
eflections ; and so on until all have been tested. Record the results
nd deduce the arrangement of the windings.

4. Test whether the circuit external to the galvanometer
ffects the needle of the instrument. Join both wires lead-
ag from the circuit to one of the terminals of the galvano.-
1eter. Observe the position of the pomter then complete
he circuit. If thé pointer moves, the ¢dnnecting wires and
wositions of apparatus must be altered and the test
epeated until there is no effect on the magnet.
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214. Adjustments and tests of a tangent galvanometer.
—1. Join in series (Fig. 187) a constant battery, resist-
ances, commutator, and galvanometer.

2. Set the hoop roughly in the magnetic meridian by ar-
ranging the instrument so that the pointer of the needle
lies with its ends over the zeros of the scale.

When the magnet is pivoted the compass box should be
gently tapped with the finger whenever the position of the
pointer is to be observed.

3and 4. See 3 and 4, § 213.

5. Set the hoop accurately in the magnetic meridian.
Adjust the resistance of the circuit so that the current
produces a deflection of about 45°. Read both ends
(=D, D,) of the pointer. Reverse the commutator and
again read both ends (= D,, D)) of the pomter. If the
readings differ by more than 1° slightly turn the hoop
until they agree as closely as possible.

If the readings persistently differ by more than 1°, the instrument is
probably out of adjustment; a responsible person should then be con-
sulted.

6. To find the deflection produced when a current is
passed through the coil, read the positions (D,, D,) on the
graduated circle of both ends of the pointer, then reverse
the commutator and again read both ends of the pointer
(D, D). The mean D=3 (D, + D,4+ D,+ D,) 1s the
value of the deflection produced.

7. In working with a tangent galvanometer the value of
resistance in the cireuit should be arranged so that if
possible the deflection is about 45°. If the test involves
the observation of more than one deflection these should lie
between 30° and 60°. In any case avoid small or large
angles. The unavoidable errors of observation have at
deflection 45° less influence on the results of the determina-
tion than at any other value. When the deflections are
less than 20° or more than 70° these errors are relatively so
considerable that the experimental resultsi are unreliable.

oy ;

8. Determine the resistances R, R, for which the deflections are
about (1) 35° (ii) 55° (&, — R)) is then equdl (roughly) to the
total resistance of the circuit (= R, + battery 4 galvanometer)
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when the larger deflection is obtained (§ 225). Note also the E.M.F.
of the battery. .

Repeat for the other coils of the instrument.

The value of (B> — 2} is of importance when a galvanometer has to
be selected for certain tests. For the comparison of E.M.Fs (§ 228)
the galvanometer selected must permit large values (500 to 1000
ohms) for the resistances: in measuring battery resistance (§ 226) only
small values (less than 10 ohms) are permissible.

215. Direct-reading ampere-meters and voltmeters
(Fig. 209).—The faces of some instruments must be
placed vertically, of others horizontally. Before using
olbserve if the pointer is over the zero of the scale (tap the
side gently), if not it will require adjustment, possibly
levelling, or packing at the back, or underneath. Adjust-
ing screws are generally fitted to the instrument.

To measure a current by an ampére-meter, join 1t in series
with the circuit, and observe the scale-reading to which
the index is deflected. The resistance of the ampére-
meter should be so low that its introduction into the main |
circuit does not appreciably affect the current.

To measure the voltage between two points by a voltmeter,
join its terminals each with one of the points and observe
the scale-reading to which the index is deflected. The
resistance of the voltmeter should be so high that when
connected with two points on the main circuit it does not
appreciably diminish the current between the two points.

Exp. 242 —Investigate the effect of the control magnet of
a galvanometer. Join in series a Daniell cell, resistance
box, tap key, and reflecting galvanometer with control
magneb. Adjust the value of the resistance so that there
is a small displacement of the galvanometer index when the
circuit is completed through the key.

Place the control magnet close to the galvanometer,
Set it so that the index is at a definite mark (near the
centre) of the scale, close the key, note the displacement of
the index. Observe the direction in which the N-end of
the control magnst points. o

Repeat with the control magnet at the far end of the
rod on which it slides; also when midway between these
positions.
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Clearly record the observations.

The test indicates the extent to which the sensmveness
of the galvanometer may be changed by altering the
strength of the control field.

Exp. 243.—Find the constant of a tangent galvanomeleyr by electro-
deposition. Join in series a constant cell (Daniell), carbon rheostat,
copper voltameter, commuiator, and tangent galvanometer (low
resistance). The galvanometer must be adjusted as in § 214, and the
voltameter, etc., prepared as in § 199. The method is described in

208 (1).

f Firs(t znake a preliminary experiment. Join a low-reading ampére-
meter in the circuit in addition to the apparatus mentioned above. Ad-
just resistances to glve a deflection of about 50°, then note the current
shown by the ampére-meter. Assummg that roughly speaking 1
ampére deposits 1 grm. of copper in 50 minutes, calculate how long
the experiment must continue in order that 1 grm. of copper may bo
deposited. If, for instance, the current is + ampére the time required
to deposit 1 grm. will be }{50 x 3)=38 minutes nearly. Hence run
the experiment for 40 minutes. Remove the ampére-meter and proceed
with the experiment. It is well to pass the current round the galvano-
meter for half the time one way, and for the remaining time in the
reverse way. This can be effected by reversing the commutator.

Exp. 244.—Find the constant of a tangent galvanometer from the data
of the coils, and assiming the value of H. A high resistance galvano-
meter may be used.



CHAPTER XVI,
RESISTANCE: OHM'S LAW.

216. Ohm's Law.—This expresses the relation between
the strength of the current that flows along a conductor
and the difference of potential between the extremities of
the conductor. The relation is that the current along the
conductor and the potential difference between its ends are
proportional. The ratio of the potential difference to the
current measures the resistance (§ 193) of the conductor.

Nore oN SYMBOLS, The strength of current along a conductor is
conveniently reprosented by C, tho resistance of the conductor by R,
the potentinl-difference between its ends by V. 'The evpressmn
potential-difference is abbreviated to P.D. or Pd. The term electro-
motive force (abbreviated to E.M.F. or Emf.) is frequently used
instead of potential-difference. The term electric pressure or voltage
is sometimes substituted for potential-difference.

Ohm’s law is an inference from experimental results
and is true after the circuit has been closed for a moment
or two. (If the current is alternating, its magnitude doeg
not generally depend only on potential difference and
resistance.) The resistance of a conductor is a quantity
that depends on its length, and area of cross section, itg
temperature, and material. As long as the values of these
remain unaltered the resistance is constant. The resist-
ance is thus independent of the strength of the curreng
through the conductor, and of the intensity of the magnetic
field in which it lies.f The resistance of a conductor may

hence be con51dered as one of its own constants, like itg
‘U

+ The resistance of selemum, however, decreases on exposure to

light, and that of’bismuth is considerably affected by the magnetie

ﬁeld
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volume, mass, ete. It is therefore possible to set apart a
conductor as a permanent standard of resistance, just as a
selected rod is used as a standard of length or a particular
solid body as a standard of mass. The practical unit of
resistance is called the ohm (see Appendix).

Ohm’s Law expressed in terms of Practical units.—Tet
the current along a conductor be ¢ amptres, the P.D.
between its ends ¥ volts, and its resistance B ohms, then

V=CXR
or Volts = Ampéres X Ohms.
It may also be written
Ampires = Volts = Ohms,
and Ohins = Volts =~ Ampcres.
The reciprocal (= 1/R) of the resistance is called the
conductance (see note, § 217) of the conductor.

Unit conductance is sometimes called the mio. A conductor having
resistance R ohms has a conductance 1/R mhos.

217. Resistivity or Specific Resistance.—For conductors
of the same material and at the same temperature the
resistance (R) 1s directly proportional to the length (1)
and inversely proportional to the cross-section (a) of the
conductor: that 1s,

Ro lja or BR=Sl/a
where § is a constant. Wheu ! and a are both umty,
R =28, that is, S represents the resistance of a piece of
the conductor of unit length and unit crogs-section.

Der.—The resistivity (see note, § 217) or specific resistance
of a substance is the resistauce at 0°C. between opposite
faces of a cube of the material when the edge of the cube
is one centimetre long.

NoTE that the figure specificd is a cube whose edge is 1 cm., this is
frequently ealled the centimetre cube. To call it a cubic centimetre
would be misleading, becausc the resistance of a cubic centimetre of
the material would be mifuch greater when drawii out into a fine wire
than when formed into a thick conductor.

The resistivity per inch cibe is similarly defined, the edge of the cube
being, however, 1 inch.
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Resistivity is usuully expressed in mierohms £ per unit cube.

The resistivity of copper is nearly two-thirds of a mierohm per inch-
cube, or eight-fifths of a microhm per contimetre cube.

The following relations hold

, Reststivity o . )
Resistance ity of Length in centimetres
material in et A

of conductor | = < Cross seckion in )

. ohms per
in ohms . Tnar et
centinetre cube square centimetres

Since <ft,;.eq of cross-section ) — 07854 <diam_eter in)z
in square centimelbres centimetres
. Resistivity of material tn microhms per cm. cube
= (Tt ) x 07834 x (Dt of wire in o
in microkins (Length of wire in em.)

Nork oN NoMENCLATURE. The following older terms are fre-
quently used instead of the ones in the tex(:

Newer, Older.
Resistance. Resistance. 3
Resistivity. Specitic Resistance.
Conductance. Conductivity.
Conductivity. Specific Conductivity.

The first part of the newer words indicate the qnantity dealt with,
the ending =ity (-ivity, -ility) being used to express values for a
specified volume (e.g. one cubic centimetre) of the substance, and the
ending -ance being used to express the value for particular bollies
without reference to their sizo, mass, ete. Other examples of this
nomenclature are permeability
(for specific magnetic con-

c
ductivity), reluctance  (for =
magnetic resistance), induct- , @ ‘\ A
ance (for coefficient of self- ¢ %
induction), impcdance, react-
ance, etc.

218. Combinations of
conductors. — Conductors |
are said to De joined in i
series when an end of one
is joined to an end of a Fig. 215.
second, the other end of
the second to an end of a third, the other end of the
third to an end of’a fourtl, and so o’ Hence the same
current passes thyough each conductor.

+ The microhm is one millionth of an ohin (see Appendix).

PRr
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Conductors are said to be joined in parallel (or multiple
arc) (Fig. 215) when an end of each conductor is joined to
one point (clamped, say, to a terminal or copper strip),
and each of the other ends is joined to a second point
(terminal or strip). Thus a cwrent entering at one end
divides, a part flowing along each conductor.

RULES FOR COMBINATIONS OF CONDUCTORS.

1. When conductors are joined in series

(1) the same current passes through each ;

(i1) the total P.D. is divided amongst the conductors, the
P.D. between the ends of each being proportional to the
resistance of the conductor; ’

(i) the total resistance is the arithmetical swum of the
resistances of each conductor. . '

The constancy of the current through each part of a
circuit of conductors in series, and the drop of voltage
along the circuit are two facts of the highest importance.

Exps. 254, 255 show that if the ends of a conductor are
joined to two pointson an electric circuit, the P.D. between
the two points maintains a current along the conductor.
Also that if the vesistance (R) of the conductor is high
(more than a thousand times, say) compared with that
between the points on the main cireuit, then the P.D.
between these points (= V) is not appreciably affected,
and the current through the conductor = ¥V/R. If how-
ever the resistance of the conductor is not comparatively
large, the P.D. between the points diminishes in value (to
V., say). The current round the conductor is then
. 1

2. When conductors are joined in parallel

(1) there is the same potential difference between the ends
of each conductor ;

(11) the total cwrrent ts divided amongst the conductors,
eack sharing in prqpm’tian to its conductance ;

(i1) the total conductamce is the arithmetical sum of the
conductances of each conductor. (Hence.,note that when-
ever conductors are joined in parallel, the total conductance
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.of the whole is greater than that of any member, therefore

the total resistance is less than that of any member, there-

i fore the total resistance is less than that of the conductor

! of smallest resistance.)

The relations between current, potential-difference, and resistance
are shown below. Capital letters are used in connection with the
series arrangement, small letters with the parallel. The total values
have no subseript, the individual values for the respective conductors
are indicated by a subscript number.

O = ey =gy == (7

Series. Parallel.
Total current . ‘ ¢ c=c¢,+cytey
Total potential dif-\
ference .. ‘) V=T,+T,+T7, v

I {clhb‘z_”a_”,
Division of currentl ¢ same throughout |5 1757 " 17y, ™ 1jr,~ 1j»

I

\

Division of poten- ;5 3 =F

tial .. L =222l 0 . s

18 AR 4 7 | vsame for each
Total resistance ..| 2+ R+ Ey=R r=1/(total conductance)
Total conductance 1 ! + 1.1 1

l R N
I

219. Resistance boxes.—The resistances used in practical
work are generally
lengths of insulated
wire wound on bobbins
and baving their ends
joined to terminals.
The lengths, ete., are
such that the resist-
ance of the wire is
some multiple of the
ohm. In order that
there may benoelegtro-
magnetic or self-in-
ductive effect “he length of wire is first doubled back,

., and then wound on the bobbin (Fig. 216). Resistances of
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various values are joined up to form a resistance bow
or set.

Fig. 216 illustrates one method: @, b, ¢, d, ¢ are brass
pieces, usually fixed to an ebonite slab. DBrass plugs,
k, I, m, n, slightly conical in shape, and with ebonite or
wooden heads, can be pushed between the pieces, or with.
drawn as desired. The wire resistance has an end fixed
to each of two adjacent pieces. Hence if a plug, n, is out
the resistance wire is the only conducting connection be-
tween the pieces; if a plug is in it forms a path of negli-
gible resistance, it is said to “ short-circuit ’ the resistance,
or “cut it out”” from the circuit. The nnumber expressing
the resistance of the wire in ohmst is engraved close to
the space between the brass pieces. Thus in Fig. 216 the
resistance between the terminals, 4, B,is 5. If » is put
in and %, m ave pulled out it will be 3.

Fig. 217.

Linear arrangement. Fig. 217 illustrates a resistance box
by which any integral number of ohms up to 1000 can
be obtained. Fig. 233 is a somewhat similar arrange-
ment. Notice that the values are in multiples 1, 1, 2, 5,
or 1,2, 2,5, like a set of weights. The multiples at present
in favour are 1, 2, 3, 4. In each case totals 1,2, ...... )
7,8, 9, 10 are readily obtained; e.g.

8=51+24+1=4+31.

+ Manufacturers now supply international okms. The values in older
boxes are likely to be legal ohms. TFor conversion factors see the

A cmam Al
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various values are joined up to form a resistance box
or set.

Fig. 216 illustrates one method: o, b, ¢, d, e are brass
pieces, usually fixed to an ebonite slab. Brass plugs,
k, I, m, n, slightly conical in shape, and with ebonite or
wooden heads, can be pushed between the pieces, or with-
drawn as desired. The wire resistance has an end fixed
to each of two adjacent pieces. Henee if a plug, n, 18 out
the resistance wire is the only conducting connection be-
tween the pieces; if a plug is in it forms a path of negli-
gible resistance, it is said to “ short-circuit ” the resistance,
or “cut it out” from the circuit. The number expressing
the resistance of the wire in ohmst is engraved close to
the space between the brass pieces. Thus in Fig. 216 the
resistance between the terminals, 4, B,is 5. If » is put
in and %, m are pulled out it will be 3.

Linear arrangement. Fig. 217 illustrates a resistance box
by which any integral number of ohms up to 1000 can
be obtained. Fig. 233 1s a somewhat similar arrange-
ment. Notice that the values are in multiples 1, 1, 2, 5,
or 1,2, 2,5, like a set of weights. The multiples at present
in favour are 1, 2, 3, 4. In each case totals 1, 2, ...... ,
7,8, 9, 10 are readily obtained; e.g.

8=54+24+1=4+4+341.

+ Manufacturers now supply international okms. 4Ihe values in older
boxes are likely to be legal ohms. For conversion factors see the

A A
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Dial arrangement. In the linear arrangement above many plugs are
used. To reduce the number or to avoid them altogether a dial form

{Figs. 218, 219, 220) is adopted. In cach dial ten brass pieces are
arranged round the circumference of a civele. Resistance wires connect

adjacent pieces, excopt one pair. There is also o central brass piece.
In a dial marked UNITS each of the nine resistances is of 1 ohm, in the
dial marked TENS each is of 10 ohms, in the dial marked HUNDREDS

"
-0

\\‘
®
s
)

Tig. 219.

each is of 100 ohms.” Connection can be mad3 between the central and
each circumferential brass piece in turn; cither a plug (Fig. 219) or
movable arm, 4 ’(Fig. 220), turned by a head, H, being employed.
Note that in the former only one plug per dial is required.
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Dial arrangement. In the lincar arrangement above many plugs are
used. To reduce the number or to avoid them altogether a dial form
(Figs. 218, 219, 220) is adopted. In each dial ten brass pieces are
arranged round the circumference of a circle. Resistance wires connect

Fig. 218.

adjacent pieces, except one pair. There is also a central brass piece. .
In a dial marked UNITS each of the nine resistances is of 1 ohm, in the
dial marked TENS each is of 10 ochms, in the dial marked HUNDREDS -

~Q

each is of 100 ohms.” Connection can be mad8 between the central and
each circumferential brass piece in turn; either a plug (Fig. 219) or
movable arm, 4 ’(Fig. 220), turned by a head, H, being employed.
Note that in the former only one plug per dial is required.
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Post-office Resistance Box and Bridge.—This is a set
of resistances constructed as described in § 219, com-
bined with extra resistances and keys in order that Wheat-
stone bridge tests may be carried out conveniently. Fig.
233 shows a diagram of the arrangement. In this there
are generally two tap keys fixed to the top (ebonite) of
the box.

RULES TO FOLLOW IN USING RESISTANCE BOXES,

(1) When plugs are withdrawn from their positions
between brass pieces they must not be kept in the hand, but
should be put in the lid of the box, or some other safe

lace.
P (2) When plugs are placed in position between brass
pieces press them ‘home” geutly, then twist them
slightly.

(8) Before commencing a test try each plug and
terminal to make sure that the connection is sufliciently
tight and good.

(4) The cleaning of ebonite surfaces, plugs, etc., should
not be attempted.

Fractions of the Ohm.—Fig, 221 shows a convenient form of resist-
ance capable of taking a current of 2 or 3 ampéres.
A length of wire {manganin or German silver), of
resistance 1 ohm, is laid zigzag on a stout varnished
board to form 10 segments of equal length and
resistance. A binding screw is placed at esach
angular point, one also is placed midway between
the ends of the first segment. Any resistance from
0-05 to 1 ohm (by steps of 0:05) can be introduced
into the circuit; for example, by joining the wiret
Fig. 221, to 0°05 and 0°6, a resistance of 0-65 is introduced.

220. Uniform wire.—Fig. 229 shows a piece of apparatus that is of
considerable use as a potentiometer, Wheatstone’s bridge, etc. A wire
(manganin or German silver), uniform in diameter, ete., 200 inches
long, is stretched over a base board, the ends being soldered to copper
strips H, K. The wire is bent round small brass screws. (A slip of
paper is put between tliwwire and the screw to ifisulate the wire from
the screw.) The top surface of the base board is covered with a sheet
of varnished paper upon which the wire rests. A stale of half inches
is marked under the wire. The inch divisions are numbered and
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reckoned from one of the copper strips (). There is a central strip
of copper, P; this enables a Wheatstono’s bridge test to be easily
arranged (§ 234). Each of the copper strips H, K, has two terminals,
and P has three. The potential at any point of the wire can be
. “tapped”’ by the jockey J. This is a piece of wood, 6"x 3" x}";

one end is sharpened to an edge over which a piece of copper foil is
fixed, the other end carries a terminal. A wire joins the terminal to
the copper : it is convenient to run this through ihe wood.

221. General expression for a series circuit.—TLet a
battery (E.M.¥'., E, resistance, B) be in series with a gal-
vanometer (resistance, G) and conductors of known
resistance, B. Tet ¢ be the current in the circuit, then

C=E/(B+ G+ R).

If the battery consists of n cells, each of E.M.F., F, and resistance,

B, in series, then
C=nE/nB+ G+ R).

(1) When an ampére-meter is used, the scale reading, 4,
of the deflected pointer is the value of the current in
amptres. Then

A=E/(B+ R+ G).

(i) When a tangent galvanometer is used, the deflection,
D, is in degrees, and € =k . tan D° where k is a constant.
Hence .

bk.tan D°=C=E/(B+ R+ Q).

(ii1) When a reflecting galvanometer is used, the displace-
rrent, d, is in scale divisions and is proportional to C, or
C = K.d where K is a constant. Hence

Kd=C=E/(B+ R+ &)

222. To measure resistance by substitution.—Join in
series a, constant cell, galvanometer, the unknown resist-
ance, X, resistance box, and plug key (plug out). (1) Make
the box resistance of such a value (= R,) that when the
cireuit is completed through the plug key an adequate de-
flection (about half the scale) of the galvanometer needle is
obtained. (2) Remove X: alter the box resistance to a
value (= R,) sucHl that the deflection ' the same as before.
Then >

X=R,—R,.
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(3) Repeat (1). If the values are unaltered it may be
agsumed that the cell is constant. If the values are different
repeat the experiment with another cell.

Any galvanometer that gives an adequate deflection
can be used, provided that when X is small, the galvano-
meter resistance and the value of (R, + B) are also
small.

ExrranarioN.—The deflections being the same in both
cases, the currents through the circuit are equal. Also
the EM.F. of the batiery does not change. Hence the
total resistances of the circuit in the two cases are equal;
that is,

X+R+G@+B=R,+ G+ B.
X=R,—R,.

Then

228. To measure resistances by means of & curve obtained from a
galvanometer.t— Arrange the galvanometer so that the undeflected
index is at the zero of the scale, or in the case of & reflecting instru-
ment near one end. Record its position.

Join in series 5 or 6 known resistances (=2Z,), the galvanometer,
plug key (plug out), and a constant cell. Complete the circuit through
the plug key, note the position to which the index is displaced, and
the value of the resistance, 2.

Remove one of the known resistances, note the value, R,, of the
remainder, and the position to which the index is deflected.

Remove another of the known resistances, note the value left, and
the deflection.

Proceed similarly until the deflection is too large to be measured.

Tabulate (i) Resistances (R, R,, etc.) in circuit, (ii) Deflection or
displacement of index (=Difference between the deflected and unde-
flected positions).

Plot deflections or displacements with regard to resistances as
abscissae.

When & reflecting galvanometer is used, the graph obtained is
nearly a hyperbola. :

To obtain the value of an unknown resistance X.—Join it in seriesin
the circuit. Note first the undeflected position of the index, then its
deflected position. Calculate its displacement. Find from the graph
the value of resistance corresponding to this displacement : this is the

value of X. % »

+ An extension of the substitution method. &? resistance box is
more convenient than separate resistances, but is not essential.
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224. To investigate the relation between the current
through a galvanometer and the deflection produced.—
Make expermmental observations as in § 223.

I. When a reflecting galvanometer is used: tabulate
(1) resistances (R, R, ete.), (i1) displacements of index,
(i11) reciprocals of displacements: plot the reciprocals of
the displacements with regard to resistances as abscissae.
The graph will be practically straight.+

The deviation of the graph from the straight line
indicates to what extent the assumption that the displace-
ments are proportional to the currents (§209) through the
galvanometer is not justified.

IL. Wlhen a tangent galvanometer is used: tabulate (i)
rvesistances (R,, R, etc.), (i1) angular deflections, (ii1)
tangents of angular deflections, (iv) co-tangents of angular
deflections: plot cot (angle of deflection) with regard to
resistances (R,, R, ete.) as abscissne. The graph will be
a straight line.t '

The graph shows that since cot D is proportional to total:
resistance, tan D is proportional to the total conductance.
Now by Ohw's law current = conductance X E.M.F. Since
the E.M.F. 1s coustant, current is proportional fo conduct-
ance and therefore to tan D. Thus the rule or law of the
tangent galvanometer (§ 208) is demonstrated.

ITI. In either case plot (i) B,, R, ete., (ii) deflections.
The graph can be used similarly to the one obtained in
§ 223,

225. To measure resistance by a tangent galvanometer.
—Join in series a counstant cell (E.M.¥., E, resistance, B)
galvanometer (G), commutator (plugs out), known resis-
tance, B, and unknown resistance, X. Adjust the gal-
vanometer (§ 214). Close the circuit and obtain the mean
deflection, D,, of the needle.

Alter the value of resistance, B, to another, E,. Obtain
the mean deflection, D,, of the needle.

) 0y

1+ NoTE.—The graph cuts the resistance axis on the negative side of
the origin. The fength of the intercept on this axis is the value of
(D4 G +resistances not incladed in By, R, etc.),
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Exp. 248. —Find the resistance of an incandescent Inmp when glowing.

Notr AND CAUTION.—A wired lamp-holder, and a wired wall plug
or lamp plug are required for this experiment. Before testing, the
connections, cte., must be examined by a responsible demonstrator.

I. Join an ampére-meter in series with the lamp, and arrange to
connect the two with the electric lighting mains. Join a voltmeter in
parallel with the ampére-meter and Iamp. Close the cireuit; observe
the volts and the ampéres. Then

resistance in ohms = (volts) = («mpéres).
The value of resistance obtained is that of (lamp -+ ampére-meter).
The resistance of an ampére-meter is generally negligible. Hence
the value is practically the resistance of the lanp.

II. Procecd as in I., but join the voltmeter in parallel with the
lamp only. Calculate (ampéres) < (volts). The value obtained is that
of the total conductance of (lamp -+ voltwmeter).  Subtract the conduct-
ance of the voltmeter (previously determined): the remainder is the
conductance of the lamp. Then deduce its resistance.

Exp. 249.—Find by the method of substitution the ve-
sistance of the cotl of an electric bell, an electric glow lamp,
a coil of wire, a high resistance.t See §§ 222, 223, A
galvanoscope is provided.

Exp. 250.—PFind by a tangent galvanometer the total
registance of a cell and galvanometer.t See § 225.

Exp. 251.—Find by a tangent galvanometer the resistance
of a Daniell cell,t ete. See § 226.

Exp. 2352 —Investigate the velation between current and
deflectiont for (1) a reflecting, (2) a tangent galvanometer,
(3) a galvanoscope. See § 224.

Exp. 253.—Find by an ampire-meter the resistance of
wires, ete., of @ Daniell cell T etc.

227. Case of a uniform wire.—Suppose a long wire,
uniform in diameter, homogeneous in material, and at the
same temperature throughout. Then the resistances of
different lengths are proportional to the lengths.

Let a current flow along the wire. Consider any three
points on it, mark”%hem, in order, I, #, n. Theun since

T For a constant cell nse a Daniell that has bdn short-circnited
(y 186), or a secondary.
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electricity flows from points at higher potential to those at
lower, the potential at s will be higher than at «, but lower
than at 1. Let V., R.n be, respectively, the potential
difference and the resistance between mn, also Vin and By
the same quantities for Im.

Since the current, C, is of constant strength throughout
the wire,

C= Vlm/le and C = an/Rmn-

Hence Viw/Vian = Rin/Run = length Im/length mn,

that is, when a current flows along a uniform wire the P.D.
between any two points of the wire is proportional to the
length of wire between the points. (See Exp. 255.)

Exp. 264.—Fiud on a wire carrying a current points such that the*
diffevence of potential (P.D.) between adjacent ones is constant : or to graduate
@ wire into parts of equal resistance. |

Join in series (Fig. 222) a constant ccll, §,t plug key, P%, and
uniform wire, 4B, strctehed over a seale (§ 220).  To one of the ter-
minals of a sensitive galvanometer join & wire and jockey, J, and to
the other a resistance box (R2), wire and jockey K. Complete the
stretched-wire circuit through the plug key.

N, L
R~ A J .

¢ 5]
Ph G £ .
M N
G -
v 7] 0 /
Fig. 222,

Make resistance of (RB) as high as possible, put J in contact with
A, and K at a point distant about one-fifth the length of the wire.
Adjust the resistance of (RB) until an adequate deflection of the
galvanometer needle (about halt or two-thirds the scale) is produced.
Note the position of the index of the needle, also of the points 4, ¢
where J and K are pressed.

Next press Jat ¢ and K at different points until one, D, is found
such that the deflection is the same as before. Note the reading of D.

) a

1 Use a Daniell (after shoxt circuiting) or a secondary. It is advis-

able to introduce a galvanoscope (&) and rheostat (R4). Adjust (RA)
to keep the deflection of (G's) constant during the experiment.
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Press J at D, with K find the point E such that the deflection is the
same as before. Note the reading of E.

Similarly find other points F, etc. Finally break the circuit.

Note the distances A€, 0D, DE, EF, ete.

Repeat beginning at some other point (¢7).

THEORY.—Since the same deflection of the galvanometer is obtained
in each case, the currents through the galvanometer are equal. Also
the resistance of the galvanometer circuit between Jand I is unaltered.
Hence the P.D. producing the current (= current x resistance) is
constant. But this P.D. is also that between the points of the stretched
wire at which the jockeys are pressed. Then if the current through
the stretched wire is constant the points found divide the wire into
portions of equal resistance (by Ohm’s law, § 216). If the lengths
are found to be practically equal it may be inferred that the wire is of
uniform cross section, ete.

Exp. 2588.—Detormine the full of potential along a wire carrying a
current. Arrange the apparatus ag in the previous experiment. Use
a reflecting galvanometer. When no current is passing adjust its
index (spot of light) to a division near one end of its scale. Make
resistance of (RD) as high as possible. Join J to 4, press K on B.
Complete the circuit through the plug key. Alter the resistance of
(RB) until the deflection 1s nearly the whole length of the scale.
Break the circuit. Finally note the scale-reading of the galvanometer
index when no current is passing.

Complete the circuit at the plug key. Press jockey, K, at B (the
connection between 4 and the galvanometer is retained throughout
the experiment). Note the scale reading of the deflected index and
the length, 4 5.

Press K at a point, @, on the wire several inches from B. Note the
positions of the galvanometer index and of Q.

Similarly press K successively at points P, &, M, efe. In each case
note the respective positions of the galvanometer index and of the
points on the wire. Iinally break the cireunit.

Tabulate (i) the positions on the wire of the points Q, P, N, M, etc.,
(ii) the corresponding readings of the galvanomecter index, (iii) the
lengths of wire between 4 and the successive points @, P, N, AL, etc.,
(iv) the corresponding displacements of the index (equal to the differ-
ence between the readings when detlected and when undefleeted).

Plot displacements (col. iv.) with regard to lengths (col. iii.) as
abscissae.

Repeat, using two Daniell cells instead of one.

ExpraNArioN.—The currents {through the galvanomecter are pro-
portional to the P.Ds between 4 and the points on the stretched wire
at which the jockey K is pressed ; the P.Ds are proportional to the
resistances of the resPactive lengths of the stPetched wire reckoned
from 4. Tf the displacements of the index are proportional to the
currents through the galvanometer and the resistarfees of the lengths of
wire arc proportional to their lengths, then the displacements of the
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index are proportional to the lengths of the wire, and the graph obtained
by plotting them is a straight line.

If the graph is not straight it indicates that (i) the wire may not be
uniform, or (ii) the displacements of the galvanometer index are not
proportional to the currents through the imstrument. The previous
experiment shows whether the wire is practically uniform ; if it is so
the graph now obtained shows the relation between displacement of the
galvanometer index and the current through the instrument. Con-
firm as in § 224.

ELECTROMOTIVE FORCES.

228. Comparison of electromotive forces.—(i) If a ce
or battery of E.M.F. K, resistance, B,, is joined in serie
with resistances equal to R, and a galvanometer of resist
ance, @, then the current (C,) round the circuit is such that

E,=C (B, + G +R).

(ii) If a second cell of EM.F. E, resistance, B,, is now
substituted for the first and the resistance altered to
another value, R,, then the current (C,) round the circuit
is such that

E,=C,(B;+ G + R).
E C, (B + G+ R)
Therefore ot et WA St S I AL i P
B0 (B,+G+R)

I. General method. 1f the resistance of the externmal
circuit is, in each case, so high that the resistances of the
batteries may be neglected, then

B_C G+R

O GER
IL. Constant resistance method. If in the second case
the resistancc is not altered from the value RE,, then

E/E,=C,/C,

IT1. Equal deflections method. When the value of R, is
adjusted so that the same deflection of the galvanometer
needle is obtained in the two cases, shen C;=C, and

5_B+aG

E, R,+G
PR. PHY. 23

T

N
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Pracrice or taE METHODS. No galvanometer is suit-
able for the determinations unless an adequate deflection
(half or two-thirds the scale) is obtained when the resist-
ance of the external circuit is at least 200 times that of
any cell tested.

The requirements of the three methods are compared in
the table below :—

Constant Equal
Method. General. resistance. deflections.
Relation between
Must be known.
gal:an;)ﬁet(:{'eﬁuz: Use a sensitive tangent or re- Neﬁi not be
iien e flecting galvanometer. own.
on .
Galvanometer re- Must be Need not be Must be
sistance known. known, known.
G t lH h
ircuit resistance . ighresistance: s
must be of rela- Rei‘:ti?f:dbox value need not Rei;et&]pc%box
tively high value quarec. be known. quirec.
|
Cell resistance Must be negligible.

Preliminary fest. Join in series, galvanometer, resist-
ances, plug key (plug out), and one of the cells. Make
the registance high, complete the circuit through the plug
key and observe roughly the deflection of the galvanometer
needle. Then substitute each of the other cells in turn,
and find which gives the largest deflection, this will be the
cell of highest E.M.F.

In the accurate determination join in series the several
items and the cell of highest E.M.F., then proceed with
one of the methods (the general method need not be done).

IL. Constant resdtance method. Th& cell of highest
EM.F. being in action adjust the circuit.resistance until
an adequate deflection is obtained. Note the position of
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the deflected galvanometer index. Join in turn the other
cells in the circuit. In each case obtain and note the
position to which the galvanometer index is deflected.
Between each of these observations read and record the
position of the undeflected index (this zero position”
may vary slightly).

A. If a reflecting galvanometer has been used, tabulate
(1) type of cell used, (2) zero position of index, (8) deflec-
ted position of index, (4) displacement of index (equal to
the distance between the deflected and zero positions).

Calculate the E.M.F. of each cell relatively to a standard
cell (Daniell). Assume

E.M.F. of a cell _. Displacement for cell
EMT. of standard cell — Displacement for standard’

B. If a tangent galvanometer has been used in the ex-
periment, tabulate the observations under (1) type of cell
used, (2) readings (four) of ends of pointer, (8) mean
angular deflection; (4) tan (deflection).

Calculate the E.M.F. of each cell relative to one (say,
the Daniell) considered as a standard cell by assuming

E.M.F. of a cell ___tan (deflection for cell)
E.M.F. of standard cell = {an (deflection for standard)’

In either case (A or B) calculate the voltage of each
cell, assuming that of the standard (Daniell, 11 volts).

1I1. Equal deflections method. The cell of highest E.M.F
being in action, adjust the resistance of the circuit until an
adequate deflection is obtained. Note the position of the
deflected index, and the value of the circuit resistance.
Join in turn the other cells in the circuit. In each case
adjust the circuit resistance, noting the values for the
respective cells, until the galvanometer index is deflected to
the same position as for the first cell. Between each of
these observations obtain and record the position of the
undeflected index (zero position). Tabulate (1) type of
cell used, (2) zero position of index, () deflected position
of index, (4) circuit resistance, (5) total resistance (= circuit
+ galvanometer).
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Calculate the E.M.F. of each cell relatively to a standard
cell (Daniell), assuming
EMT. of a cell __ Total resistance for cell
BEMT. of standard cell ~ Total resistance for standard’

Calculate the voltage of each cell, assuming the value of
the standard (Daniell = 11 volt).

Exp. 2568.—Compare the E.M.Fs of Daniell, Leclanché,
dry, Bunsen, and secondary cells—Work the constant
resistance method with (i) a reflecting galvanometer, (ii) a
tangent galvanometer. Then do the equal deflections
method with a sensitive astatic or single needle galvano-
meter.

Tabulate (1) type of cell, (2) relative E.M.F. by
constant resistance method, (8) relative E.M.F. by equal de-
flections method, (4) voltage by constant resistance method,
(5) voltage by equal deflections method.

229. Wiedemann’s sum and difference method of com-
paring E.M.Fs—Two of the cells whose E.M.Fs (B, E,)
are to be compared
are joined, as in Fig.
223, to a tangent gal-
vanometer or ampeére-
meter, a commutator
(abed), and if neces-
sary a resistance
(RL). The commu-
tator is arranged so
that the cells act, 1st,

[| In conjunction, that
IlE is, send a current in

. ! the same direction
Fig. 223. round the cireuit;

2nd, in opposition, that
is, tend to send currents in opposite directions round the
same circuit. The value of the resistance (RB) should
be arranged so that Suitable deflections (§ 214 (7)) of the
galvanometer needle are obtained. It must not be altered
in value during the two parts of the experiment.
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Since the resistance (R + & + B, + B,) is the same in-

both parts of the experiment, the currents produced will be
proportional to the actual E.M.F. acting. The value of
this when the cells are in conjunction is (¥, + E,), and
(E, — E,) when in opposition. Hence

,E' ! -‘:,E'-f 1 tan D 1

E, — E, " tan D,’

. B _ tan D, + tan D,

" E, tanD, —tan D,’

G
oA

230. The requirements of three methods of measuring
E.M.Fs are compared below :—

|

Wiedemann Poggendorft Condenser
Method. (5 229). (3 237). (§ 238).

Relation between Must be Need not be | Must be

galvanometer known. known. Null known.
current and method. Very
deflection. accurate.

Galvanometer re-

sistance. Need not be known.

Cell resistances. Need not be known nor negligible.

Circuit resistance. | Resistance of | Potentiometer | No  resis-

unknown required. tance re-
value may | Unknown high quired,
be added. resistance.

For Lumsden or Bosscha’s method see p. 428 (Higher
Text-Book of Electricity).

3 X
Exp. 257.—Compare the E.M.Fs of Daniell, Bunsen, and
secondary cells’ by Wiedemann's method. TUse a tangent
galvanometer or an ampire-meter.



358 RESISTANCE : OHM’S LAW.

231. Relation between the E.M.F. of a cell and the P.D, betweer
its terminals when a current is lowing through it.— When a cell i
on open circuit (no current flowing) the value of the voltage betweer
its poles is called the E.M.T. of the cell. The experiment describec
below shows that as soon as the circuit is closed, and a current flows.
the value of the voltage between the terminals falls below that of the
E.M.F. of the cell, the difference between the two becoming greater
ag the current strength is increased. When the cell is short-circuitec
the voltage between its poles is negligible.

THEORY. Let the cell have E.M.F., E, and resistance, B. Join its
terminals by a conductor of resistance, B. Lef
€ be the current that then flows through the
conductor and cell, and ¥ the P.D. between the

aa a poles. Then by Ohm’s law

E=C(B+R) and V = CR,

. V_ R
I il ey
= and E-7__B
B B+ R
v Thus the full in voltage (E — V) is to the
Fig. 224. total E. M. F. as the battery resistance to the totm

resistance of the circuit.
The following values can be calculated from the above :—
E- VI 0'1E, 02E, 0-5E, 0'6E, 075E,
R 98, 4B, B, 3B, 1B .
- Hence, since F and & are constant, (£ — V) is increased, when R it

diminished (therefore the current increased).
To obtain the battery resistance. From the expression above it follows

that
E
B~ (_ - 1) R
14

Hence, if the ratio is obtained of E on open circuif to 1~ when the
circuit ig closed by a known registance, £, then B may be calculated.
Note that B = R when E/V = 2.

Experimental demonstration.-—Use a constant cell (Daniell or
secondary). Join (Fig. 224) a reflecting galvanometer in series with a
high resistance, & (the value need not be known), and connect with the
terminals of cell. Also join a conductor of comparatively low resist-
ance, R, between the cell terminals. (The conductor should carry a
current of one or two awpéres without appreciable heating: its re-
sistance should be capable of variation by known amounts, say from
1/2 to 20 ohms. A stMtehed wire similar to Fi%. 221 is convenient.)
A plug commutator {Pe) is useful.

Observe when the R circuit is broken (value of ® is then infinite),
first, the deflected vosition of the galvanometer index (zalvanometes
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circuit completed), second, the undeflected position (galvanometer
circuit broken).

Similarly observe the deflected and undeflected positions of the
galvanometer index when R is successively made equal to 20, 10, 5, 4, 2,
1 ohms. (The R circuit as well as the galvanometer circuit should be
broken after each reading of the deflected index.)

Tabulate (1) value of R, (2) deflected position of galvanometer
index, (3) undeflected position, (4) displacement.

Plot the displacements with regard to the values of R as abscissae.
The graph will not be straight. Find the value of 2 for which the
displacement is one-half the maximum displacement. The battcry
resistance equals this value of R.

Ezperimental proof-of formula. If y is written for £/ ¥ and z for 1/R
the expression E/¥V = (R + B)/R becomes y =1+ Bz, the graph of
which is a straight line. Hence if the values of E/F are taken as
ordinates with respect to 1/R as abscissae the graph should be a
straight line. Confirm this from the observations above.

Exp. 258.—Find the resistances of Daniell, Leclarché, and secondary
eells. Investigate the drop of voltage on open and closed circuit.

232. To compare resistances of low value.—This is readily done by
joining the conductors in series with a constant cell, and comparing
the P.Ds between their ends by one of the methods for the com-
parison of E.M.Fs. Since the conductors are joined in series the same
current (C) passes through each. If R, B,, I, . . . are the resistances
and ¥, V,, V3 . . . the respective P.Ds between their ends, then

V1=CR, V,= CR,, etc. SR Ry =V Fy, ete.

PRACIICE.—When the constant resisiance method of comparing
E.M.Fs is adopted the circuit is arranged
as in Fig. 225. (It is an advantage to
introduce a rheostat (RZ), and galva-
nometer, G1, in series with the resistances
and cell. Keep the deflection of @, con-
stant, then the current in the circuit will
be constant.) A reflecting galvanomeler
in series with a high resistance, Q, is
used to measure the P.Ds. If J, K are

the terminals of the galvanometer circuit, ¢

join them in turn with the ends of the $ Pr RR G
resistances, 4B, CD, etc. In each case X !
complete the main circuit through the Fig. 225.

plug key (P%), and note the displace-

ment (= deflected position — initial position) of the galvanometer
index. The displacements are proportional to the P.Ds and therefore
to the resistances. ,If the value in ohms of jne resistance is known,
the others may be calculated.

Exp. 259.— Compare the resistances of German silver, iron, and man-
ganin wires of equal lengths and diameters with a 1 okin resistance.



CHAPTER XVIL

WHEATSTONE’'S BRIDGE, POTEN TIOMETER.
AND CONDENSER.

233. The Wheatstone’s network or bridge.—This is an
arrangement of wires, galvanometer, battery, etc., by means
of which resistances may be compared with great accuracy.

Let two conductors, HPK, HQK, be joined in parallel.
Let H be connected with the 4, and K with the — plate
of a battery. Then current (strength, 4) flows in at H,
and divides along the two branches (strengths, 4, 4,).
The divided current recombines at K and thence returns
to the battery. Hence there is a difference of potential
between the extremities, H, K, and a continuous fall of
potential along each branch.

Take any point, P, in HPK : there will be another point,
@ say, on the other branch at
which the potential will be
the same as at P. Join one
terminal of a galvanometer to
P, to the other terminal attach
a wire whose free end (J) can
be pressed to any position on
the branch, HQK. When J is
pressed at the point @, at which the potential is the same
as at P, then no current passes through the galvanometer,
and its needle is not disturbed. When J is pressed at a
point, T, between @ and H, the galvanometer needle is de-
flected, because current flows through the instrument from
T to P (Tis at a higher potential than Qutherefore higher
. than P); if Jis pressed at a point, U, between @ and K,
* the galvanometer needle is deflected, but“in the reverse

way to the preceding, because current lows through it from
360
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Pto U. Hence to find Q, press J into contact with the
wire at different positions until one is found at which there
is no deflection of the galvanometer needle. Note that on
either side of it the deflections are reverse, also that the
amount of deflection becomes less as the point touched is
neaver the required point. Similarly a point, N, may be
found at which the potential is the same as at M, also other
pairs of points.

Now (§ 216) \\
Viup=4, . Byp, Vex=A4,. Bpg, “1
So Vup/Veg=RBygp/Bpg. ’\
Also \
Vae=A4, Bgy, Voxr=A4,.Byp, \.
VaolVaoxr =Rug/ Byx- ‘;‘\
Bince potential at P = potential at Q,
o VZIP: VHQ and VPK: VQK’ 5\ ‘

" Byp/Bpy = Ryo/Box- ’

Thus @ divides the branch, HQK, into two parts Whose\‘»‘l
resistances are in the same ratio as the resistances of the
two parts into which the branch, HPK, is divided by the
point P. This is the rule of the Wheatstone's bridge or
network.

The Wheatstone’s network may be also regarded as a
closed ring of four resistances,
W, X, Y, Z (Fig. 227), in which
there are four joints, H, P, K, Q.
Of these the pair, I, K may be
called opposite joints, or corners,
go also P and @: any other pair
may be called adjacent. Then
note that the battery terminals
are connected with either pair
(H, K) of opposite joints, the Fig. 227.
galvanometer with the other.

. Finally, when on closing the cn'curb there is no deflection
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of the galvanometer, the resistances are said to be balanced,
and their values form the proportion

W:X=2:Y or W.Y=X.2Z,
that is the product of onme pair of opposite resistances
equals the product of the other pair.

In the practical application of the Wheatstone’s net-
work two plans are adopted. In the slide-wire or metre
bridge (§ 234) the branch, HQK, is a wire, uniform in eross-
section, ete., W a known resistance, X an unknown resistance.
The ratio between X and W is then directly measured as
the ratio of the lengths of the two segments into which
the wire is divided by the point @ (determined as in
§ 284). In the P.0. Boz (§ 286) various known resis-
tances are used for W, Z, Y, the ratio of Z to Y is
made a definite value, W is then adjusted by known
amounts with regard to X, and when there is “ balance”
the ratio of W to. X is equal the known ratio of Z to Y.

In practice the comparison of resistance may be made by the Wheat-
stone’s network with very great facility and accuracy. As it is a nullf
- method a very sensitive galvanometer may be used. There need be
no heating of the conductors, due to prolonged flow of current. The

test is independent of variations of E.M.F. of the cells: if change
occurs the several resistances share propertionally.

234. To measure resistance by a slide-wire bridge
(Fig. 228).—Appraratus. A uniform wire is stretched
over a scale of equal parts on a base board, the ends of the

e — e m———

Fig. 228.

wire are attached &g copper strips, H, K, to each of which
two terminals are fixed. There is also a copper strip, P,

+ A null method is one in which the adjustmenls are correct when
there is no deflection of the galvanometer,
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with three terminals. Fig. 229 shows a convenient but
less usual form of slide-wire bridge.

i
]
mw e
[
(== ]
B -
N
S
o
[~}
<
Q3
S

Fig. 229.

Conxecrions.—dJoin (Figs, 228, 229) a Leclanché cell, with
a tap key in its circuit, to H, . Connect one terminal of the
galvanometer to P, the other to a jockey. (The end of the
wire itself may be used, but is not satisfactory in practice.)
The unknown resistance, X, is joined across one gap, a
known resistance, W, across the other. The galvanometer
should be sensitive, a single-needle or astatic pointer
galvanometer is usually sufficient.

In Fig. 228 the cell is joined between P and J (jockey),
the galvanometer between I, K, and there is no tap key
in its circuit. 'This is simpler but less satisfactory than
the preceding.

The apparatus being joined up, the jockey feelst at
points on the stretched wire, until one (Q) is found at
which when contact is made there is no deflection of the
galvanometer. Note the scale reading of Q.

Then w - resistance between H( _ length HQ

X 7 resistance between QK  length QK *

Interchange the resistances, X and W, and repeat the
determination.

Note the value of W. <Calculate X from each of the
two observations: then its mean value.

+ RULE.— Press dolun the tap key in the bat¥hy circuit before placing

the jockey in contact with the wire.
1 Because the wire is uniform the resistance of a length of it is pro-

portional to the length.
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235. The Metre Bridge.—Fig. 230 shows the usual form
and Fig. 231 a diagrammatic view of this apparatus. There
are five stout strips of copper fixed in line on a base-board.
Four movable copper straps are provided for bridging the
gaps between the strips when required. Between the ends
of the extreme strips a stout wire (uniform cross section,
etc.) of German silver is stretched: this is 1 metre long.
Parallel with it a boxwood millimetre scale is fived. The

Fig. 230.

jockey serves to make contact with the stretched wire and
to indicate the point of contact on the measuring scale. A
wire from the circuit is joined to its head. When a test is
to be made place the jockey over the wire and press the
head down, an edge on the under side of it then comes
into contact with the wire. When the head is not pressed,
a spring inside the jockey lifts the edge from the wire.

I3

Fig. 231.

Fig. 281 shows the metre bridge joined for Carey Foster’s
method (see Higher Tewt-Book of Hlectricity, § 150).
For the ordinary tggt, copper straps are,placed across the
two outside gaps instead of the resistances, R, S.

The metre bridge is really designed for the Car'ey Foster test and
gerves that purpose admirably. The low resistance (less than an ohm)
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of the stretched wire and the importance then of knowing the errors
due to imperfect adjnstment at the ends, etc. (these can be only
roughly measured), diminish the value of the metre bridge for deter- ~
minations by the ordinary method. A finer and longer slide wire is
better for this.

Exp. 260.—Demonstratetherule of the Wheatstone's Bridge.
Arrange a slide-wire bridge as in § 234, placing a known
resistance, say 5 ohms, for X, and a resistance box or
known resistances for W. Make W, in turn, equal to, say,
2,4,6,8,10 ohms. Ineach case find and note the position
of J when balance is obtained. Tabulate values of (1) W,
@) X, (3) HQ, (4) QK, (5) W/X, (6) HQ/QK. The
numbers in (6) should be equal to those in (5).

Repeat the experiment with another value of X.

Exp. 261.—Measurements of resistance by means of the
Wheatstone’s bridge. Wires of manganin, German silver,
platinoid, brass, copper, iron, may be used. It is conve-
nient to cut definite lengths of these (50 inches, 100 cm.)
and clamp to a board. Leave some straight portions ex-
posed so that the diameter may be measured.

1. Measure in ohms the resistances of wires of different
materials, but of equal lengths and diameters.

2. Measure in ohms the resistances of wires of the same
material, of equal lengths, but of unequal diameters.
Measure the diameters by the screw gauge. Prove that
the conductances are in the same ratio as the cross
sections of the wires, or as the squares of their diameters.

3. (a) Measure in ohms the resistance of a wire, its
diameter in centimetres by the screw gauge, its length in
centimetres. Calculate (§ 217) the resistivity (or specific
resistance) per cm. cube of the material.

(b) Measure resistance in ohms, diameter in inches,
length in inches. Calculate (§217) the resistivity per inch
cube of the material.

4. Three wires are provided. Find the resistance in
ohms of (i) each separately, (ii) the’fhree in series, (iii)
each pair in series (three arrangements), (iv) the three in
parallel, (v) each pair in parallel (three arrangements).
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Assuming the individual resistances found in (i) above,
calculate (see § 218) what the result should be in each of
the other cases. Compare with the experimental results.

Fig. 232.

=

236. To measure a resistance by means of the Post Office
Box or Bridge.—The connections and details of the P.O.
box are shown in Fig. 233, X being the resistance to be
measured. The lettering is similar to Fig. 229. The four
resistances forming the closed ring (§ 233) are, when plugs
are pulled out, between HP, PK (the unknown), KQ, QH.
PH and HQ@ are called the ratio or proportional arms, QK
the rheostat arm, ®#K the gap for ti resistance, X.
Fig. 232 shows the common pattern of P.O, box (of which
Fig. 233 is a plan) and Fig. 234 a special form.
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Assuming the individual resistances found in (i) above,
calculate (see § 218) what the result should be in each of
the other cases. Compare with the experimental results.

2

=

Fig. 232.

236. To measure a resistance by means of the Post Office
Box or Bridge—The connections and details of the P.O.
box are shown in Fig. 233, X being the resistance to be
measured. The lettering 1s similar to Fig. 229. The four
resistances forming the closed ring (§ 233) are, when plugs
are pulled out, between HP, PK (the unknown), KQ, QH.
PH and HQ are called the ratio or proportional arms, QK
the rheostat arm, *®K the gap for tife resistance, X.
Fig. 232 shows the common pattern of P.O, box (of which
Fig. 283 is a plan) and Fig. 234 a special form. .
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USE OF THE P.O. BOX.

(1) See general rules for resistance boxes, § 219,
(2) Connect the galvanometer, and the unknown resis-
tance, X, to the proper parts of the box. If the box is not
provided with tap keys, one should be intreduced in the
cell connections and another into the galvanometer con-
nections.
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Tig. 233.

The connections are generally indicated on the box. The words
LINE at Pand LINE or EARTH at K have been adopted becausp the -
apparatus was originally designed for testing telegraphic lines, etb. -

(3) The galvanometer should be sensitive and as nearly
dead-beat as possible. Join a resistance of one or two.
ohms across its terminals, to act as a shunt. '

(4) Join in a Leclanché cell.

(5) The battery tap key must be put down a moment or
two earlier than the galvanometer one, and kept down while
the latter is pressed.

(6) Make the resistance of each ratio arm, HP, HQ,
equal to 1000 ohms, and withdraw the infinity plug from
its hole. Press the keys as in (5). Note whether the
galvanometer index moves to the right or left. Whenever
during the test it'moves the same wanras it does now it
signifies that the resistance of the rheostat arm is too
much, and when it moves in the reverse way that it is too
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little. Replace the infinity plug in its hole, see that all
holes in the rheostat arm are plugged. Leave the 1000
ohm resistances of the ratio arms unplugged. Press the
keys as in (5). The index should move in the direction sig-
nifying too little.

These tests show whether the apparatus is working
correctly. 1If deflections are not obtained the connections,
battery, ete., must be carefully examined and the fault
rectified.

(7) Keep the resistance of each ratio arm = 1000. Alter
the resistance of the rheostat arm systematically (see
example below) and note what value (==) gives a small
deflection one way, and a reverse deflection when increased
by one ohm. Then

X lies between n and (n + 1) ohms.

(8) Remove the shunt from the galvanometer. Make
ratio arm, PH =100, HQ = 1000 (then PH: HQ=1:10),
rheostat arm, @K = 10n. The previous test shows that bal-
ance should occur between the values 10 » and 10(n 4 1).
Increase the resistance of the rheostat arm by one ohm at a
time and note what value (n,) gives a small deflection one
way, and a reverse deflection when increased by an ohm.
Then

X lies between n,/10 and (n,+ 1)/10.

(9) Make the ratio arm, PH =10, HQ = 1000 (then
PH : HQ = 1:100), rheostat arm, QK = 10 n,, and pro-
ceed similarlyt to (8). If n, is the balancing value of the
rheostat arm, then

X = n,/ 100.

(10) When the null value cannot be obtained exactly by adjusting
the resistances, it may be determined by observing the final small deflec-
tions obtained in (9).%+ Having adjusted the rheostat arm as nearly as
possible, read the position at which the index rests when the keys are
(i) up, (ii) pressed down. The deflection in scaie divisions is the differ-
ence in the readings of the index. Alter the resistance of the rheostat
arm by one ohm 50 as to get a deflection the opposite way. Deduce as
before the value of the deflection in scale divisions. Tf, for the smaller
resistance of the rheostaggrm the deflection is z, fer the larger, ¥, then

+ Two or three Leclanché cells in series may now be added to the
battery circuit.
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z+y is the deflection due fo a change of 1 ohm in the rheostat arm.
Then 1/(z+y) okm would produce a deflection of 1 scale division.
Therefore for # scale divisions the increment in resistance=z/(z+y).
Hence if z/(x+y) ohm is added to the resistance of the rheostat arm

that gives the deflection », then the deflection would be reduced to
zero (see example below).

(11) The range of resistance of the rheostat arm is generally from
0 to 11,110. Thus any resistunce up to 111°10 can be measured to two
decimal places, and estimated to three. If the value is less than one

t I'ig. 234 shows another arrangement of the P.O. box. The top
and right-hand rows are the ratio arms. The resistances of the
rheostat arm are in fiye rows, of which the resgective units are 0-1, 1,
10, 100, 1000 ohung, and the multiples, 1, 2, 3, 5. The unknown is
introduced at z. Qne finger works Loth keys: the upper closes the
battery circuit, the lower closcs the gulvanometer circuit.

PR. PHY. 24



WHEATSTONE'S BRIDGE AND POTENTIOMETER. 369

z+y is the deflection due to a change of 1 ohm in the rheostat arm.
Then 1/(z+y) okm would produce a deflection of 1 scale divisionl.
Therefore for z scale divisions the increment in resistance=z/(z--¥)-
Hence if z/(z+¥) ohm is added to the resistance of the rheostat arm
that gives the deflection z, then the deflection would be reduced fo
zero (see example below).

I3

. TENS

(11) The range of resistance of the rheostat arm is generally from
0 to 11,110. Thus any resistunce up to 111°10 can be measured to two
decimal places, and estimated to three. I the value is less than one

1 Fig. 234 shows another arrangement of the P.0O. box. The top
apd right-hand rows are the ratio arms. The resistances of the
rheostat arm are in fiye rows, of which the resgpctive units are 0-1, 1,
10, 100, 1000 ohms, and the multiples, 1, 2, 3, 5. The unknown is
introduced at . @ne finger works both keys: the upper closes the
battery circuit, the lower closes the galvanometer circuit.

PR. PHY. 24
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or two ohms the second decimal place is hardly reliable. Resistances
from 11,000 to 110,000 can be measured by making the ratio arms
HP=1000, HQ=100. Then the unknown is 10 times the resistance of
the rheostat arm. The measurement, however, would not be closer
than 10 ohms. Resistances from 110,000 to 1,110,000 can be measured
by making the ratio arms, HP=1000, H@=10. The measurement,
however, would not be closer than 100 ochms.

EXAMPLE.—A resistance measured by the P.O. box proved to be
67-123 obms. This value was obtained by the following obser-
vations :—

Ratio. |Resistance'of Rheostat Arm| Deflection. Inference.
1000/1000 | e ) to right too large
=1 0 . to left too small
1000 " | to right too large
X=X | 100 to right too large
10 to left too small
various _ —_—
1042043044 48=67 to left too small

104204 30+4+443+41=068| to right too large

1000/100 | 670+4=674 to right too large
=10 6704-3=0673 1o right too large
X=%Y | 6704+2=672 to right too large
670+1=671 to left too small |
1000/10 | 67104 1=6711 to Jeft too small
=100 671042=6712 to left too small
X=x}s¥ | 67104+ 3=6713 to right too large
6713 9 diva. left |6712-3 is the
6712 4 divs. right | valuefor zero
deflectiont
oo X=67-123.

t Difference of 1 ohn™#n rheostat arm gives deflection of 13 divisions.
.*. deflection of 1 division is equivalent 1/13 ohm in rheostat arm.
.*. deflection of 4 divisions is equivalent 4/13 ohnf = 03,

<. 0-3 added to 6712 should make the deflection zero.
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Exp. 2062 —Find by the P.O. box the resistance of an
electric lamp (cold), the coil of an electric bell, of a galvano-
meter, of a telephone, etc.

Exp. 263.—Find the resistance (1) of a moving-magnet galvanometer,
(2) of @ moving-coil galvanometer (control the latter by mathod (ii) below)?
by its own deflection (Lord Kelvin's method). Join up the circuit in
the usual way for a Wheatstone's bridge test, placing, however, the
galvanometer whose resistance is required in the position for the un-
known resistance, and connecting each of the opposite corners, between
which the galvanometer is usually joined, by a wire toa terminal of a
tap key (no 0alvanometer i8 now required in this part).t Also put a
plug key (plug out) in the battery connection instead of a tap key.
Use a constant cell (Daniell).

Operate as in the ordinary method of comparing resistances by the
‘Wheatstone’s bridge.

Test.—When things are arranged, put in the plug of the plug key, B,
the galvanometer needle is then deflected. Bring its index to a con-
venient part of the scale;} when it is at rest, press the jockey or tap
key, J, if there is a change in the deflection of the galvanometer needle
the resistances are not bulanced. LReadjust their values, and repeat the
test until there is no change in the deflection. The resistances are then
related as in § 233.

EXPLANATION.—See § 233, Fig. 226. The galvanometer being
placed between Pand X, its needle 1s deflected by the current that flows
in PK. When J is pressed at 7'or U or @, the current along PK is re-
spectively greater or less than or equal to .4,. Hence the galvanometer
carries the same current after J is pressed at Q as before, and there is
therefore no change in its deflection. Thus the point @ on the branch
HQK having the same potential as P on HPK, can be discovered by
adjusting until there is #o change in the current in a branch, this being
indicated by no change in the deflection of a galvanometer needle
placed in the branch,

237. Comparison of potential-differences: Poggendorff’s method. —
Suppose a current, C, to flow along a uniform wire, HK (Fig. 235).
Between a point, H, and any other point, Q, on the wire there is a
P.D., the value of which is proportional to the length, H(@, between
the points. If the P.D. between HK is, say, 2 volts, then that

+ In Fig. 229, join P to a jockey, J, or tap key by a wire; connect
the galvanomeber between PK; substitute a plug key for the tap
ke .
z,If the control magnet is not strong emough, (i) adjust a bar
maonet close to the galvanometer: or (ii) “introduce a rough resistance
box in the battery &onnectxon between thesdlug key and & terminal
of the cell (generally a better plan). When the box resistance is,
say 200, the working P.D. between HX is small. Reducing the box
resmtance increases the working P.D.
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between HQ is less than 2, also that between H7'is less, and HU
_greater than HQ.

H

Suppose a cell, §, of EM.F.,
E, has its + pole joined to II.
K Then the + pole and H will be

at the same potential. The

jockey, J, and galvanometer
coil will have the same potential
f S as the — pole of the cell, and
Fig. 235. will therefore be E volts below
H (the circuit of the cell being open).

Suppose the point, @, on the conductor, JIX, to be at such a distance
from H that the P.D. between HQ=Z volts. Then the potential at
Q equals that of J. 1ence on placing J in contact with @ no electricity
Sows, the galvanometer needle is not disturbed. If, however, J is
pressed at a point 7' between H and Q, then since the P.D. between
HT (=v, say) is less than that between HQ, .. v, isless than &.
Hence round the circuit, HTGII, the acting E.M.F. =E—2,, and
current flows in the direction, TG H. Similarly, if J is pressed at U,
beyond Q, so that the P.D. between HU (=v,, say) is greater than E,
then round the circuit, UG H, theacting E.M.F. =1, ~ ¥, and current
flows in the direction, HG 7, reverse to the preceding. Hence to find
Q, press J into contact with the wire at different points until the
position is found at which there is no deflection of the galvanometer
needie. This is the required point. Note that on either side of it the
deflections are reverse, also that the amount of deflection gets less as
the point touched is nearer the required point.

The preceding highly important principle was first applied by
Poggendorff to compare the 14. M.I's
of cells. The cells are, in turn, 55 G
substituted for 8, and the respective R Sw
lengths of wire that ““balance”’ the M‘

cell determined. If for E.M.Fs,

E, E,, E,... the lengths are T T
HQ,, HQ,, HQ; . . . then 8 P #
E,: E,: E; = HQ, : HQ, : HQ,, etc. = r:-_—é———\/
N R, £ —r; J—
The advantages of the method are by~ 0= 0
(1) it is a null method (a very
gensitive galvanometer may there- Fig. 236.

fore be used) ; (ii) the comparison is
realised when no current is passing, hence the cells are practically on
open circuit, and the relations obtained ars independent of their resist-
ances; (ili) the comparison is also independent of the actual strength
of current in the potentiometer wire provided it remains constunt
during the test. e R
Potentiometer.—This consists of a uniform wire stretched over a
scale of equal parts, and is suitable for determinatiqns like the above.
(See Figs. 228, 229.)
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PRACTICE.—The battery (S§§) joined to the ends of the potentio-
meter wire must be of practically constant E.M.F. The voltage
between the ends of the potentiometer wire must be greater than the
E.M.F. of any cell to be tested. It is well to join a high resistance, ®
(10,000 ohms or more} in series with the galvanometer; keep it in
circuit until the several balancing points are nearly found, then remove
it and find the balancing points for each cell as exactly as possible.

The P.Ds between the ends of resistances, etc., may be compared in
a similar manner, and hence the ratio of the resistances deduced
{(compare Fixp. 232).

Exp. 264.—Compare the E.M.Fs of Danicll, Leclanché, and Bunsen
cells by means of the potentiometer. Fig. 236 shows the arrangement of
the circuit : potentiometer wire (HK), jockey (J), tap key (B},
secondary cell (S§8), galvanometer (&), high resistance (&), 3-way
switch (Sw). Record the lengths (HQ,, etc.) of the stretched wire
ag determined. Express the E.M.Fs relatively to the Daniell or, if
provided, a Clark or other standard cell.

THE CONDENSER.

238. Condensers.—These consist of a number of sheets of tinfoil
separated by insulating substance. The insulator is mica in the
standard or highest class of condenser, and paraffined paper in others.
The first, third, fifth, etc., sheets of
tinfoil are connected together, also the
second, fourth, sixth, etc. FEach set
forms a coat or armature of the con-
denser. Each set is joined to a
terminal on the outside of the box
(wood or metal), into which the con-
denser is put. Fig. 237 shows a
standard condenser. The box is
circular, made of brass, and has an
ebornite top. The terminals are fixed
each to a brass piece. A plug fits
between these pieces. When the
plug is withdrawn the coats are in-
sulated from one another, when it is pushed in the coats are con-
nected.

Fig. 238 shows a cheaper, but efficient, form. The boxis of wood,
rectangnlar in shape. The terminals are fixed to an ebonite plate.
There 1s no plug.

EXPLANATION.—Suppose a bedy, 3, to be kept at a higher potential
than another, V: 1T instance, # and N ma} be the poles of a battery
or two positions qn a circuit round which an electric current flows.
T.et one coat of a condenser be joined with A, the other with ¥,
Tlectricity will flow into the condenser until the potentials of its
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coats are equal to those of the points with which they are respectively
connected.

Fig. 238,

Capacity. The ratio of the quantity of electricity (Q) in the con-
denser to the P.D. between its coats (¥) is constant in value: or
Q=F7,
where F is constant. The value of F is called the capacity of the
condenser. If ¥'=1, then F={Q, or the capacity is numerically equal
to the quantity of electricity that will charge the condenser to unit
P.D. The practical unit of capacity is called the farad, and is such
that a condenser of 1 farad capacity is charged by 1 coulomb to a P.D.
of 1 volt. Hence the capacity of any condenser in farads is the number
of coulombs of electricity in the condenser when the P.D. between

the.coats is 1 volt.

Then Q coulombs = (F farads) X (V volis).
In practice the standard condenser is 1 micro-farad (one millionth

farad). The condensers used for experimental work are generally
fractions of the micro-farad : ¢.g. }, i, 1%, ete.

PrACTICE.—The following experiments with a condenser are done
by first charging it, and then discharging it through a ballistic
galvanometer. The needle is deflected by the momentary current,
oscillates to and fro, and finally comes to rest in its original position.
The extent of the first displacement or throw of the needle is measured
by the scale of the indtzument. If the galvantmeter is a reflecting
one the first displacement of the index is proportional to the quantity
of electricity discharged. v measure the throw ndie (1) the zero or
initial position of thc image, (2) the position roughly to which it is
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coats are equal 1o those of the points with which they are respectively
connected.

Fig. 238.

\

Capacity. The ratio of the quantity of electricity (@) in the con-
denser to the P.D. between its coats (¥) is constant in value: or
Q=F.7,
where F is constant. The value of F is called the capacity of the
condenser. If V=1, then F=@, or the capacity is numerically equal
to the quantity of electricity that will charge the condenser to unit
P.D. The practical unit of capacity is called the farad, and is such
that a condenser of 1 farad capacity is charged by 1 coulomb to a P.D.
of 1 volt. Hence the capacity of any condenser in farads is the number
of coulombs of electricity in the condenser when the P.D. between

the coats is 1 volt.

Then Q coulombs = (F farads) X (V volts).

In practice the standard condenser is 1 micro-farad (one millionth
farad). The condensers used for experimental work are gemnerally
fractions of the micro-farad : e.g. &, i, +%, etc.

PRACTICE.—The following experiments with a condenser are done
by first charging it, and then discharging it through a ballistic
galvanometer. The necedle is deflected by the momentary current,
oscillates to and fro, and finally comes to rest in its original position.
The extent of the first displacement or throw of the needle is measured
by the scale of the inlt? ument. If the galvantmeter is a reflecting
one the first displacement of the index is proportional to the quantity
of electricity discharged. v measure the throw ndle (1) the zero or
initial position of the image, (2) the position roughly to which it is
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thrown on discharge; (3) recharge the condenger, and (4) while look-
ing at the part of the scale to which the image was thrown in (2),
discharge and note exactly the scale reading reached by the image.
Confirm by repeating the charge and discharge. Calculate the dis-
placement.

"The charging and discharging is done in a moment or two. It is
therefore readily effected by including a tap key in the charge and
another in the discharge circuit. Two separate tap keys are, however,
dangerous, because they are liable to be pressed down simultaneously
and thus to connect the galvanometer aud battery directly., A Morse
key (Fig. 239) makes a good charge and discharge key, but does not
permit the condenser to be insulated from the circuit. Ku is a stiff

metal rod, carrying metallic contact points @, . Wires from the circuit
are joined to &, f, 5, the battery and condenser between L and R, the
condenser and galvanometer between L and P (Fig. 240). The spring,
/, keeps a in contact with &; therefore the condenser is kept charged.
Pressing K separates a, 4, and then brings ¢, 4 into contact, the con-
denser then discharges. When K is not pressed the spring, f, breaks
contact at ¢, 4 and restores it at 2, 5.

The eireuit may be arranged as in Fig. 240: condenser, F, charge and
discharge key, K4, reflecting galvanometer (ballistic), BG, and con-
stant cell E.

Lt

Exp. 265.—Compare the E.M.Fs of ?‘ A
cells by means of a condenser. Compare
gecondary, Leclanché, and Danijell cells.
Use a condenser of large capacity. (I}
Arrange as in Fig. 240, with one of the E
cells to be tested at B. Charge the con- -I
denser by connecting it through the key F
with the cell, then discharge it through
the galvanometer. v Note the magnitude n? .
of the throw produced. (2) Substitute Fig. 240,
each cell in furn at F and repeat (1).

The E.M.Fs of the cells are proportional to the respective throws.
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thrown on discharge; (3) recharge the condenser, hnd {4) while look-
ing at the part of the scale to which the image was thrown in (2),
discharge and note exactly the scale reading reached by the image.
Confirm by repeating the charge and discharge. Calculate the dis-
placement.

T'he charging and discharging is done in a moment or two. It is
therefore readily effected by including a tap key in the charge and
another in the discharge circuit. Two separate tap keys are, however,
dangerous, because they are liable to be pressed down simultaneously
and thus to connect the galvanometer aud battery directly. A Morse
key (Fig. 239) makes a good charge and discharge key, but does not
permit the condenser to be insulated from the circuit, &u is a stiff

metal rod, carrying metallic contact points 2, ¢.  Wires from the eircuit
are joined to 4, f, &, the battery and condenser between I and R, the
condenser and galvanometer between L and P (Fig. 240). The spring,
J, keeps a in contact with &; therefore the condenser is kept charged.
Pressing K separates @, b, and then brings ¢, 4 into contact, the con-
denser then discharges. When K is not pressed the spring, f, breaks
contact at ¢, 4 and restores it at 2, 5.

The circurt may be arranged as in Fig. 240 : condenser, F, charge and
discharge key, A4, reflecting galvanometer (ballistic), BG, and con-
stant cell E.

K

Exp. 268.—Compare the E.M.Fs of
cells by means of a condenser. Compare
secondary, Leclanché, and Daniell cells. L
Use a condenser of large capacity. (1}
Arrange as in Fig. 240, with one of the E
cells to be tested at E. Charge the con-
denser by connecting it through the key
with the cell, then discharge it through
the galvanometer. o Note the magnitude w9 ;
of the throw produced. (2) Substitute Fig. 240.
each cell in turn at E and repeat (1).

The E.M.Fs of the cells are proportional to the respective throws,

F
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TareorY.—If E,, E,, E, are the E.M.Fs of the cells and F the
capacity of the condenser, then the respective quantities of electricity
are

@ =FE), Q,=FE,, Q;=FE,
B B, By=Qp: Qy: Q.
When these quantities are discharged through the galvanometer the

respective throws are proportional to them, and therefore to the
respective E.M.Fs.

Exp. 266.—Compare the capacities of condensers.—Arrange as in
Fig. 240. Use at E, if necessary, several Leclanché cells in series.
(1) Place one of the condensers to be tested at F. Charge, and dis-
charge, note the throw. (2) Substitute each condenser in turn at F
and repeat (1).

The capacities are proportional to the respective throws.

TrEORY.—Let E be the voltage of the battery, F,, F,, the capaci-
ties of the condensers. When charged by the battery the quantities
of electricity in them are

Q=HE, Q=FE,

v =0 1 Q.
The quantities are proportional fo the throws, therefore the capacities
are proportional to the throws.



APPENDIX,

PRACTICAL DETAILS.—TABLES OF FoUR-FIGURE ILOGARITHMS,
ANTILOGARITHMS AND TRIGONOMETRICAL FUNCTIONS.—TABLE
OF ABSOLUTE UNITS.—MENSURATION.—BRITISH AND MBETRIC
WEIGHTS AND MEASURES.—CONVERSION FACTORS.—MECHANICAL
DATA AND UNITS.—DATA AND UN1TS IN HEAT, SOUND AND LIGHT.—
DATA AND UNITS IN ELECYRICITY AND MAGNETISM.

Apparatus for home experiments.—The following pleces of appa-
ratus are required in addition to those mentioned on p

(16) Glass prism. Cost, 6d.

(1 ) Glass slab. Cost, 1s. 0d.

(17) Lead ball. Cost, 2d.

(18) Spring. Cost, 6d.

(19) Rubber cord. Cost, 1d.

(20 Thermometer Cost, 1s. 6d.

(21) Bunsen burner, tubing and triped. Cost, 2s. 6d.

(22) Horseshoe magnet and keeper. Cost, 4d.

(23) Ironm filings. Cost, 2d.

(24) Piece of mirror, mounted. Cost, 6d.

(25) Note-book (pages squared). Cost, 6d.

The cost of the whole, 1f items 5, 9, 10, 11, 12, 13 and 21 are ex-
cluded, is practically 7s. 6d.

Mercury tray.—When mercury is employed in an experiment, the
apparatus should be placed in a large shallow tray; the spilt mercury
is then prevented from spreading and damaging other apparatus; 1t
can also be recovered. The tray may be made of cardboard, or, bett(,r,
wood, say 27 thick. A tray 2 ft. square by 3 ins. deep is usetul.

To clean and dry bottles, etc.—Well rinse the bottles with (i) hot,
(i) distilled water: jerk out as much of the water as possible. Hold
the bottle by the neck and keep it moving in the warm air above the
flame of a Bunsen burner. Remove it when it feels hot. Introduce
into the bottle the end of a piece of glass quill tubing and slowly
suck air through it; continue doing this uuntil the bottle is cold.

To dilute Sulphuric Acid,—When sulphuric acid and water are
mixed together considerable heat is produced. Measure the required
volumes of strong acid and water in separate vessels. Add the acid in
small poriions to the water and stir thoroughly. Allow the mixture
to stand until cool.

To weld Platinum.-—Pieces of platinum at a white heat can be
readily welded. To weld platinum wire to a }éiece of foil, lay the foil
on 8 smooth thick iton plate resting on a badk. Lay the end of the
wire on the foil, direct the flame of a foot blowpipe on the foil and
end of wire, and when these are white hot hammer them together with
a small hammer.

377
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TRIGONOMETRICAL FUNCTLIONS.

Angle.
De - Chord. Bine. Tangent. Co-tangent.| Cosine.
grees, Radians.
0° 0 0 0 0 0
1 0175 017 0175 0175 57-2900
2 349 035 0349 0349 286363
) 0524 052 40523 0024 190811
4 0698 <070 0698 0699 143007
5 08738 087 0872 ‘0875 114301
6 1047 105 1045 1051 95144
7 1222 ‘122 1219 1228 8-1443
S 1396 140 *1392 1405 71154
9 1571 157 1564 1584 63138
10 ‘1745 174 *1736 1763 56713
11 1920 192 1908 *1944 51446
12 2004 209 2079 2126 47046
13 2269 226 2250 2309 43315
14 2443 ‘244 *2419 2403 40108
15 2618 261 2588 0679 37321
16 2793 278 2756 2867 3:4874
17 2967 206 2024 3057 32709
18 ‘3142 313 3000 3249 30777
19 *3316 -330 +3256 3443 29042
50 | -sagn | 841 | 3420y 8640 2747
21 3665 364 3584 3839 i 2:6051
22 *3840 382 3746 4010 24751
23 *4014 399 +3907 4245 2-3559
24 4189 416 4067 4452 2-2460
25 *4363 *433 *4226 4663 21445
26 *4538 450 4384 4877 20503
27 4712 407 4540 5095 10626
28 ~4887 484 *4695 *5317 1-8807
29 5061 501 4848 5543 18040
30 5236 518 *5000 5774 17321
31 *5411 *534 5150 6009 16643
32 5585 551 5299 6249 1-6003
33 5760 568 5446 6494 15399
34 5934 *585 -6592 6745 14826
35 *6109 +601 5736 14281
36 +6283 618 5878 1-3764
37 6458 635 6018 1-3270
38 6632 *651 6157 1-2799
39 6807 668 6203 12349
40 6981 “684 6428 11918
41 *7156 <700 6561 1-1504
42 “7330 17 6691 11106
43 7505 783 6820 10724
44 ‘7679 749 6947 10355
45° 7854 765 7071 1-0000
Cosine. [Co-tangent. Tangent.

-

1414 1-5708 90°
1-402 12533 89
1389 15359 88
1377 15184 87
1364 1-5010 86
1°4835 85
14661 84
14486 83
1-4312 82
1-41387 81
13963 80
1-3788 79
1-3614 78
13439 kit
13265 76
13090 75
1-2015 T4
12741 73
12566 72
12392 71
12217 70
1-2043 69
11868 6%
1-1694 67
11519 66
1-1345 65
1-1170 64
10996 63
1-082]1 62
10647 61
- e—
1:0472 60
10207 59
1-0123 58
9948 57
9774 56
]
9599 55
]
9425 54
9250 53
9076 52
*8901 51
_ |—
8727
8552
8378
*8203
*8029
<
‘7854
JESS
Radians. | Degrees.
Angle.
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APPENDIX. 385
S ~4
Al statements in pages 385-394 which are mariced by an u&nak should

be comumitted to memory.
i1

MENSURATION, ETC.

Base of hyperbolic logarithms, ¢ = 2-7183.
Hyp. log X = 2-3026 (log,, X).

w = 31416 (= 3-14* or 22/7* roughly):

log w = 0497 15:

/
’ hyp. log m = 1-1447.

n? = 9-870,
1x = 0-3183,
= 1772,

TRIANGLE, Area = } X base x height.*
CIRCLE. Circumference = 7 x diameter.*

Area = 7 (radius)** = % (eircumt.)3,
™

ELLIPSE, semiaxes, a, b, Area = . a. b,
SPHERE. Surface = 4 (radius)?® = 12-57 (radius)3,
Volume = $7 (radius)®* = 4°19 (radins)3.
RIGHT CYLINDER or PRISM. Volume = (Area base) X (height).®
RIGHT CONE or PYRAMID, Volume = } (Area base) X (height).*

MEASURES OF TIME.

1 mean solar day*®
= 24 hours (Ars.) = 1440 rainutes (m.) = 864 00 seconds (s.).

1 sideresl day = 86 1641 mean solar seconds (s.).

MEASURES OF ANGLE.
A revolution® = 4 right angles = 360 degrees (°) = 2x radians.
1 right angle = 90 degrees® = 5400 minutes = 324 000 seconds.
1 degree (°)* = 60 minutes (') = 3600 seconds (").
1 minute (}* = 60 seconds {"}.
Conversion factors for circular measure (radians).

o l nght argle = 1-5708 radians, /¥
L = 0-017 45 radian,

1 radiar? = §7-3°% = 3437-7' = 206 265",
PR. PHY. 25
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BRITISH MEASURES OF LENGTH.
1 yard* (yd.) = 3 feet (ft.) = 36 inches (ins.).
1inch (in.) == 00833 feet.

A mil is one-thousandth of an inch,
The halfpenny is an inch in diameter.*

METRIC MEASURES OF LENGTH.
1 metre* (m.)

I

10 decimetres (dm.) = 100 centimetres (¢m,)
= 1000 millimetres (mm.).
A micron (u) is one-thousandth of a millimetre.
A millimicron or micromillimetre (ug) is one-millionth of a milli-

metre.
An angstrém or tenth-metre = 10—~ metre = 0:000 000 01 cm.

Conversion factors.
1 inch = 2°54 centimetres.® 1 centimetre = 0:3937 inch = 0-0328 ft,
1 foot = 3048 centimetres, 1 metre = 3937 inches.*
One-fiftieth of an inch is very nearly half 4 millimetre.*
One foot is nearly thirty centimetres.*

BRITISH MEASURES OF MASS.
1 pound (/8.) avoirdupois* = 16 ounces (0z.) = 7000 grains (grs.),
0:0625 Ib. = 1 ounce . = 4875 grains.
10 pounds is practically the mass of a gallon of water.*
An ounce is practically the mass of one-thousandth of a cubic

foot of water.*
The mass of a halfpenny is one-fifth of an ounce.
The grain is the same mass in Troy, Apothecaries and Avoirdupois

measures,
METRIC MEASURES OF MASS.

1 kilogramme* (kgm., kilog., kg.) = 1000 grammes (gm.}.

1 gramme¥* (gmn.)
= 10 decigrammes (dgm.) = 100 centigrammes (cgm.)

= 1000 milligrammes {mgin.}.
One gramme is the mass of a cubic centimetre of water.*
Conversion factors.
1 grain = 0°0648 gramme. 1 gramme = 15-432 grains,
1 oz. avoirdupois = 2%%5 grammes. 1 gramn% 0-0353 ounce.
1 1b. avoirdupois = 4536 grammes.* 1 kilogramgme = 2205 lbs.*

I
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BRITISH MEASURES oF Al

1 square inch

METRIC MEASURES oF

1 square centimetre*
(sq. mm., mm,?)

1 square foot® (sqg. f1.)

(sq. cm., cm,?)

{EA OR SURFACE,
= 144 square incheg (sg. in.),
= 0-006 944 square feet. ‘\

AREA OR SURFACE,

.
Conversion Sactors.,

1 square inch = 6-451 sg. cm.
1 square foot = 929 sq. em.

BRITISH MEASURES or VOLUME

1 cubic foot (cs. f2., f2.3)
1 cubic inch (ch. in., in.3)
1 gallon =
1 fluid oun

METRIC MEASURES oF YOL

1 litre* (1) or 1 cubic

decimetre (c.
timetres (¢buc.y com., .., om.3),

= 1728 cubic incheg*
= 0000 578 7 cb. ft,
0:1606 cubic foot = 2775 cubic inch

ce (A. 0z.) = 0006 25 gallon = ¢-003

1 sg. em. = 0-155 8q. in.
1 sg. em. = 0-001 076 sq. 2.

OR CAPACITY.

= 6228 gallons,

= 0003 604 gallon.
es.

003 5 cb. 7,

UME OR CAPACITY.

dm., din.%) = 1000 cubio cen-

Conzersion Sactors.

1 cubic inch = 16-39 ¢b. em.
1 cubic foot = 928 317 ¢b. em.
1 gallon = 4541 ¢b. om,
1 fluid ounce = 284 ¢b. em,

1 gramme per
= 0-0362 pound per cubic inch.
1 pound per cubie foot
1 pound per cubic inch

1 cb. ft. water at go°
grammes,

1 ch. in. water at 62°
grammes.

1 cubic centinetre of water
1 pound of water at 62°

1cb. em. I
8°C., 13-56 gramnibs,

= 0016 02 gramme
= 2765 grammes per
F. weighs 6232 Ibs,

F. weighs 0036 b,

at 4°C. weighs
F. occupies 0-016 c
= 4636 cubic centimptres, ’

of mercury weighs at (°

1 cubic centimetre = 0-06] ¢b. in.
1litre = 003532 3. g,
Llitre = .76 pints = 0-2202 gallon,

1 litre holds o kilog. (22 1bs.) of water.

DEN SITY, ETO.
cubic centimetr

¢ = 62°43 poundg per cubic foot

Dber cubic centimetre,
cubic centimetre,

= 9971 oz5, = 282 69
= 03766 0z. — 1635

1-000 013 grammes.
b'. th* = 2767 ob. in.

C. 13596 gms. [13-6%]; 4

=100 square millimetreg .
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1 cubic foot of air at N.T.P.1 weighs 0°0807 pound.

1 litre of air at N.T.P.} weighs 1'293 grammes.*

1 gramme of air at N.T.P.J occupies 7733 cubic centimetres.

1 litre of hydrogen at N.T.P.1 weighs 0°090 Ol gramime [0-09*].

SprcIFIc GRAVITY (Sp. G.). For the distinction between specific
gravity and density see §§ 62, 63.

(Jl[ass of\ _ (Vohmze of) % (Sp. G. ofits) % ( Mass of unit )*
. 7,

abody | — \ the body material volume of wate:

TABLE oF SPECIFIC GRAVITIES.

alcohol +...ovvvvnnnen., 08 iron, cast ....... e 7-2
aluminium .............. 2+6 ,, Bteel ... ..., 77
bras8 ..ovvivvriveninan 8-3 lead ......... PN 11-3
coal...... Cere e e 108 marble................ 27
COPPET. v eeevvenennrners . 87 METCULY .« vvvvvennvan 136
German silver .......... 85 petroleum ............ 08
glass .. ...0iiiiieen vae 275 sulphur ......... 2-0

R 11 31 sulphuric acid ........ 1'8
glycerine .............. 1-3 turpentine .. .......... 0-9
gold coinage ........... . 1749 | wax (bees) ............ 09
gold, pure .. .... e 193 | wood ............ e 05tol
granite ....... e 2-7 'y, €bony........ vees 141

Mean density of the Earth, 5°53.

FORCE, WORK, ETC.
VELOCITY. 1footsecond = 30°48 cm. sec. 1 cm. sec. = 0-0328 ft. sec.

ACCELERATION. 1 ft. sec. sec. = 30°48 cm. sec. sec.
32°185 ft. sec. sec. = 981 cm. sec. sec.

ACCELERATION OF GRAVITATION, g, in cm. sec. sec., at an altitude
of 4 cm., and in latitude, ¢. g = 980:62 ~ 26 cos 2¢p — A/330 000.

Greemwich (lat. 513°), g = 32-191 ft. sec. sec. = 981-17 cm. sec.
gec. Length of seconds pendulum = 99413 cm.
Latitude 45°, g = 9806 cm. sec. sec. Length of seconds pendulum
= 99:356 cm.
" MoMENTUM. 1 ft.Ib. sec. = 138 25 cm. gm. sec.
1 cm. gm. sec. = 0°000 072 33 ft. 1b. sec.

ForcE. 1 poundal = 138 25 dynes. 1 dyne = 0-000 072 33
poundals. A megadyne is a million dynes.

WereHT. The weight of a body at any place is the force with
which the earth attrags it at that place. .

(Weight of body) = (Mass of body) x (Acceleration of gravitation).*

t N.T.P. = normal temperature and pressure® The normal tem-
perature is 0°C. For the normal pressure see p. 389.
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GRAVITATION UNITS OF FORCE.—The weights of unit masses. (The
variation in the value of g i8 neglected.)

The British unit, viz. the weight of a pound of matter, is called
a force of one pound, or one pound-weight.*

1 pound weight = 322 poundals{* = 445 000 dynes.®
1 gramme weight = 9812 dynes}{* = 071 poundals].

STRESS (Pressure, tension, shear).

dynes per sq. cm. Ibs. wt. per sq. in.
........... . OOG?Zpoundalspersq.ft.............

14-88 ........ 1 poundal per sq. ft....... I .

68971..... ... | 4636'8 poundals persq. ft. ............ 1

479 ..., i llbowtopersq. £t .0 0-006 944

1-545 x 109, 1 ton wt. per sq. inch} ...... e 2240

33880..... ... | 1inch mercury column at 0°C.¥ ......

1016300 .... | 30" (= 762 cm.) ditto}**

13338....... . | 1 centimetre dittof .. ...

1013800 .... | 76 cm. (= 29-922") dittol** 147

1000000 ... |(74:96cm. (=29518") ditto ..........
(megadyne) { A proposed standard atmosphere ......

WoRrk AND ENERGY. POWER.—Gravitation units of work and
power are derived from the gravitation units of force. These are
used by engineers. They are less exact than absolute units because
the variations at different places of the weight of the same mass are
neglected.

The British unit gquantity of work, called the foot-pound, is the
work done when a body acted on by a force of one pound-weight
moves through a distance of one foot.*
wmass of body in lbs. (speed in\2,

322 . sec.

The British engineers’ unit power, called the horse-power (H.P.),

is the power of an agent that can do 33000 foot-pounds of work per

minute. *
Work done\ _ H.P. of Time in
(in ft. lés.) = 33000 x( agent )x (miuutes)'

In Electrical Engineering other units are also used (definitions,
p. 394), viz.:—

For ENERGY 0B WORK: the joule and kilowatt-hour (B.T.U.}.

For POWER OR ACTIVITY: the watt and kilowatt, -

In thermal work energy is expressed in calories or British thermal
units (definitions, p. 390).

*% ¢« Normal’’ at’mospheric pressure ; alsd talled an atmosphere.

+ Approximatervalues for English Midlands: ¢ = 981+3 cm. sec. sec.
or 32 2 ft. sec. sec.

(Kinm'c energy or accmnulated)‘ 1
-2

work in foot-pounds
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Work or Energy: Conversion factors.

ergs, Sfoot-pounds. £
4214 x 108 1 foot poundal ............. Cereenna . | 0-03106
) PP 7 3756x 1078
15856 X107 | 1y uriiiiie it
100 ... 1J0ULE = 024 CAIOTI® «.varrnrrrnnn s 0 7345

3:6x1013. | 1 Kilowatt-hour (B.T.U.) = 3600 Joules | 2:655 x 10°
42x%107.. | 1 Calorie or therm (J.) = 42 Joules* ., | 3:1x 1077
106 % 1010 { 1 British thermal unit (B.Th.U.) is about

250 calories........ Ceenrenias rrenn 775
ergs per sec. ft.-pds. per min.t
S PP 4:43x1076
107 ...... 1 Watt or Joule per sec. = 0-00134 H.P. | 443
100, .. 1 Kilowatt = 1000 Watts = 1-34 H.P... | 44300
7-46x 10°. | 1 Horse power (H.P.) ‘= 746 Watts* .. | 33000

HEAT, SOUND, AND LIGHT.

TEMPERATURE.—Measured in (i) degrees Centigrade, or (ii) degrees
Fahrenheit.

A degree Centigrade is v} of the range of temperature between ice-
point and steam-point ; a degree Fahrenheit, v of this range.*

The ice-point is the temperature of a mixture of pure ice and water.*

The steam-point is the temperature of the steam from boiling water
when the atmospheric pressure is normal (p. 389, also Exp. 95).*

UN1Ts OF HEAT.—A quantity of heat is measured in terms of the
amount ahsorbed or emitted when unit mass of a standard substance
riges or falls one degreo in temperature. Two heat-units are common.

(i) The calorie (or therm).}t The quantity of heat required fo
raise the temperature of 1 gramme of water by 1°Centigrade.*

(ii) The British thermal unit (B.Th.U.). The quantity of heat
required to raise the temperature of one pound of water by 1°
Fahrenheit.*

The initial temperature of the water is usually not specified. As,
however, the thermal capacity of water alters with its temperature,
the heat units as defined above are inexact.

Mechanical equivalent of a unit of heat.-—Fundamentally, quantity
of heat is measured by the units of work. Hence the erg is the
C.G.S. unit quantity of heat. 'Lhe calorie is then regarded as a
derived unit. The calorie is practically equal to 4:2x107 ergs or
4:2 Joules. (For conveseon factors see above.) ®

+ g = 32°2. Hence these are correct for the Midlands of England.

++ The therm is sometimes defined more exactly, viz. as the quantity
of heat equivalent to 42 000 000 ergs.



APPENDIX, ) s

THERMAL DATA.—

Melting- | Boiling- : Coefficient
point: | point: Sﬁee?tﬁc Cubical
°C. °C. ‘ " | Expansion.
Alcohol (ethyl) . — 788 | 061 0-001 08
Benzene . .. — §0-8 0-45 0-001 38
Brass .. .. 1040 — 0:094 | 0 000 057
Carbon blsulphlde . — 48 022 | 0-001 47
Chloroform .. .. — 612 | 0-23 | 00014
Copper . .| 1080 — 0:095 | 0-000 05
Ether (ethy 1) .. -— 35-5 0517 | 00021
Glass .. . . — — 02 0-000 024
Glycerine . — 290 0°58 0-000 63
Tece s . .. 0 - 05 0-000 16 !
Iron .. . .o 1500 — 0112 ‘ 0-000 035
Lead . . 325 — 0-031 | 0-000 084
Marble . .. — - 02 —
Mercury .o oo —395 350 0-033 | 0-000 180 2
Paraffin . . — 370 068 —
Sulphur - .| 114°8 444 0-23 —
Sulphuric Acid .. - 326 0-33 10000 49
Turpentine .. .. — 156 0-47 0-001
Water .. .. — 100 1 0°000 21 (20°)

ATR.—BSpecific heat at constant volume, 0-1684.
' 'y ' pressure, 0°2375.
Coefficient of expansion at constant volume or pressure
= 0°003 665 approx. = z}y approx.*

ALCOHOL: VAPOUR PRESSURE.

Temp. °C. ~20 0 10 20 30

I
( Dynes per sq. em. | 4455 | 16 940 | 32 320 | 59 310 | 104 800

ErHER: VAPOUR PRESSURE.

Temp. °C. —-20 0 10 20

» »

Dynes per sq. clo. | 91 900 | 246 000 | 382 600 | 577 200 | 846 800

|
|
l
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MERCURY : VAPOUR PRESSURE.

« 1 Temp. °C. 0 | 50 | 100 | 20 { 300
V.P. mm. Merc. | negligible | 0-012'| 0-28 |17-81 J 246-8
| !
‘WATER.—Latent heat of fusion .. .. 80 approx.*
' vaporisation at 100°C. 540 approx.*
fempera.ture of maximum density .. 3-98°C.

STEAM.—~Specific heat at constant volume.. 0-37

2 ’ ) pressure . 0-48.

PRESSURE OF AQUEOUS VAPOUR (also see p. 125).

Temp. °C. | V.P. mm. Merc. || Temp. °C. |V.P.in Atmospheres.

-~10 : 2-1 100 1
—~8 31 150 47
See cols. 1, 2, page 133. 200 154
50 92

5 289

100 760

DratoNic ScALE and Standard Pitch: see pp. 160, 161. ,

VELOCITY OF SOUND.

Air at 0°C.* == 1091 ft. sec. = 33 200 cm. sec. (see p. 164).
Various woods.. 300 000 to 600 000 cm. sec.

Glass .. .. 400 000 to 500 000 cm. sec.
Brass .. .. about 400 000 cm. sec.
Steel .. . about 500 000 cm. sec.

PHOTOMETRIC units, etc. (see p. 190).

WAVE LENGTHS of spectrum lines (see p. 238).

INDICES OF REFRACTION and critical angles (seep. 176).
VELOCITY of light in vacuo = 3x10'? cm. sec. = 186000 miles sec.
VIBRATIONS PER SECT: of waves correspondx'ug to Faunhofer

lines: A (red), 3-945 x 10 ; D (orange), 5:092x 10, F, 6-172x 10'¢;

G,

G:965 X 101‘ H (v:olet), T-8x 1014,
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ELECTRICAL UNITS, ETC.

These are related to C.G.S. units. The so-called practical units,

are indicated below by §.
I. PriMary UNITs.

RESISTANCE. (1) Unit called the international ohm ( = 10° C.G.8.
units).§* The re51stance of a cylinder of mercury, temperature 0° O, ;
length, 1063 cm. ; mass, 14-4521 grm. (Cross section, 1 8q. mm.)

The megohm 1s one million chms. 'The mlcrohm is one-millionth
of an ohm.

(2) Unit called the legal ohm § ( = 10° C.G.S. approx.). Cylinder of
mercury, 0°C.; 106 cm.; 1 sq. mm.

(3) Unit called the B.A. unit of resistance. The resistance of a
certain piece of platinum-silver wire (equals that of a cylinder of
mercury, 0°C.; 104'87 cm. ; 1 sq. mm.).

Conversion factors.

1 International ohm = 1:0028 legal ohms = 10136 B.A. units

09972 " =1 . =10108 ,,

0-9866 = 09893 =1 .

LR

CURRENT.—Unit called the ampére§* ( = 1% C.G.S. unit). The
electric current of constant strength which when passed through a
solution of silver nitrate deposits silver at the rate of 0-001118

grm. per sec. (p. 304).
II. DERIVED UNITS OF ELECTRICAL QUANTITIES.

ELECTROMOTIVE ForCE (E.M.F.), DIFFERENCE OF POTENTIAL OR
ELECTRIC PRESSURE (P.D.). TUnit called the volt§* (= 108 C.G.S,
units). The potential difference that produces a constant current of
1 ampére in a conductor of 1 ohm resistance.

. Folts = Ampéres X ohms.®

QUANTITY OF ELECTRICITY or CHARGE. (I) Unit called the
coulomb*§ or ampére-second (= ;4 C.G.S. umt) The quantity of
electricity that flows per second across any section of the circuit when
a constant current of one ampére is maintained.

" coulombs = ampéres X seconds.®

The ampére-hour ( = 3600 coulombs). In the definition of the cou-
lomb substitute per hour for per second.

‘. ampére-hours = ampéres X hours.

CAPACITY.—Unit called the farad§* (= 10-? C.G.S. unit). The
capacity of a condenser which when charged with 1 coulomb has a
P.D. between its codts of 1 volt. »e

The mwrofarad‘; is a capacity of one-millionth of a farad,

.. farads = coulombs - volts. % '
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I11. DERIVED UNITS OF MECHANICAL QQUANTITIES.

PoWER or AcTIvITY. —Unit called the watt§* (= 107 ergs per sec., or
1 joule per sec.). The power supplied when a current of 1 ampére and
a P.D. of 1 volt are maintained in a circuit,

Soowatls = ampéres X volés = (ampeéres)® X okms = (volts)? +okms,
"The kilowatt is a power of one thousand watts.

ENERGY or WORK.—(1) Unit called the joule or watt-secondg*
(=107 ergs). The energy absorbed per second by an electric circuit
when the power supplied to it is 1 watt.

(2) Unit called the kilowatt-hour or Board of Trade unit, B.T.U.
The energy absorbed per hour by an electric circuit when the power
supplied to it is one kilowatt.

Jowles = ampéres X volls X tine in seconds *
Kilowatt-hours = yitss ampéres X volts X time in hours,
ELECTRICAL AND MAGNETIC DATA, ETC.
ELECTROCHEMICAL EQUIVALENTS. (See p. 304.)
ELECTROMOTIVE FORCES of cells. (See p. 291.)
Maayeric ELEMENTS for 1910.

Horizontal in.

|
! 5
] Place. Declina- | iy, | tensity of C.G.8.
| ton. unts.
| {
U R ;
L London ............ccoeeaill 16°0 W, | 67°0 0°18
Exeter ... 17 15 66 a0 017
Manchester 17 20 68 30 017
Edinburgh................... 18 40 69 55 018

RELATIVE RESISTANCES. (See p. 294.)

RESISTANCE of a metal generally increases as the temperature riyes.
For small changes of temperature,

Ry= R {1+a(t'~1)},

o is called the temperature coefficient. For pure metals o is about
0-004. For alloys it may be less, in some cases negligible, e.g.
manganin,

RESISTIVITY per centimetre cube at 0° C. in microhms.

COPPET .. vvevnnnn 1'63 | manganin .........0v..n. about 44
Iron .ovviviniann 9:0 g, platinoid ........... ¢ v 40
mereury ...... .. 9407 | carbon (arc lamps) ...... " 3500
platinum ,..... .. 10-90 | saturated CuSO; ...... - 5 29%108
eureka ...... about 40 . ZnS0, ... ' 34%x 106

German silver 5 30 | H,80 (specific gravity 1-2) ,, 124X 108
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BSOLUTE expansion of a
liquid, 137.

Absolute temperature, 141.

5 units, 4.
Activity, 144,
Ammeter or ampére meter, 320,

335.

Ampére’s rule, 299.
Angle of prism, 183, 240.
Angles, To measure small, 52.
Angular deflection, 51.
Aqueous vapour, Mass of, 96.
Archimedes, Principle of, 23, 83.
Area, To measure, 20, 80.

ALANCE, 16, 57.

, ratio of arms, 64.

, resting point, 59,
60

’s
33

, rulestoobserve, 62.

, sensibility curve,
65.

" , zero point, 59, 60.

Bar magnets, 244,

Barometer, 107.

”
L3

D , rules to observe, 110.

ys , vernier, 39.
Beats, 170.
Beckman’s thermometer, 116.
Bichromate cell, 286.

Boiling points, 127.

of water (Table),

i3]

i3 1R
125,
Boyle's law, 112.,
Broadside on, 260.
Bulb, To fill 8, 135, 139,

395

, corrections, 110, 111.

Bunsen cell, 285, 286.
sy photometer, 192.
Buoyancy, 88.
. correction, 69.
Burette, 82.

ALIBRATION of galvapo-
meter, 319.
Calipers, 28.

,»  micrometer, 42,

sy vernier, 37,
Candle-foot, 190.

»»  power, 190.

Carbon rheostat, 294,
Caustic, 187, 198,

Centre of curvature, 215,
C.G.S. units, 4.

Charles’ law, 140,

Chemical hygrometer, 131.
Chronometer, 74.
Commutator, 296.
Comparison prism, 188, 233.
Compensation method, 150.
Concave, 196, 197.
Condenser, 225, 282, 373,
Connecting wires, 295.
Constant, 18, 24, 328.
Control magnet, 321, 329, 333.
Converging lenses, 207.
Convex, 196, 197.

Cooling curve, 119.

' J,,Method of, 151.
Copper voltameter, 310.
Critical angle, 176,

Cross wires, 49, 226, 234,
Cubical expansion, 135,
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Curved lines, 30.
Cylindrical surfaces, 196.

ANTELL cell, 283.
’ hygrometer, 131.

Day, 3.
Density, 85.

»»  and expansion, 135

ss  Dbottle, 86,
Derived units, 4.
Dew paint, 13Q, 132,
Diagonal scale, 32.
Dilatometer, Volume, 136,
Dip circle or needle, 251,
Dispersive power, 242.
Distance piece, 206.
Diverging lenses, 219.
Dry cell, 284,

LECTRIFICATION,

4 tive, etc., 271.
Klectrodes, 303.
Xlectrolysis, Laws of, 303.
Electrolyte, 303, 304, 310.
Electromagnet, 301.
Electromagnetic induction, Laws

of, 315.
Electrophorus, 277.

paper, 273.

Electroscope, 269, 273.
End on, 260.
External circuit, 289.
Eye estimation, 27, 32.

posi-

ARADAY’S law, 307.
Field intensity, 259, 266.
Filing chains, 254, 256.
Fine adjustment, 49, 234, 322,
Flatness, 46, 214,
Flotation, 24, 88.
Flux of light, 190.

,, of magneticlines, 315.
Focal length, 209, 212, 215.
Foci, Con]ugate, 209 217
Focussed for mﬁmty or parallel

ays, 227,

Fortin barometer, 109.
Fraction of saturation, 130, 133.

INDEX.

Frequency, 160, 173.
Fundamental units, 4.

ALVANOMETERS, Aper-

iodic, 319.
Galvanometers, Astatic, 322.
" , Ballistic, 316.
. , Constant, 328,
336.
’ , Damped, 319.

" , Differential, 321.
" , Moving coil, 318,
324,

s ., Moving magnet,
| 318, 320.

y» .1 » Periodic, 319.

' ", Pivoted, 318.

’e , Pointer, 318.

. ., Reflecting, 318,
321, 329.

. , Sus pended needle,

l‘angent 322,327,
Gas, Mass of, 95.
,y , volume of, 94,
Ganss’ absolute method, 268.
,, positions, 260.
Girth, 31.
Graduation of thermometers, 122,
Gravitation ; g by Atwood’s ma-
chine, 98,
y» pendulum, 78.
Gravxty, Centre of, 96.
Grease-spot photometer, 192.
Grove cell, 286,

ATR dividers, 28,

Head scale, 41,
Horizontal intensity, 258, 268.
Hydrometer, Common, 24, 92.

, Nicholson, 24 91,
Hyvpmmetet 123.

CE, Latent heat of, 158.

;5 pail experiment, 280.

,» point, BL5, 123.
Index of refraction, 177.
Indiarubber cor§, 101.



INDEX.

Induction, 272, 275.

s coil, 316.
Inertia, Moments of (table), 103.
Inside measurements, 28, 38,
Internal circuit, 289.

ATHETOMETER, 49.
Key, Morse, 375.
Key, Plug, 296.
,» 5 Lap, 295.
Kundt tube, 174.

ABORATORY rules, 8.
Lamina or thin slab, 46,
187.
Latent heat, 155.
Leclanché cell, 284.
Lens holders, etc., 204.
Lenses, 196.
©,, , Formulae for, 202.
,» » Rules for, 197.
Lenz’ law, 316.
Lever, 13.
Leyden jar, 282.
Linear expansion, 134.
Lines of force, To map, 256. -
Liquids, Expansion of, 136.
Longitudinal waves, 161, 174.
Luminosity, 190.

AGNETIC FIELDS, 254,

326.

Magnetic fields, To map, 302.

Magnetic meridian or reference
line, 250.

Magnetic moments, 259, 263.

Magnetometers, 261.

' , Vibration, 262.
Magnification, 202, 208, 214.
Magnifying power, 227.
Mason’s hygrometer, 132.

' yy , Table for,

133.
Maximum thermometer, 116.
Maxwell’s rule, 299.
Measuring vessels, 82.
Melting points, 175.
Mercury, Sp. G, of, 87.
Meter Bridge, 364.

397

Metronome, 73.
Micrometer scale, 228.
Microscope, Compound, 223.

' , Simple, 222.

’s , Travelling, 48.
Minimum deviation, 235, 241,

ys distance, 208.

’y thermometer, 117.
Mirrors, Formulae, 202.
Mixture, Method of, 146.
Moments, Principle of, 14.
Monochord, 169. ’
Monochromatic light, 238; "

EWTON’S LAW OF COOL-
ING, 153.

BJECT, etc., directly viewed,
177, 186, 187, 199.
Ohm’s law, 308, 337. ‘
Open circuit, 289.
Opera glasses, 224.
Optical bench, 206.
,» lantern (magic), 225.
Organ pipe, 168.

ARAFFIN WAX PHOTO-
METER, 193.
Parallax, 178.

,» » Method of, 184, 213,
216, 217.
Parallel, 289, 292, 340.
Period, To measure, 76,
Pipette, 82.
Pitch of note, 160.
,, seale, 41,
;s Standard, 161.
Plucker’s tube, 237, 238.
Poggendorff’s method: deflece

tions, 359.
Poggendorff’s method : E.M.Fs.,
371.
Poles, naming, 247.
Post-office box, 344, 366.
Potential, 276. )
Potenddmeter, 372.
Prism, 177.
Pyknometer, 86.
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RADIATION CORRECTION,
161.

Radius of curvature, 217, 218.
" ’ by sphero-
meter, 47,

Rays, To track, 180, 20p,
Real image, 201, 208, 215,
Rectangular blocks, 929,
Refractive index, 242,
Regnault’s hygrometor, 132.
Relative humidity, 130, 133.
Resistance, 293, 309, 338.

v boxes, 341,
Resistivity, 338.
Resonance, 166.
Rheostat, 294.
Rider, Weighing by, 61.
Rumford’s (shadow) photometer,

19L:

CALE, MIRROR, ETC.,
methods, 54.
Screw gauge, 40,
Second, 3.
Secondary cell, 287, 309,
Series, 289, 292, 339, 345,
Shadow photameter, 197,
Short circuit, 289.
Shunt, 331.
Simple pendulum, 75,
Sines, Law of, 176.
Six’s thermometer, 117,
Slab, 177, 187.
Slide wire, 362.
Solenoid, 300.
Sonometer, 168.
Sound, Velocity of, 163,
Specification of a quantity, 2.
Specific gravity, 18, 85, 89, 100.
3 12 bOttle, 86.
” »» » Yormulaefor,90.
Specific heat, 143.
Spectra, 229.
, Flame, 236, 238,
» Spark, 236, 238,
» Vacuum tube, 236, 238.
,s » Yo map, 239, .
Speciroareter, £33, .
. vernier, 40,

’”
"

12

|

INDEX.

Speciroscope, 231.

Spectrum, Solar, 229.

Sphere, Diameter of, ete., 29.

Spherical surfaces, 195.

' »s » Identificatig
of, 195.

Spherometer, 45.

Spider lines, 49, 226, 234.

Spring balance, 70, 101.

Spring, Extension of, 100,

Steam, Latent Heat, 156.
. point, 115, 123.

Steelyard, 19, 70.

Stop watch, 72.

Storage cell, 287.

Substitution method (Balance),
17, 68.

Substitution method (Galvang.
meter), 345.

Sympathetic vibration, 170.

Syphon barometer, 108.

ABLE OF BOILING.
points of water, 125.
Table for wet and dry bulb hy.
grometer, 133.
s, of Moments of Inersia, 103,
Tangent relation, 259.
Tape, 25. -
Telescope, Astronomical (Read.
ing), 223, 226.
’s , Astronomical, To
focus, 226.
s, Galileo’s, 224,
Thermal capacity, 143.
Time, 3.
»» » Measurement of, 72,
Torsion, 102, 263.
by pendulum, 102, 104,
Transverse waves, 161, 165.
Tuning fork, 161.
,»  strings, ete., 169.
APOUR PRESSURE, 128,
Vernier, 33.
Vernier, To examine, 36,
Vibrating magpet, 260.
Vircual fmage, o2, 219
Voltameter, 303,305, 306.
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Voltmeter, 320, 325, 335.
Volume, Measurement of, 21, 81.
37 132 ’ b)’ dis-
placement, 84.

V ARMING CURVE, 120.
‘Water equivalent, 143,149,

‘Water voltameter, 305, 306.

Wave length, 166.

Weighing, 57.

curve, 65.

’s , Gauss method, 68.

. by rider, 61.

by substitution, 17,

AR}

”
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Weighing by vibration, 66.
Weights and Measures, British, 2.
. » 1, Metric, 3.

Weights, Set of, 57,i60.

Weight thermometer, 138.

Wet and dry bulb hygrometer,
130, 132.

Wet and dry bulb hygrometer,
Table for, 133.

‘Wheatstone’s bridge, 363.

‘Wimshurst machine, 278.

Wire, To find diameter of, 93.

OUNG'S MODULUS OF
elasticity, 101, 174,

g -
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