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PREFACE. 

IN this handbook of Practical 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 wor).: 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 une another. Tile order of experi
ments is not essential. It is an advantage to many 
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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 anyone. The order of the practical 
work should, however, be largely influenced by the sequence 
of the theoretical lessons. 

]\iost of the exercises are arranged to be done by students 
working singly; partnerships are generally i1).advisable. 

Certain experiments in the book may be readily per
formed at home at a trifling cost; these have been indicated 
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 
experimentsare, however, a definite part of the whole course, 
and if not done elsewhare "hould 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 
tutonal class. 

Great care has ~een taken to provide suitable and in
structive illustrations.· Many of these are printed from 
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blocks which have been kindlyl 'lent by the following 
firms :--Messrs. J'. J. Griffin and 00. (Figs. 26,71,78,106, 
140, 175, 179, 230), Harvey and Peak (Fig. 27), Naider 
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 experiments 
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
mended that fractions of a gramme should be obtained 
by placing a one-gramme rider on the gradu.ated balance 
beam: it is then only necessary to supply a set of masses 
ranging from one gramme upwards, and no pliers need be 
used. Each 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 6tudents is not 
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recommended; the refiecting 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, 
Mr. J. Satterly, B.Sc., and to the following, all of whom 
have given valuable advice, criticism and assistance in 
preparing the work: Messrs. O. W. O. Barlow, M.A., B.Sc., 
University rrutorial Oollege, London; (]I;Irs.) M. W. Bower, 
B.A.; G. H. Broom, B.Sc., A.R.O.Sc, Technical Oollege, 
Derby; A. Griffiths, D.Se., 'A.R.O.Sc. Birkbeck Oollege, 
London; and J. Stephenson, B.Se., A.R.O.Sc. 

TECHNIOAL COLLEGE, 

HUDDERSFIRLD, 

J!'eb1'uarv 1906. 

WILLIAM R. BOWER. 
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1. Qualitative and Quantitative Experimell,ts.-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 hardness, fluidity, colour, etc., are qualitative; exact 
measurement is not necessary to gain such information. 
But the volume, weight, etc., of a body are determined by 
comparison with units of volume, weight, etc. The in
formation then is quantitative; to obtain it careful 
measurement is essential.' 

2. Measurement of Quantities.-In ordina't.y 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, etc., a volume of milk is delivered 
in pints and quarts, a quantity of coal in tons and hundred
weights. In these cases tlle 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. a length of 100 yards, a delay of 35 minutes, l-k pints 
of milk, 2 tOllS of coal. (See Appendix for a list of 
Physical Quantities, etc.) 

EVe1'y quantity is measu1'ed by comparing it tl)ith a special 
01' selected magnitude, called the unit, oj ~ts own kind. The 
ratio of the quantity to its unit is called the measure or 
numerical value of the quantity. 
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To determine the conditions under which the comparison 
of a quantity Vlrith its unit may be accurately made is one 
of the important aims of Practical Physics. 

Specification of a Quantity.-Consider the following:-

1. Quantity-a lengtl~, say 10 yards: 
When tho unit of measurement is the Yard I Foot I Inch I Mile 

then the mtmel'ieal mllle is 10 30 360 rHo =0'0057 

2. Quantity-a period of time, say 2t days: 
When the unit is the Day I Hour Il\finute I Week 

then the nUIJle";cal t'aluc is 2·5 60 3600 2'5/7=0'36. 

3. Quantity-a speed, say 30 miles per hour : 
Whon the Imit is 1 mile per hr.jl yd. per min'll ft. per sec. 

then tho numcrical ·mllic is 30 880 44. 

Thus the numerical 'value of a quantity depends 7tpOn 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 mtmel'ical value or number 
of units in the quantity; (ii) The nmne of the unit 
measuring it. 

The numerical value of a certain quantity is generally 
deduced by calculation from the data obtained by measur
ing quantities directly or indiredly 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° 1? 
between tp.e centres of two gold plugs in a certain bronze 
bar. 

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

'rhe Imperial Standard Gallon is a bmss measure that contains ten 
imperial standard pounds of distilled water, weighed in air with 
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bras~ weight1!, when the water land tho air are at 620 F., and the 
mercUTial barometer, 30 inches hig'h. 

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

II. Metric Weights and Measures.-Tlwse 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 ton-
I 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 40 O. These I'alues 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 standard 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 
th~ period during which the Earth turns once upon its 
aXIS. 

The Solar Day is the interval between the moment when 
the sun crosses the southern mel'iructn of the place of 
observation and the moment when it next crosses (also 
called the Apparent Solar Day). 

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

DEFINITION.--The Mean Solar Day is the average value 
of the consecutive Solar Days throughoJt a year. 

DEFINITION.-The Second, or Mean Solar Second, is the 
86tooth 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 units.-Although each 
physical quantity is measured by a unit of its own kind 
it is 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 
fundamental quantities and their units are called funda
mental 1tnits. Those of other quantities that can be 
defined in terms of the fundamental are called derived 
units. 

From the fundamental unit of length, the loot, 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 convenient. On the Oontinent, length, weight, and time are 
adopted. Some quantities, like candle-poIVer and temperature, cannot 
be measured in tenns of the fundamental units, but require inde
pendent ones. (See Appendix.) 

Absolute Units 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 
measured in terms of them is said to be expressed in 
Absolute Measu~ment. 'rhere are two systems of 
absolute units, (I) the C.G.S. or Centimetre-Gram me
Second, (2) the F.P.S. or Foot-Pound-Second. (See 
Appendix.) 
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Practical and Engineers' U nits.-In 'Engineering a 
strict adherence to Absolute Units has been found inex
pedient. Certain P,t,wtical 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 se" Appendix. 

5. Calculation of Results.-U se 4-figure logarithm and 
anti-logarithm tables (see Appendix). A slide rule is also 
useful for the less exact calculations. 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 di'dsions and a part 
estimated as three-tenths, that is, the measurement is 44'3 scale 
divisions. Now 44'3 + 16 = 2'76875. Practically the result is 
expressed as 2'77 inches. Had the estimate of the fraction of the 
scale division been two-tenths, the result (41'2 + 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. lIence as one-tenth of so small a division 
cannot be safely judged, it is absurd to express tho result 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 ant~ipated; 
if, for instance, a result should be correct to one per cent. 
of the whole, then the calculations should be taken to 
one-tenth per cent. 

When the calculations have been perfcrmed 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 red7wtion and calcu
late the respective numerical value" of the magnitude 
concerned; next find the mean by adding together all tIle 
values and dividing by the number of them. 
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6. To conduct an Experiment.-Read the instructions 
and examine the apparatuB provided, note what special 
precautions are necessary in 7lsing it. 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 t.imes 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 difIerent 
parts of a scale, or use another instrument, etc. 

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 has been made conscientiously and 
without bias, and tha,t 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 !t.bora,tory 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 
(Jperations. 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 
faint 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 kft, 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 fonowing 
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 :-Unnecessal'ily touching surfaces of glass, ebonite, 
etc., with fingers, etc.: 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. Each 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. 

Rome ExperIments. 

In the follOWing chapters aU expeI'iments marked by an aste";sk mag 
be conveniently pe,'jonl1ed by the student at home. If not done at home 
they shoteld be wOI'ked ill the lab01'at01'Y: these expet'imellis deal with vel'Y 
impo,·tant pm·ts of E.1:pel·imental Physics and therefore should not b6 
neglected. 



PART I. 
I MECHANICAL QUANTITIES. 

CHAP'J'ER 1. 

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 II.-V. 

The following pieces of apparatus are required :-

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

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

(3) Ilalf-a-pound of wire nails (1" long, ·r 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 (specimen tube), (a lamp chimney 

plugged as in Exp. 22 can be used). Cost, 2d. 
(8) A rough pipette (pieco of wide glass quill tubing, 9" long, one 

end nearly dosed). Cost, Id. 
(9) A glass tumbler or bottle, cotton, pins, a few scrows, etc. 

(10) Compasses, set-squares, protractor and drawing-board. 
(11) A rough box. 
(12) Glass stopper, pieces of coal, stone, salt~ etc. 
(13) A medicine bottle divided into tea or table spoons. 
(14) A large "marble" (stone). Cost,ld. 

9 



10 WEIGHING AND MEASURING. 

«<Exp. l.-Prepal·e the boxwood 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, 
!" diameter, close together, then cut away the division 
between them. (2) Bore the 12" scale as in Fig. 3, 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 35. (To 
be adjusted as in Exp. 11.) Call these weights P, 2P, 5P. 
(If the nails are 1" long, fs" diam., then P is about 14 

. grammes or half-an-ounce.) 
Make 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. t Show that when measured by either unit the 
sides are as 1: 1'73: 2. 

Similarly measure a 45° set-square. t Show that the 
sides are as 1 : 1 : 1'41. 

* All experiments indicated by an asterisk may be perlormed by the 
student at home and in this chapter require only the simple apparatus 
mentioned in § S. Also see the Appendix, the Preface, and p. S. 

t Or draw an equilat.,al triangle (side 6", say). From one angular 
point drop a perpendicular on to the opposite side. 

t Draw two lines at right angles: then make an isosceles right· 
angled triangle. 
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II. Draw any two lines intersecting at A. From a point, 
B, on one line draw BO perpendicular to the other line. 
Measure AB, BO, OA. From l'ttiy point, b, on AO draw bc 
perpendicular to AB. Measure Ab, bc, cA. Calclilate, in 
decimals, the proportion AB: BO: OA, also Ab: bc : cA. 
(These should be equal.) Calculate sin A, cos A, tan A. 

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

Repeat with other values of angie A. 

*Exp. 3.-00mparison of the Yal'd 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 b(lt,ween the 
units. 

RECORD 

length in ems.: 5 7 9 11 13 • • • • • 
length in ins.: . . . . . 2 3 4 5 6 

Hence 1 em. = .. inch and 1 metre = .. ynrd 
1 inch = .. ems. and 1 yard = .. metre. 

\ 

*Exp. 4.-Find from a map the distances b~tween places
(1) direct, (2) by 1'oad, (3) by rail. Use 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 circumfM'ence and diametm' of a 
circle. Find the value of 71', 

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

I. Measure arcs and radii by bow.Jompasses only (no 
Bcale), counting the steps and judging fractional parts. 
(Repeat once.) 
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II. Measure with thread and scales. (Repeat once.) 

RECORD as below-

Quaurant A. Arc. i Radius. Arc/Radius. I 71". 

I I 

Y spring bows, Exp. (i) .. steps-I .. steps .......... 1= " " 
Exp. (ii) ., steps .. steps .......... .... 

! 
--~-

I 
~y thread, .... Exp. (i) .. CIllS. 

I 
.. ems. . ......... .... 

" 
Exp. (ii) .. ems. .. ellIS. ........ .. .... 

Similarly for quadrants Band O. 

*Exp. 6.-Meas~t1'e the width of a neck, or diamete1' 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 diameter of a tube, or cylinder, should be measured 
at different positioll4J along its surface in order to test the 
uniformity of its figure. 

This illustrates the principle of the sliding calipers (§ 20). 
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*Exp. 7.-ll'ind the ci~'cumf~'rence of a disc by rolling it 
along a scale. Deduce the value of 7r. 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 revolutioll along the scale: note 
the division reached by the mark on the disc. Deduce 
the circumferIJnce of the disc. Repeat several times. 
Calculate the mean value. Measure the diameter. Cal
culate circumference -;- diameiet·. The result is an experi
mental value of 7r. 

*Exp. 8.-MeasU1·e the gi1·th and diameter of a ca.nistm·. 
Ded1we the value of 7r. Measure girth (§ 17) and diameter 
(Exp. 6) in several places. Calculate from meaH 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, agai.nst tlie side of a box ~ three screws so 

\ 

Fir. 2. 

that it does not shake. The shank of a pen (a) is squeezed 
into the large hole of the scale. vteights (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, c, 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.-Dernonstrate the Principle of Moments.t 
Arrange tllat the fulcrum (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, (iii) a 
weight 3P, (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. 

CALOULATE the force (P) through the fulcrum (= the 
sum of all the weights hung on the scale); the moment of 
each weight and of the force, P, about the fulcrum 
(moment of a weight about the fulcrum = weight X dis
tance from fulcrum). Of these moments add together 
those that tend to produce rotation of the lever round 
the fulcrum 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 mOll\ents should be equal to the sum of the negative 
or clockwise moments. 

Similarly calculate the moment of each weigM and the 
force, P, about one end of the soole (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 mom~mt. 

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

f) 

i' The Principle of Moments.-When a body acted on by several 
forces in one plane is in equilibrium the algebraio sum or the moments 
of the forces about any point in tbt plane is zero. 
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RECORD of an experiment. Weights (bundles of iron nails) wer, 
balanced on a boxwood scale, 20" long, fulcrum \it the middle. (Th, 
numbers in thick type were obtained by experiJ1\.ent after arrangin! 
under the conditions recorded in ordinary type.) , 

Exp. number. 1. 2. 3. 4. 5. 6. 
1--------1-----------~---

I 
Pand! 
Qandf 
Rand! 
Sand! 
]i' and! 

.. 252222 
" 17,9 14,95 5 5 7 4'7 
. . - - 16,55 14'55 13'8 J 5 
.. - - - IS 17 I7 
" 10 10 10 10 10 10 

.. I 8 ---5---8---8--8--8 

.. 7'9 4'95 5 5 3 5'3 
" - - 6'55 4'55 3'8 5 
.. - - - 877 
.. 0 0 0 0 0\ 0 

1------------ --- --- ---

+' 1'0£ l' .• 
.. +16 +10 +16 +16 +16 +16 

g"-, of Q .. 
13 g of R .. 
~~ of S •• 
I"l ,of F .. 

.. -15'S - g.g +10 +10 + 6 +10'6 
" - - +26'2

1

' -18'2 -15'2 - 20 
.. - - - -8 -7 -7 
.. 000000 

/-------- --- ---
+- + moment 

- moment 
16 
15'8 10 

g'g 

t 

of P .. " - 4 -10 
of Q .• 
of R .. 
of S •• 
of F .. 

" -35'8 -299 

.. +40 +40 

26 
26'2 

- 4 
-10 
-66'2 

+80 

26 
26'2 

- 4 
-10 
-58'2 
-18 
+90 

22 
22'2 

- 4 
-14 
-45'2 
-17 
+90 

---------------- ------
+-
]0' f + moment 
~ \ - moment 
E-< 

40 
39'S 

40 
39'9 

80 
80'2 

<II 

90 
90'2 

90 
90'2 

26'6 
27 

- 4 
- 9'4 
-60 
-17 
+90 

90 
90'4 

t The practical equality of the + and - moments demonstrates th, 
truth of the Principle of Moments. 
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THE BALANCE. 

*Exp. lO.-Prepa1·e a balance. Take a boxwood lath, say 
a ruler, 12" long, graduated in one-tenths of an inch. Ink in 
plainly each inch and ~-inch division. Prepare the lath as in 
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 sufficient 
t{) make equilibrium. One of the weights, P, is hung by a 

par. 

Fig. 3. Hg.3a. 

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

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

The amount is Q + 0·36P. If Q = P, then X = l'36P; if Q = 2P, 
then X = 2'36P, etc. 

A 20-inch ruler, subdivided into f6 inch, does very well; it will 
turn with less than 0'1 gramme. 'rhe scale pans are fixed to the ends 
as in Fig. 3a (the string ends go through a hole and then under 
Ihe beam, where they are tied). Each scale division is in this case 
one-hundredth of the ha'1-length of beam. If then P is 10 grarnmes, 
a change in its position on the beam of one scale division will be 
equivalent to the addition or withdrawal of l~Q of 10 = to gramme 
from the scale pan. 
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·Exp. n.-Adjust the set of masses to be relatively correct: 
Method of substitution (§ 50). (1) Place the heavier, P z, of 
the two smallest bundles of nails, Pl' P2, in the right pan; 
add nails, tin tacks, etc., to the left pan until there is 
equilibrium. (2) Substitute the second bundle, PI' in the 

\ right pan, cut down a piece of wire until the (wire + PI) 
\ is in equilibrium with the left side. Bind the wire round 

PI" The two weights PI' Pz are now equal in value, 
=: P grammes, say. (3) Place both bundles, P, in the 
tight pan, equilibrate by adding nails, etc., to the left. 
(4) Substitute in the right pan one of the bundles nearly 
equal to 2P, adjust it by wire, etc., 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 Ibs. or gms.) of the masses are found in Experi
ment 12. 

·Exp. \12.-Find the values of the masses in grammes. 
METHOD I. Measure in ems. the internal diameter and 

depth of m.small cylindrical canister: calculate its volume, 
V, in cb. ems. Weigh it, using the bundles of nails, empty 
(= mr. P) and full of water ( = mz • P). Then numerically 

V=:m2 .P-m1 .P, :. P= V/(ma-m j ) 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 flush with the edge. This can be done by repeatedly 
touching the surface with a finger, then withdrawing, and 
drying the finger. Keep the outside of the can dry. 

METHOD n. It is better to measure the buoyancy on 
an immersed body (Exp. 60). Measure in ems. the proper 
dimensions of a regular solid (glass cube,· prism, large 
marble, etc.), calculate its volume, V, iI::lCb. ems., weigh it, 
using the bundles of nails, in air (= m1 • P) and in water 
(=m •. P). Then 

P = V / (mz - m1) grammes. 
PRo PRY. 2 
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To find a. mass in grammes, first weigh it by the bundles 
of nails, P, 2P, etc. Multiply the value found by-the 
value of P in grammes. 

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

·Exp. lS.-Find the masses of co£ns, etc. 

*Exp. l4.-Find the specific gravity of glass (stopper), 
stone, coal, paraffin-wa[lJ (candle), beeswa{lJ, methylated spirit, 
petroleum, salt solution. The necessary operations,t etc., 
are described in § 65. 

·Exp. l5.-Find the specific gravity of methylated spirit, 
petroleum, salt solution, etc., by means of a bottle. For the 
necessary operations t see § 64. For bottle use a 
medicine phial. Ml1l"k its neck by twisting a thread or 
fine wire twice round and tying tightly, or stick on a strip 
of stamp-paper. 

·Exp. I6.-Find the specific gmvity of glass (stopper), II 

piece of coal, stone. t Arrange the knife-edge to be in 
the hole near the end. Suspend a body (whose weight need 
not be known, e.g. a bottle filled with nails) somewhe;re 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 fulcrum when 
weighed (i) in air, (ii) in water (bring up in a glass). 
For the necessary formula see § 66. 

·Exp. 17.-Find the specific gravity of candle Wa{lJ, methy
lated spirit, petroleum, salt solutiont. For the necessary 
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 Ibs. need not be known. . 

t This illustrates 'Valker's Specific Gravity Balance or Steelyard. 
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·Exp. IS.-Graduate a steelyard (§ 51). (1) Support 
the scale on a knife-edge through the large hole,.A (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). (3) Make 
another bundle (W) of nails and suspend from the long 
arm (this is equivalent 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, lOP 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, :1), and refer to 
the graph. The ordinate through the reading, :1), gives the 
weight, X, in terms of P. 

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

X=P.y/q. 
EXPLANATION.-Let the weight of the scale pan and its accessories 

be 8, and its moment (arm, 8) about the fulcrum be 8.8 
Let U, V be the respective weights of the short and long arms 

of the steelyard; U.II, V.v, their moments about the fulcrum. 
Let the distance of the movable weight, W, from the fulcrum be 

xO' when there is no body in the scale pan; 
11:, when the pan contains an unknown weight (mass), X; 
p, when the pan contains a known weight (mags). p. 

Take moments about the fulcrum, then the following relations, 
corresponding to each of the conditions aboye, are obtained: 

8.8 + U.II = V.V + TV.xo 
X.8 + 8.8 + U.t1 = V.V + TV.x 
F.8 + 8.8 + U.u = V.v + TV.p 

.-. X.a = W (x-xo) ... 1'.8 = W (P-xo) 
... X/P = (x-xo)/(P-xo) .. : X/P= y/q. 

-Exp. 19.-0btain the masses of coins, etc., by the steel
yQ/1"d. Compare the results with those of Experiment 13. 
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AREA. I 
I 

*Exp. 20.-.Measure the area of a t1·iangle. On a sheet 
of squared paper draw an acute-angled triangle, ABC 
(sides, say, 7", 6", 5"). 

METHOD I. Estimate the area by counting squares (§ 56). 

METHOD II. Draw AD, BE, CF respectively perpen
dicular to BC, CA, AB. Measure the length of each per. 
pendicular; record and calculate as below: 

AB= ............ C]!'= .......... .. 
BO= ............ Al)= ........... . 
CA = ............ BE= .......... .. 

! X AB X CP = ............ J Each of these will 
! X BO X AD = ...... ...... be equal to the area 
! X CA X BE = ............ of the triangle. 

METHOD III. Calculate s = HAB + BC + CA.), 
(8 - AB), (s - BC), (8 - OA.), and show that 

.vs(s - AB) (8 - BO) (8 - OA.) = A1'ea of triangle. 

*Exp. 21.-Deduce the rule that the area of a ci1'cle is 
proportional to the squa1'e of its radius 01' diamete1·. 

METHOD I. On a sheet of squared paper draw 5 quadrants 
from the same centre, say 6, 5t, 5, 4i, 4 inches radius reo 
spectively. Obtain the area of each quadrant by counting 
the squares within its figure. Tabulate (i) radius, (ii) 
(radius)2, (iii) area. Plot (radius)2 horizontally and area 
vertically. The graph will be a straight line: hence 

(radius)2 is proportional to a1'ea. 
The slope of the line will be such that an ordinate = 3'14 
(its abscissa): hence, practically, 

area of a circle = 3,14 (radius)2. 
METHOD II, On a sheet of thin cardboard draw 5 quad. 

rants from the saIi,e centre. Cut out the largest one and 
weigh, similarly the next largest, and so on. Finally 
weigh a rectangle cut from the same cardboard. Calculate 
as in § 56, METHOD II.; plot as in Exp. 21, METHOD I. 
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VOLUME AND DENSITY. 

"Exp. 22.-]iI~ke and graduate a meas?tring 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, 3, 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, blowout 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 dl'vided into parts of equal volumes. 

RECORD as below:- \ 
Volumes \\_ 
Readings of water surface 

1 2 345 etc. 

Plot volumes vertically, readings horizontally. 
The graph will be a stmight line through the origin if the bore of 

the tube is uniform. This is unlikely: then the cnrve 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 pipette in cubic 
centimetres. ""Veigh a small vessel (express in grammes). 
Fill the pipette up to the mark with water, allow it to dis
charge into the vessel, blowout 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 (k) of the water and of the pipette in cubic centi
metres. 

The quantity, k, may be called the constant of the pipette. It is the 
factor that con,erts volumes measured in an arbitrary unit (that of the 
pipette) into a conventional measure (the cu.bic centimetre). For a 
similar reason k is also the constant of the measuring vessel. Such 
constants lire frequently used in connection with all kinds of measuring 
instruments. 
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To express in cubic centimetres the volume of ~ 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 t~e volume 
corresponding to the reading. I Multiply the volume by k. 

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 k is the 
volume of the body in cubic centimetres. 

*Exp. 24.-0btain the volume and mass of a piece of coal, 
a stone, etc. Calculate the density of each. The masses 
can be determined in grammes by the balane.e and 
weights of Exp. 10, the volumes in cubic centimetre!, 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. 25.-0btain the volume of a cylindrical canister. 
METHOD I. Pour water into it from the measuring 

vessel of Exp. 22 (sec:§ 59 (1), also § 59 (la». , 
METHOD II. Measure length and diameter in centi

metres. Calculate the volume in cubic centimetres (§ 57). 
METHOD III. Weigh the can (i) empty, (ii) full of 

water (§ 59 (2». 

"'"Exp. 26.-0btain the volume of a 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.-0btain the vui1nnes of a medicine bottle marked 
in tea 01' table spo01};s. Fill with water up to one of the 
marks, then empty mto the measuring vessel. Deduce the 
value of the tea or table spoon. R~peat two or three times, 
using different marks. 
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PRINCIPLE OF ARCHIMEDES. t 

10. Apparatus.-A tube (Fig. 4) closed flat at one end 
(a specimen tube, 8 inches long, ! inch 
diameter), open at the other, is provided.t 
Take a strip of ruled paper, ink in every 
fifth line, number 0, 5, 10, etc. j 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. Fig. 4. 
Weigh in grammes the tube and nails, 
first 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 is 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, etc. Calculate 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, methylated spirit for water. -, 
t For the Principle of Archimedes and Law of Flotation see Exp. 60. 
t A lamp chimney, plugged as in Exp. 22, can be used. Immerse in 

water in a large bottle or jug. 
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*Exp. 29.-Law Of Flotation. I. 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 
(lJ 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 
(S) of the liquid by the bottle (§ 64) or common hydro
meter (§ 68). Calculate the volume of liquid displaced 

(= iLD2 cu. cms.), and the weight of liquid displaced 

(= i SLD2 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 Plotation. II. 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. In each 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 + 
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 grlWh hav~ng the. reading as abscissa 
denotes' the value of the specIfic gravlty. 



C~APTER II. 
MEASUREMENT 'oF 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 or a root 
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 or 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 -10 
inch: (iv) each centimetre is subdivided; if into 10 parts, 
then the scale measures to -to 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 2'5 centimetres = 1 inch nearly, and 
bewa.re that the difference bet,ween -10 inch and I milli
metre cannot be detected by the naked eye. 

Exp. 31.-Examine the measures provided and describe 
them as below. 

A. Examination of a bOXWQod ,·ule. The measure is just 1 metre 
long. One edge is divided into centimetres and millimetres. Every 
second cm. division is numbered. The other edge is divided into 
inches and To inch. Each inch division is numbered. There are 
nearly 39'4 inches on the scale. 

B. Examination of a stecl mis. The rule is abont 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 ~ mm. Total length of scale 30'5 em. 

On the other edge there is n 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 twentieths, the eleventh inch into fiftieths, and the last 
into hundredths. 

On the reverse side the scale on one edge is of inches divided into 
tweUths. 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. • 

>1IExp. 32.-Find and note which of your fingers is PTacti
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 is not an exact 
number of scale divisionfi the length of the bit over should 
be estimated by the eye.' (Exp. 34.) 

~ IIII [1111~ II1IIII ii IIII~ II'I~ 
.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 1'63 when viewed 
along mB, 1'58 along nB, 1'48 along pB. To avoid 
this uncertainty (called a parallax error; § 120) the 
graduated edge is placed (Fig. 6) on OD. The position 
of Ois 1'00, of D, 2'64; .'. AB=2·64-1·00=1·64. 

USB of and limit to subdivision. Although the steel 
scale is partly divided into 1/100 inch, it is difficult to use 
80 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'~rements to smaller 
values may be readily made, devices such. as the diagonal 
Bcale (§ 14), vernier (§ 18), and graduated screw heaJ 
(§ :3) a.re adopted. 



28 MEASUREMENT OF LENGTH AND ANGLE. 
, 

13. Use of compasses, calipers, etc.-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 

Fig. 7. 

altered by hand. It is. better ~o use. hair-divid~rs (Fig. 7) 
or bow Cdmpasses (FIg. 8) III 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. pipes, 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 

i I 

: In.Slde : 
..... -----.., 
I I 

instltnce, the diameter of a cylinder or ~~ 
sphere is obtained..by adjusting the" out- F' 9 
side" gap until tiie body is very slightly 19. • 
pinched. Finally the distance between the ends 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 a cone or pyramid.-Pinch the figure between 
rectangul!!-r blocks, press the blocks against the edge of a. 
scale (Figs. 10, 11). 

Fig. 10. 

The blocks need n\>t be similar nor equal, but each must 
have three adjacent ~ces, A, B, 0, and P, Q, R, mutually 
perpendicular. This should be tested by a set-square, or 
carpenter's square. 

llillillllllll~~ 
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. , II now the faces do 
not keep in contact, the block 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). 

;-81=-\Q-: 
Fig. 12. 

A""Bl.rq-P 
C__j__R 

Fig. 13. 

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

15. Measurement of the length of a curved line.
METHOD I. By spring bow compasses or dividers. Open 
the points a short distance (about t inch, or less if the 
cUl'vatures 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 Bcale)" 

METHOD II. By thread. Place an end of the thread 
at the left extremity of the line,t and hold it there 1y 
pressing it with the nail of the left hand forefinger. 
Adjust a short length (t inch, say) of the thread along tke 
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 flexible tape 
measure (§ 11) can sometimes be substituted for the 
thread with advaM<.tge. 

t If the cune is clDsed, 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 
conveniently done by a tape measure or string. 

METHOD I. By string. 
Closely wind a piece of fine string round the body, 

say, 10 times. Cut the string at the beginning 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 

. th - length of string gtr - • 
number of turns 

METHOD II. 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 ~he pin-llOles: e.g.,wplace 
a finely divided scale over the points as Fig. 6. 

METHOD III. By a flexible 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), (3), etc. Deduce 
the mean value of the girth. 

'l<Exp. 33.-Make a centimetre scale.t Draw a straight 
line on cartridge paper and lay a metric scale edgewise 
along it. Prick the line at the points under the centimetre 
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, 2, 4, 6, etc. 

In a similar manner make a scale of iid,lf-centimetres.t 

t These scales are r~quired 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 its length in millimetres by the paper centimetre 
scale (Exp. 33). Since this is not subdivided into mm., 
the fractions of the em. 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 Scale (Fig. 14).-The points A, B, a, 
- are, say, I" apart. The 

p 

01J2 

A 

') 

B 
05 0 

Fig. 14. 

R 

III 
I~ 

1.0 
C 

lines AP, BQ, CR, etc., are 
parallels, practically (but not 
necessarily) perpendicular to 
AC. AP is any convenient 
length. AB is divided into, 
say, tenths; AP into, say, 
fifths. The first division, M, of 
AB is joined to P; through 
the others are drawn parallels 
to MP. Through each division 

of liP are drawn parallels to AC. The least count or 
smallest difference indicated by the scale is ! of to = icr inch j 
length (see below) of xy = 1'84. 

In any diagonal seale if the unit, AB, is divided into p parts and 
.AP into q parts, then the leaat tount = l/p.q. Thus when the least 
count is 1/40, there are six ways of drawing the scale; whenp = 20, 
q = 2; p = 10, q = 4 j or p = 8, q = 5; and when p and q are inter
changed. Hence when the least count is given, select two convenient 
factors of the denominator, take p equal to one of these, and q to the 
other. 1 

In numbering the scale it is necessary to divide only the first unit. 
Call the right-hand end of the first unit length, 0, number the units 
from left to right, the subdivisions from right to left. 
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To use the diq,gonal scale. Suppose the unknown length 
is finally found to be :cy = 1'84. Adjust the dividers to 
be equal to the unknown length (§ 13). Put the point of 
one leg of the adjusted compass at A, and observe that the 
other point will lie on AO, 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, AB, shows that the length is between l' 8 and 
il:9. Now keeping the compass point on the line, OR, 
through division 1, place it in turn at the points of inter
section of this line with the several parallels to the base 
line, AB. 

Observe the position of the other compass point on the 
same parallel: thus, when one point is at p the other will 
be at m; when at q, then at n; at:c, 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 0'8 and the horizontal through 010. 
0'04. Henoo the reading is 1'84. 

, 0'12. 

·Exp. 35.-Make a diagonal scale j least 
count 1/25 inch. (See Fig. 1~.) Make a 0'04 

unit scale of inches (Exp. ~?'. Take 108 CM 0 
P = 5, q = 5. Number the dlvlsIOns of F' 15 
AB, 1, 0'8,0'6, 0'4, 0'2, 0, putting 1 at A, 19.. 
o at B; and those of AP, 0'20, 0'16, 0'12, 0'08, 0'04, 
putting 0'20 at P. 

THE VER.NIER. 

. 18. The Vernier is a device, invented by Pierre 
Vernier, for readily estimating the fractions of the smaller 
parts of a measuring scale; its use avoids the necessity 
for minute subdivision. It is an auxiliary scale that slides 
a.long the principal one, and is graduated so that a number 
(n) of its divisions is equal- to one le;ls (n - 1) or one 
:tnore (n + 1) than those of the principal scale. 

See § 33, NOTE, for hints concerning the illumination 
and reading of finely divided scales. 

PRo PHY. s 
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*Exp. 36. - Construct a scale and vern~rs as jollouJ8 
(see Fig. 16) : i 

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

(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 = iths of a division 
of the principal scale, and the difference between the two 
is lth of the same. 

o o IS 
Principal Scal~ 

Fig. 16. 

(3) 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 (lth 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 1 + 1 = i. Bring in turn the succeeding 
marks of the vernier into coincidence with 13, 14, etc., 
respectively of the principal scale and verify the numbers 
below. 

Vernier mark coincident with a scale mark, 
Scale mark coincident with a vernier mark, 
Displacement in scale divisions of zero of 

vernier from its fir.,-G position • • . • 

0, 1, 2, 3, 4, 6, 6 
10, 11, 12, 13, 14, 15, 16 

(4) Vernier B. On another strip draw a length equal 
to, 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. Each part of the vernier is iths of a 
division of the principal scale, and the difference between 
the two is ith 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 turu the vernier line 1 and 
succeeding marks into coincidence with 9, 8, 7, ete., 
respectively of the principal scale and verify the numbers 
below. 

Vernier mark coincident with a. scale mark 0, 1, 2, 3, 4, 5, 6 
Scale mark coincidt'nt with a vernier mark 10, 9, 8, 7, 6, 5, 4 
Displacement in scale divisions of zero of vernier 

from its fust position .. . • . . . • 0, i. i, i, ~, i. 1 

In both verniers the movement of the zero is for each 
step equal to i-th of a scale divi:~ion. Each of these ver
niers is thus equivalent to a subilivision 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 its numerator the number of the 
vernier mark that coincides with a line on the principal 
scale. 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. I) 

t The ratio of the length of the SOBle division to a centimetre may be 
called the metric c0n8tant of the scale (see Exps. 12, 23, etc.). 
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lIoExp. 3S.-00nstruct a vernier to work with the' above 
principal scale and to read to nth of its divisions. Mea
sure the above lengths by means of it and express them in 
inches and centimetres. 

METHOD OF EXAiliINING A VERNIER. 

19. (1) Find the value in fractions of an inch or 
centimetre (degrees if the measurement is angular) of 
tke smallest pa1'ts of tke principal scale. To do this 
either compare it with standard measures directly or use 
dividers (§ 13). 

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

(3) Find the relation between tke divisions of tke vernier 
and of the principal scale. Bring the zero of vernier 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 scale. 
Imagine each vernier uivision bisected. Note that the vernier reads 
forwards with Bcale (§ 22, 4). 

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

n (vernier divisions) = (n± 1) (scale divisions) 

the least count = ! (scale divisions). 
n 

(5) Show in diagrams the numbering of the scale and vernier. 

In actual instr'lm~ntB the numbering of the graduation marks 
given by the maker frequently requires some practice in reading on 
the part of the observer. Until he can readily decide the reading by 
a 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. 

(ii) 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, q, 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 + gin) 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 linea 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 = 41i = 4~, Y = 18~ = lSi. 

The" model verniers for students" of the r'lv, erse-reading type are 
often arranged to take the length under me~urement between the 
scale zero and the nearer end of the vernier (itS-l'ero being at the far 
end). In Fig. 16, Z is such a length: Z = ll~ = ll~. 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 
projects at right 
angles to the strip 
and is fixed at one 
end of it. Another 
steel jaw, also at 
right angles to the 
strip, forms one end 
of the slider. The 
construction is such 
that the two jaws Fig. 17. 
are in contact when 
the zero of the vernier, Z, coincides'J 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 
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jaws, X. These, a, b, can be {ntroduced into tubes, and 
measure thicknesses that can
not be reached by the jaws, 

C 

, !0 

abe, d (see Fig. 19). The 
distance, Y, between the out
side edges of the projections, 
c, d, is 2 mID. (usually) 

Fig. 18. Fig. 19. greater than that between the 
jaws. These serve to measure 

the internal diameter of tubes, etc. (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. 
NOTE.-H a cylindrical body is slowly turned while between the 

jaws the feeling of alternate tig'htness and looseness experienced will 
enable the observer to judge whether the fig'ure 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 = ~ (D2 - d2)L. 
4 

21. EXAMPLES. (1) "Vernier on a tl'avelling mWf08cope (§ 31). The 
parts of the principal scale are millimetres. There are 10 divisions on 
'the vernier. 10 vernier divisions are equal to 9 scale divisions. 
Therefore the vernier reads to .'0 mm. 

(2) Ba1'Ometel' vel·niers. 

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

Principal scale .. millimetres lo inoh 
Number of vernier 

divisions .. 10 25 
&1."," b,"";; r romi~~ 19 ".1,. 

principal scale Imagine each vernier 
and vernier divi- division bisected, 25 vernier = 24 scale 
sions . . ''1 then 

20 vernier = 19 scale 
Least count • . 'lo mm. -irs of 2'0 = oto 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 

coillGide with a scale division . 

10 

78 

71 

76 

Metric 
Fig. 20. 

\ 
\ 
\ 

5 

4 

J 

2 

0 

Britis 
Fig. 21. 

. . . reading by vernier = 0.'65 mm., 

.'. total reading is 765-65 mID. 

= 76'565 cm. 
(ii) By calculation: It is seen 

that 
X + 6'5 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. \ 
:. X = 778 - 12'35 \ 
= 765'65 scale divs.= 76'565 cm.\ 

British vernier. (i) By inspection : 
Reading by principal scale 

=.30'4 inches (Fig. 21). 
22nd mark on vernier coincides 

with a scale division, 
. '. reading by vemier 

= 0'044 inch, 
.'. total reading = 30'4 + 0.'0.44 = 30.'444 inches. 
(ii) By calculation: It is seen that 

X + 22 vernier divs. = 31'50. inches. 
By construction 25 vernier divs. = '24 scale divs., 

1 vernier div. = ~~ scale div. = it. -10 = 0.'0.48 inch, 
:. X + 22 X 0.'0.48 = 31'50.. 
:. X = 31'50. -1'0.56 = 30.'444 inches. 

Exp. 4.0.-Read the Barometer Vernie'lii' Set the vernier 
slide in any position. Read the Metric and British scales. 
Deduce the relation between inches and centimetres. 
Repeat several times with tl1e slide in different positions. 
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22. EXAMPLES. (1) Verniers on a table catnetometet· (§ 32). 

Vertical slide. Circle. 
I 

Divisions of principal } 
scale •• " 

millimetres degrees 

Divisions on vernier 20 6 

Relation between } t 6 vernier = 11 scale. 
Bisect each vernier 

vernier and prin- 20 vernier = 19 scale. division: then 12 
cipal scale .. / vernier = 11 scale. 

Least count of vernier lo rum. .'2 of 10 = 5' 

(2) Oircular vernie,'s on spec/"omete,' (§ 151). 

Principal 
scale. 

B. to 
(Fig. 22) 

Number of 
vernier 

divisions. 

30 

40 

.Relation between 
vernier and 

scale divisions. 

Least count 
of 

vernier. 

30 vernier = 29 scale io of !O = 110° = l' 

40 vernier = 39 scale -lo of flO = Tho = !' 

Fig. 22. 

Vernie!' B (Fig. 22). (i)By inspection: Reading by principal scale = 461. 
Division 23 of vernier is coincident; therefore, since the least count 

= i', the reading by vernier = 23 X ! minutes = 11' 30", 
:. total reading = 460 20' + 11' 30" = 46° 31' 30". 

(ii) By calculation: It is seen that X + 23 V = 54°. 
By construction 40 ·.lIernier divs. = 39 scale divs. or V = !~ scale, 

:. X + 23 X ~~ scale divs. = 54 X 3 = 162 scale diva., 
:. X + 22'425 scale diva. = 162 scale divs., 

•• X = 139'575 scale divisions = 139'575 X 20 minutes = 46° 31' 30". 
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GRADUA'£ED sCRkJ 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). 
(3) Turn the screw through, say, .1 or t 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 8crew). 
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 throu~h which the 
screw has been turned. ", 

23. When short lengths have to be measured with 
considerable accuracy, a screw gauge, spherometer, etc., 
may be employed. In these instnlt12ents an accurately cut 
screw moving in a fixed nut is turned by hand until the 
end is felt to be in contact with the body to 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. 

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

t 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 

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, A, 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 
j1tst 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 II).easuring screw. 

On the outside of the hub there is a scale, p, of 
fractions of an inch or centimetre. This is the pitch scale. 
Its base line running along the hub is called the line-of
graduation. The equidistant marks, j, on the left hand 
bevelled edge of the head, H, form the head Bcale 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 2f graduation are not coincident, but slightly 
diverge after starting i'fom the same zero-point. If the pitch of the 
screw is a -! mm. then the line of graduation of its pitch scale is parallel 
to the axis of the hub, and the line of gradnation of the scale of one
fiftieth inch slowly spirals round the cylindrical hub. 
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TO EXAMINE A SOREW GAmiE. 

25. (1) Turn the head so as to expose th~ 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 -lo inch is practically equal to ! mm. t 

(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 on 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 at the 
screw has made one-nth of a turn, and that the wi th 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 er'l:or. 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 iA closed before this 
is the case. 

t ! mm. = 0'01969 inch. 
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26. EXAMPLES. The following are data of two screw gauges--

l\Ietric. British. 1 

________________________________ : _____________ 1 __ __ 

Smallest parts of 
pitch scale 

Pitch of measuring 
SCrew 

! millimetre 

! millimetre 

Divisions of head 50 
scale. . . . 

Least count of in- ,fo of ! = TiD mm. 
strument .. 

Zero error " - '03 (Note 1) 
Numbering of E"erytenth division, 

pitch sCHle 0, 5, 10, 15, etc. 

Bcale .• .• .• 0, 5, 1, 2, 3, 4 
'-,-' 

Numbering of head I Every tenth division, 

41; inch. 

io inch. 

25 

irs of -fo = uhm inch. 

+ '004 (Note 2) 
Every fourth division, 

0, 1,2, 3, etc.t 
Every fifth division, 
0, 25, 5, 10, 15, 20t 
'-,-' 

Note.--(l) The gap is closed 3 divisions of the screw head before the 
zeros would coincide. Hence, subtract 5

3
0 of ! = '03 mm. from the 

readings of the instrument, (2) The gap is closed 4 divisions of the 
screw head after the zeros come mto coincidence. Renee, add 
~ of 10 = 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 
]fet1'ic screw calipers, (2) by the British. Record each 
value: calculate the means. 

Use 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 grms. Calculate 
volume in cb. cm.: then density = massJvol1tme. See § 69. 

t The numbering of the scales is unsatisfactory. The instrumenl 
could be read more e~ly if every fourth division of pitch scale Waf 

numbered '1, '2, '3, ete., and every fifth division of head scale, 
0, '025, '005, '010, '015, '020. 
'-r-' 



MEASUREMENT 0\ :r;l!]NGTH AND 

THE SP$ROMETER. 

ANGLE. 45 

27. A metal frame, .A (Fig. 24), l'esting 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, 0, graduated in equal parts; this is the head
,cale for measuring the incomplete turns of the screw. The move
ments of the disc are referred to the pitch scale, on the side arm, IJ, 
that rises pal'lJ.liel to the screw spi,ndle. The parts of the pitch 

D 8 

scale are usually a fraction of an inch or centimetre. When tho 
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 "efel'ence or ground plane 
of the spherometer. It is practically realised by resting the instru
ment on the fiat 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 pitch sca~. 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 
ioth inch is practically equal to t mm. 

(2) Find the pitch of the measu"ing screw. Bring the zero mark of 
the head scale up to the edge of IJ. Observe now the position on the 
pitch scale of the edge of disc 0, and also after turning the screw 
round once. The difference in the readings of the pitch scale is the 
pitch of the screw. Express it as a fraction oHm 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 edge IJ, 
indicates that the screw has made one-ntlb of a turn, and that the end 
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of the 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 tMee 
outer feet. Rest the instrument on a piece of plate ghlSS or other flat 
surface. Turn the screw until its end touches the surface. When 
this is the case a 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 tightly 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 divisiQns between the 
zero of the head scale and the edge of the arm, IJ, is the zero error. 
Note whether it should be added to or subtracted from the scale reading. 

In a similar manner the end of tlie SCf'ew is aJrjitsted to touch any other 
surface. The exactness of a measurement depends considembly 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 (i) each pair of the outer feet, 
(ii) the centre and each outer foot. The former should be equal to one 

1 
another, also the latter. The latter = '113 (former) = 0'58 (former). 

29. To :lind the thickness 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). Adj ust 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 tlie spherometlW find the thiclcne88 of a piece of (1) plate 
fllass, (2) patmt plate, (3) microscope cover-glass. 

Exp.45.-Test 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. ' 

t NOTE.--It is bettel'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 fmotional turns of the screw needed to realise the adjustment 
in (2). 
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30. To find the radius of a spherical su~ace by means of a 
spherometer.-The surface may be either convef or 'concave. 

(I) Place the instrument on the spherical snrface and adjust the 
screw until its end touches the surface. Read the scales. Repeat 
three times, placing the instrument in different positions. Record 
each reading and calculate the mean. 

(2) Place the instrument on the Hat surface and adjust the screw 
until its end just touches the surface. Read the scales. Repeat three 
times, placing the instrument in different positions. Record each 
reading and calculate the m~n. ! 

Find the difference (a) between the mean readings, 
(3) Measure the distances between the centre and outer legs and 

calculate the mean (b), Then ' 
, ~ a '\ 

R=2iI+2" " 
Or measure the distances between the outer legs a~d 

mean (c). Then "" 
calculate the 

e2 a 
R =6a-+T' 

PROOF OF FORlIIULAE.-The diagram 
(Fig. 25) represents a side view 0:1' a sphero
meter resting on a spherical surface. The 
third leg is hidden by B. E is the position 
0:1' the screw end on the spherical surface. 
.lJ would be its position if the surface was 
flat . 

.lJEis therefore the quantity (a) measured 
by the ~herometer. EDE'is a diameter 
of the spherical surface (= 2 • R), lJA 
is the distance (b) between the centre and 
outer feet when on a Hat surface. 

By Euc. iii. 35 
ED . lJF = AlJ . lJG. 

Also EFbisects AG at right angles, 

( \,) 
\ I 
\ I 

\ / " ,/" '... .../ .... .... _- __ .... 
., F 

Fig. 25. 

•• ED (EF- ED) = ADZ, .• a(2R -a) = 0', 

:. R = (aZ + bZ
), 

2a 
Since D is the centre of the equilateral triangle formed by the three 

feet A, lJ, 0, if the distance between the feet is c, then 
b 2 c 3a" + c2 c2 a 
It = '\1'3' :. b'= '\1'3' :. R =~ = 6a +2' 

The distance, DE, depends on the curvature of the surfaoe, being 
smaller or greater as the surface is HaUer or sb-I'per. It is sometimes 
called the sagitta. 

Exp. 46.-E'ina the raai.js of a large lens, concave or convex, by the 
spherometer. (See § 30.) 
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31, The Travelling Microscope (Fig. 26).-A micro. 
scope is mounted on a rigid metal frame so that it 

Fig. '2(i. 

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. 

l~' ig. 27. 

To measure the clispl:1Cement of the microscope a vernier 
is fixed to the slid,tr, and the principal scale to the base. 

t The frame calTying the lllicroscope (Fig. 20) is slid by hand along 
the base. A fine adjustment may be effected by turning the screw 
head Been 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 

~Fig. ~G. 

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

Fig. '27. 

To measure the displacement of the microscope a vernier 
is fixed to the slid,tr, and the principal scale to the base. 

t The hame carrying the microscope (Fig. 26) is slid by hand along 
the base. A fine adjustment muy be effectod 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; it is focussed, 
the spider-line in the eye-piece adjusted to one end of the 
length, and the reading (x,) of the scales taken. Next the 
microscope frame is moved until the spieler-line is adjusted 
to the other end of the length, the scales are then read (x

2
). 

The length = Xz '""' X,, 

32. The Kathetometer. -This is 
measuring vertical heights. It 
consists of a small astronomical 
telescope arranged to slide along 
and be clampecl to a long vertical 
graduated rod. The tube of the 
telescope is adjusted horizontally 
by a spirit level. Its eye-piece 
iB provided with a spider-line. Its 
position with reference to the 
vertical principal scale is read by 
a vernier 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 ~tfter 
the slider has been clamped. '['his 
forms a fine adjustment. 

Table Kathetometer (Fig. 28).
rrhis 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 ildjusted vertically by 11 

plumb-line. 

an instrument for 

Fig. 28. 

Fig. 29 shows a useful combination instrument. Either a micro
scope or telescope can he set with its axis horizontal, vertical,. or 
oblique. The frame BUPI,orting it may be slid up and down a 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; it is focussed, 
the spider-line in the eye-piece adjusted to one end of the 
length, and the reading (x,) 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 (x

2
). 

The length = x" t-' X" 

32. The Kathetometer. -This is 
measuring vertical heights. It 
consists of a sUlall 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 vernier 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).
'fhis 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 iLdjusted vertically by a 
plumb-line. 

an instrument for 

Fig. 28. 

Fig. 29 shows a useful combination instrument. Either a micro
scope or telescope can be ~et ~ith its axi.s horizontal, vertical,. or 
oblique. The frame 8upportmg It may be shd up and down a vertIcal 

PRo PRY. 4 
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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 

Fig. 29. 

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

33. NOTE.-Scales and verniers should be well illumi. 
nated. A nalced 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 mic1'oscope 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 hOl"izontally, distances vertically. 

Exp. 48.-Meafj}we by a travelling microscope 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 
base. The positions of the sliders on the vertical or horizontal scales 

Fig. 29. 

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

33. NOTE.-Sca,les 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.-1I'feaw.~re by a travelling microscope 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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MEASUREMENT OF A2\TGLE. 

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 or 
metal, paper, or celluloid upon which is engraved a circle 
or semicircle divided into degrees, etc. '1'he marks all 
radiate from a conspicuous centre. Sometimes the pro
tractor is 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 into 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 circle, which 
to avoid parallax (§ 120) is . 
mounted in front of a plane N 
mirror. The axis about which 
the body turns should pass 
through the centre of the 
graduated circle. As, however, 
this adjustment is not likely 90 

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 N8 '} . S 
be tho diameter of the graduated FIg. 30. 
circle that passes through the zero, 
and .M the centre. Let AB be the pointer attached to the suspended 
body. 
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Join MA, MB. Then the reading of A will be the angle NMA 
or "I; and the reading of B will be the angle S~JIB or "2' The actual 
angle between AB and NS is ct. 

Now "I = ,,+ f3 and ,,= "2 + /3, :. a = i(ctl + "2)' 

To mea6Ure an angular deflection read the position of 
each end of the pointer over the gmdun-ted circle (1) before 
(let the values be d p dJ, (2) after the deflection has been 
produced Clet the values be Dl' D 2 ). '1'he difference between 
the mean of the latter [= MDI + D z)] and the mean of the 
former [= !(dl + d2 )] is 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 CD3, D i ) of the pointer, 
calculate the mean deflected position of the pointer, 

D = leDj + D2 + Ds + D4), 

and subtract from it the mean initial position = -!C d l +d2). 

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 ~t mirror it can be reflected to for111 a bright. patch on 
a surface in another direction. If the mirror is turned, 

L 
h 

the patch of light 
is displaced; and 
it can be shown ............ -"" 

// (Exp. 137) that the 
// Scale 'reflected ray is de-

/>7// fleeted through an 

'~~~~~~~B~~::~::;3a:=====:al angle eq1lal to twice _ ~/ . that through which 
S L, the mirror is turned. 

Fif,j.31. 
Also, if the spot of 
light moves along 
a straight scale, its 

displacements are propm·tional to the angular deflections 
of the min'or when these a1'e sma7l in v~1lue. 
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PROOF.-Suppose (Fig. 31) a light at L, mirror at' H, and a Bcale 
along 8b. Let SM be perpendicular to Sb, and ML an incident ray. 
'When the minor is along AlP, let the reflected my, Ma, produce a spot 
of light at a; wh en the mirror is along .AlQ, let the !\pot be displaced 
to b. Then the angle (a J[b) = 2 . angle (PMQ). Now 

bS as 
81£- 81{ 

tall (aJIb) = tall (bMS - al1£S) = " 
1 + !!!!_ . ,(,8 

S1£ S1£ 

ab ( 1 ) 
= S,1£ 1 + ~ .!_§_ . 

SJl S1Jl 
'Vhen 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. H ence the angle, B between 
the reflected rays = tan (ol1£b) = a.b(S1Jl, and the angle between the 
two positions of the mirror = abl2 . SM. Hence, when 81£ is kept 
constant, the displacement of the spot of light, ab, is proportionnl to 
the angle (a Mb ), and therefore to the angle (PMQ) through which the 
mirror is turned. 

\ 

Fig. 32 .• 

The light may be in any comenient position: usually it is along 
MS, a little below and behind the scale (say at "",1) and shines through 
a slit or hole (see Fig . 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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PROOF.-Suppose (Fig. 31) a light at L, mirror at M, and a Beale 
along 80. J~et SM be perpendicular to Sb, and ML an incident ray. 
'When the milTor is along )IfF, lot the reflected my, Ma, produce a spot 
of light at a; when the mirror is along lIlQ, let the spot be displaced 
to o. Thon the angle (aJfb) = 2 . angle (hl!Q). Now 

bS as 
tan (a)lfb) = tan (bJIS _ aJfS) = SM ~ SJi 

1 + __/J;S_ • .:'i. 
SM SM 

ao ( 1 ) == SJE 1 + _b!_ . .!'£ . 
oj! oJI 

"Vhen the angles are small (less than about 12°) their tangents are 
equal to their cirelliar measures; also the product of two tangents 
is negligible in comparison with unity. Hence the angle, B between 
the reflected rays = tan (a"lIb) = ab(SlIf, and the angle between the 
two positions of the mirror = abj2 . SM. Hence, when SM is kept 
constant, the displacement or the spot of light, ab, is proportional to 
the angle (aMb), and therefore to the angle (PMQ) through which the 
mirror is turned. 

Fig. 32. ' 

The light may be in any conTenient position: usually it is along 
MS, a little below and behind the scale (say at 1,:1) and shines through 
a slit or hole (see l<'ig. 32). In order that definl'te 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. 

I. A plane min'o!' with a sho!'I- 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 a magnified im'crted image or the 
slit behind the mirror, but the light is reflected to and the image 

a 

----
:-=:-:~~~"i_-:__~5-~~;?,,"__' 

Fig. 33, 

formed on the screen. Hence the slit and thc screen are related like 
conjugate foci (§ 135). The image is considerably mag'1lified-a dis
advantage; the object and scale need not be equally distant from the 
mirror-an advantage. 

Fig. 35. 

II. A long - foeus concave 
111;''1"01' (Fig. 34). The object 
and scale are both near the 
centre of curvature of the 
ruin'or. 

Ill. A plane 1»il'l'ol' and long
focn" convC1'ging lens close to it 
(Fig. 3/i). The object and scale 
are both near the principal focus 
of lens. 

In both II. and III. the image 
is the same size as the object
an advantage; the object and 
scule are equally distant from 
the mirror-may be a disad
vantage. 

The scale is generally of millimetres, or 1/40 inch. OUen the 
zero of the scale is at the middle, and the divisions numbered 
consecutively to the rjg'ht and left of it. It is, howe\,er, more con
venient to have the zl!to at one end-say, the left. The scale may b8 
engraved on nearly transparent paper. The spot of light can then 
be seen at the back, i.e. when the scale lies between the mirror and the 
()bserver. 



MEASUREMENT OF LENGTH AND ANGLl!l. 55 

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 Yertical, 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 Jast 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 aboye 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 is arranged at L} (Fig. 31), and focussed so that the image 
of the scale is seen in the plane mirror. The eye-piece or 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." 

as. To set up sca.le, wire, etc., for measuring the deftections of a 
suspended mirror.-(i) See that the suspended body and mirror can 
tum freely: if not, make the necessary adjustments of levelling 
screws, etc. If the body is a magnet it can be easily deflected by 
bringing a pocket-knife near to it. 

(ii) 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 011 it. If the arrangement is that of II. or TIL the image will 
be in front of the mirror, inverted, and should be diminished (if not, 
place the candle further off). 1£ there is a plane mirror only, the image 
will be behind tho mirror, erect and of the same size. 

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

A. If tlie arrangement is t!!at of II. 01' III., 

(iv) Hold a sheet of card or paper near the candle and slowly move 
it towards the mirror, until the image is defined. (If not found, place 
the candle further off.) Take care that the card does not preyent 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 the losition. 

t lIf oye, 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 illuminated image is got on the scale, over 
the object.t The lamp flmne 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 ItOm the mirror (measure with 
string). 

B. Iftlte m·mllgemelll is thai of I., 
(iv) Place the lighted lamp and scale perpendicular to the line 

obtained in (iii) ami 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 mitTor, 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 pas~es through it falls on the mirror; then move it, say, an inch 
tOlca,.ds the light, and cateh the image reflected from the mirror on a 
card. (Be careful that the card does not cut off the light from the 
mirror.) TheIl again move the lens slightly towards the light, and 
follow up the image with the cardt until the image is near the scale. 

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

t 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 BALANOE. 

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" 'IL'eights." 

The balance compares forces. But the forces being weig'hts 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. Howevcr, the ratios of the members of 
the set are constant e,'erywhere whethcr we consider 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 steelym'd (§ 51)-a balance with 
\unequal arms-and the spl'iug balallce (§ 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 eha pter 1. 

40. The Balance (Fig, 36).-The following is a useful 
form for elementary work. 'fhe bearn, AB, has a central 
knife-edge or fulcrum, C, of agate or steel. This rests on a 
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 ''to 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, 

67 
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The masses to be compared are placed in these pans. A 
pointer or index is fixed to the beam. This, when the beam 
is swinging, moves in front of a short scale of equal parts 
(unit unimportant) fixed at the foot of the pillar. Thus 
the index m:1rks 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 stem upon which 
the nut can tmvel. Turning either nut so that it moves to
wards the right or left displaces the pointer in the opposite 

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 1'ight by moving ez"ther mtt to the left. It is convenient 
to have the beam graduated in equal parts (§ 45). 

The Arrestment. The, central support, Q, can be moved 
slightly up and down within the pillar, P, by the handle, II. 
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 fmille flpringing from and fixed to the top end of the 



MEASUREMENT OF MASS. 59 

pillar,t also the scale pans rest on the base-board. The 
beam is now arrested, or the bala,nce is md of action. The 
arrangement saves wear and tear of the knife-edges. 
rurning the handle completely over to the right (as in 
Fig. 36) raises the support, and lifts the bea,m and pans. 
rhe 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 
:t vertical position. 

41. In practice.-The balance is in working adjustment 
if, when both pans are unloaded, 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 
5"radually diminishes in range or amplitude, and presently 
bhe movement stops. The scale division in front of which 
bhe end of the pointer comes to rest is called the r'esting 
point when the pans are loaded, or the zero point or equili
~riurn position of the balance when the pans are unloaded. 
To determine a resting point at any load it is convenient 
[lot to wait until the swinging stops, but to proceed as 
Eollows: Observe the end of the movin'g pointer from a 
position in front of, and about two feet away from the 
~hort scale. Note the turning points or the two scale 
:livisions on the right and left that mark the ends of the 
movement of the pointer. The resting point may be 
1ssumed to be midway between these divisions.t 

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 described 
later, until the pointer makes equal excursions to the right 
md left of the zero position. The balance is then said 
bo be in equilibrium, and the mass of the body is 
practically equal to the sum of the known masses in the 
)ther scale pan. 

t In some balances the beam is not lifted off ,'jJ_e central knife-edge, \ 
lhe scale pans are merely let down on to the base-board. 

t An accurate method of finding the resting point of a covered 
balllnce is described in § 43. 
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42. More sensitive balances, capable of measuring a rliffcrcnce of 
0'0001 gramme between two masses of 100 grammes each (that is ono
millionth of the mass measured), arc built in a similar manner to the 
rougher balance shown in Ji'ig. 36. The maker, however, pays greater 
attention to the keenness of the knife-edges, and the smoothness and 
accuracy with which the arrestment works. The arrestment handle is 
often at the left hand side of the base board. The balance is enclosod 
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, as exact.ly as possible, the value specified upon it, consists of brass 
units of mass and aluminium or platinum fractions. A. centigramme 
rider is used to determine the third and fourth decimal places. The 
weighing is performed with the case open until it is necessary to use 
tho rider. The doors are then closed. '1'he rider is manipulated by 
means of a sliding rod. The loft end of this carries a fork by which 
the rider may be picked up from or laid upon the beam; the right end 
proj ccts through the side of the balance case, it can be pushed and 
twisted by the hand so that the rider may be placed au any part of the 
beam. 

43. The resting point of a very sensitive balance is not determined 
q nito so simply as in § 41. Owing to tho falling off in the range of 
vibration an eXClll'Rion all one side is slightly further than that of the 
succeeding excursion on the athol' side. Hence the resting point is 
not exactly midway between two turning points. To determine a 
resting point at any load Bet the balance vibrating, obsone 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 rClluired resting point (Exp. 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, 1l0, 
120, 130, .. , '" ,Vatch 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 Beale. 

44. Set of Metric Weights,-These are usually as 
follows: 

(i) Brass weights (gilded) 
100, 50, 20, 10, 10, 5, 2, 2, 1 gms. 

(ii) Platinum 
0'5, 0'2, 0'2, 0'1 gm. 

m[trked 500, 200, 200, 100 mgms. 
(iii) Pl[ttinum tit aluminium 

0-05, 0'02, 0'02, 0'01 gm. 
marked 50, 20, 20, 10 mgms. 
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In a "box of weights" each member of (i) fits into Q. 

hole, and there are compartments for the fractional values. 
'1'weezers or pliers are provideu for lmnuling the weights. 

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

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

Examples: 
176'35 = (100+50+20+5+1) gms.+(200+100+50) mgms. 
99'08 = (50+20+10+10+5+2+2) gm".+::'0+20+l0) mgms. 

In weighing a body it is best nOL to add the weights 
hapha,zard but in descending order of magnitude, the 
equilibrium being tested by releasing the balance after 
each addition. Oonsider the following: 

'Veights in l"lll. 

--_-_ .. _-----

100 
100 + 60 
100 + 20 
100 + 10 
lOa + 10 + .5 
laO + 10 + r; + 2 
100 + 10 + 5 + 1 

E:\nilibrinlU test. 

too little 
too much 
too much 
too littlo 
too littlo 
too much 
too much 

Thus tho nwss is greater thrrn 115, less than 116. The fraction can 
be found by adding tho smaller weights in a similar manner, and 
finally by uHing a rider. 

45. Weighing with a rider.-The J'ider is a piece of wire 
of definite lllass (say 0'01 gramme, 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. '1'he diviJing' lines ,ire J;1umbered 1, 2 ... 9, 
the lnark 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 ninss is 1 gramme and the haH-beam is divided into 
tenths, then wil)Il the rider is 
on division, ,5 it is c'luiYalent to 0·5 grm. in the scale pan 
on division 4 0 ··1 

" " midway between 6 and 7" 0·65" 
" !o of length from 7 to 8 0·73 " 
" 

A rider of mass 0·01 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 ridpr weights less than 1 gramme
so easily lost-need not be used. 

Tho rider may be a U -shaped piece of stout brass wire, about 2" long, 
cut down to a rna's of exactly 1 gramme. The diyision marks may 
be determined geomctrically 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 until it is 
tm·ned completely ovm· to tlte right or left. Release or 
arrest the balance slowly and without jerking. 

(3) Detm·mine the zero or 1·esting point of the unloaded 
balance (§ 41). 

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

t This is importan.to beginners: the right hand should work the 
handle and manipulate the weights in turn. 'fwo pupils should not 
be permitted 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. 'fhe 
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 descenlling 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. ('fhis is sometimes stamped 011 the 
instrument. ) 

(7) If the balance does not swing when released, either 
arrest and release again, 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 weights 
in the box. 

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 about its original resting point or 
nearly so; 

(3) sensitive or sensible, that is, a very small overweight 
should produce a perceptible displaceD'jlnt of the resting 
point. 

A balance should swing somewhat quickly (period, .10 to 
15 secs.) in order that weighing may be done rapidly. 
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A balance is constructed, as nearly fiS possible, 
(i) 'Yith arms of equal length and scale pans of equal mass, to secUre 

truth. 
(ii) With a long and light beam to attain sensibility, but shaped 

and stiffened so as to be rigid. 'Vhen rigid it will be in stable equili
brium for aU loads, within limits, if it is stable for any load. 

(iii) With the contral and end knife-Ddgos in one plane. The 
sensibility is then practically constant for ullioads. 

(iv) 'Vith the centre of grn.vity of the beam below, but very close to 
the central knife-edge. The smaller the distance between these, then the 
greater the sensihility, the slower the swing, and the less the stability. 
In practice some sensibility is sacrificed in order that the period of 
vibration mfty 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 through the 1m ire-edges, and there
fore the forces through the end lmifo-cdges are at constant distances 
from the central knife-edge. The positions of the masses in the scale 
pans are then unimportant. 

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

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

(2) Time of vibration. This should be from 10 to 15 sees. To find 
it set the balance oscillating and note the lime of 12 complete swings. 

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

(3) Constancy of zero point. Arrest and release the balance two or 
three times: then determine the zero poi nt. Repeat several times. 
Also load the balance with, say, 25 grammcs, 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., grammes, and repeat the operations. The differ
ences in the values will indicate the degree of inconstancy of the Z81'0 

point. This should be observed frequently. 
(4) Equality of masses of scale pam. Determine the resting point or 

the unloaded balance before and Rfter interchanging the scale pans. 
1£ their masses are equal the resting points should not differ more 
than would be expected from the observed inconstancy of the zero 
point. 

(5) Ratio of the baM lee (WillS (see § 50). 

(6) Sensibility of a balance at load, 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 (x). (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 I'esting point is displaced 
(x-y) divisions when the rider is shifted d divisions. If 
the mass of the rider is In, 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 iod.ln. Then, since a mass 
lo d.1n displaces the resting point (x - y) divisions, unit mass 
will displace the resting point (x-y)j(/o d.m) divisions. 
The displacement pOl' unit lllass measures the sensibility. 
In a delicate bahtnce 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 displacement of 1 division. It is equal to 
lo d.mj(x-y), that is, it is the t'eciproca,l of the sensibility. 

EXAMPLE.-I,oad, 50 gms Resting point, (i) 6'2. 

Shift of rider (0'01 gill.), 4 diys. Resting point, (ii) 15'7. 

Displacoment of resting point = 9'5. 

Mass in pan equivalent to shift of rider 
= faX 4 X 0'01 = 0'004 gm. = 4 rngm. 

Then displacement of resting point due to 1 mgrn. in pan or seJl6i
oility = 9'5/4 = 2'4 divisions. 

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

PRACTICE.-The sensibilitv of a ba,hnce should be de
termined for several loads "(0, 25, 50, 75, 100, etc.), and 
two curves plotted, viz. ; 

(1) The sensibility curve; divisions per unit mass 
as ordinftte, load as abscissa. 

(2) Tl . h' ,> • d' 1 10 we1g 1ng curve: mass pel' umt ISP acement 
(one' division) as ordinate, load as abscissa. 
See weighing by vibration (§ 49). 

PRo PHY. 5 
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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, x. 

(3) Shift the rider (mass, rn) through 1 division (110 of 
half-beam). Determine the resting point, y. 

Suppose the resting points are in the order a, x, y. 
Now (y - x) is the displacement of the resting point dne 

to a 
mass = -to m. 

Therefore unit displacement is due to a 
mass = -farnley-x). 

Hence to displace the resting point from x to a would 
require a mass 

p = -farn (x - a)/(y - x). 

Then X=P+p. 

NOTE.-In an actual experiment care 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; 47'4 grms. on right side; resting point, 15·7. 
X grms. on left side; 47'5 grms. on right side; resting point, 13'3. 
Then difference between the zero point and onc of the resting points 

= 13'3 - 10 = 3'3. 
Displacement of the resting point due to 0'1 grm. = 2'4. 
:. To displace the resting point one division requires 0'1/2-4 = 0'04 

grm_ 
:. To displace the resting point 3-3 divisions requires 0-04 X 3-3 

= 0-132 grm_ 
:. X = 47'5 + 0-13 = 47-63 grammes • ., 

Exp. 49.-Find the mass of a coin by the method of vibra
tion_ Use a less sensitive balance and gramme rider. 
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Exp. 50.-Find the sensibility of a balance at loads 0, 
25,50,75,100, etc. (§ 48 (6». For a more sensitive balance 
find the several resting points as in § 43; other balances 
as in § 41. 

RECORD of an experiment on the sensibility of a balance. The 
index scale was counted as in § 43, tho sensibility determined as in 
§ 48 (6). 

I co . 
cD • I Scnsi-

Turning .S'i1 Added to Turnin o. 
p+> bility Load. ·~.S 

Points. -m '0 one side. Poillts~ en 0 for Q, 

I~ ___ Ifl:<P-< 
I",.j~ ,..... 

--- ._- ---.--~--
I 

I 0 160 I 0'003 g·m. 15 
95 65 

156 17 
98 62 

Li! 19 
--.--
96'5 IfJ6'7 126'6 17 6;1'5 40'31~ 

----
'25 gms. 17 0'002 gm. 120 I 

120 137 
21 120 

125 136 
26 121 
--- -----
21'3127 74'2 . 120'3 136'5 128 I 27'1 

--- . __ --- _ .. --- ._- ---
50 gillS, 80 0'002 gm. 72 

101 50 
83 71 

159 50 
86 70 
--- ---
83 160 122 50 71 61 31'0 _-

.OJ 

Scale divs. per mgm. 2'9 2'7 3'1 
SU1tfMA RY: Load ., I 0 125 gms'150 gms, I 75 gillS. 1100 gros. 

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 bahLnce. 
(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 G~tuss. 

A. Method of Borda (Substitution, or Tarillg).-(l) 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, J', 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 z. 

B. Method of GauBs.-(l) The unknown mass, X, in, say, the left 
pan is balanced against known masses, P, in the right. (2) The 
masses, P, are then remoyed, X is put into the right pan, and balanced 
by known masses, Q, in the left. 

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

.'. X = v(l'.Q). 
Thus thQ true mass is tho geometric mC<tn of the observed masses. 

Usually Q and R are nearly equal. Hence the arithmetic and geo
mctric means are practically eq nal. Hence 

X=! (P+ Q). 

Ratio of the balance arms.-From the above equations it follows 
that LjE = v(P;'Q). Hence tho ratio of tho 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 (.'t) may be found for 
(1) and any resting point (y) for an approximate value of (2). 
Calculate from the sensibility what mass i:; required to displace the 
resting point from y to x. 
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(2) Difference of density between the weights and body weighed. 
-Owing to the buoyancy due to tho displacement of air the so-called 
apparent "'eight (= trite weight - buoyancy) of a llOdy is not quite pro
portional to its mass. Let Mbo the mass of a body, 6., its density, 
then, in C.G.S. units, 

t'olllJlle = 111/6.. 
If the air has density, 0, then 

mass of ~i" displaced by the body = lHI/6. ; 

,'. the appm'ent weight of body = (filg - ~6.1f7) = Mg(r - ±). 
1£ a standard mass, P, of density, D, is used, then 

the apparent weight of P = pg( 1 - i) . 
Hence when J1l and P equilibrate on the balance, assuming that the 

apparent weight of the body = apparent weight of standard masses, 

then Mg(l - ±) = Pg(l - ~). 
Since M Rnd P are nearly c'lual and 0/6. is small, assume Mo/ a 

= Po/a, 
:. M = P + Po(± - ~} 

Assuming 0 = 0'0012, and for brass (weights) D = 8'4, then 

Ii (±- - -);) may be calculated for different "alues of a, The results 

give the amount pe,. !I,'ammo to be added to the obsen-ed mass, P. 

TABU; OF COrnmCTIOXS FOlt RUOY.D'CY. 
--------

I Dcnsity of substanco Add per gramme to 
weighed. mass observed. 

o·s + 0 00136 
1'0 + 0'00106 
1'5 + 0'00066 
2'5 + 0'0003-1 
5'0 + 0'00010 
8'4 (brass) 0 

12'0 - 0'0000-1 
13'6 (mer~ury) - 0'00005 
20'0 - 0'00008 

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

(3) Errors of wei,ghts.-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. 61 - Find the tl'ue mass of a so~'e,.eign and the l'atio ~f the balance 
a1'1ns. Use a more sensLtive balance. "Weigh (i) by Borda's, (ii) by Gauss' 
method. Correct for buoyancy, 

51. The Steelyard is a lever bahmce with unequal arms. 
In Fig. 37, the beam, AB, 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, CA, which is 

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., etc. 

A 

-ill 

B 

Fig. 38. 

an index, I, 

Sometimes the scale pan containing 
the body to be weighed is adjusted on 
the graduated arm, and a weight is kept at 
one position on the short arm (Exps. 16 
and 17). In the Danish steelyard the whole 
beam is shifted with regard to the fulcrum. 

Exps. 16, 17, 18, 19, in Ohap. I., iUus
tI'ate 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, E, moves easily 
ili~ide another, A. A spring connects 
the ends of the tubes. A plate, C, is fixed 
to the outer tube. The plate is slotted: 

fixed to the inner tube passes through the 
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slot. When the spring is stretched the index moves 
downwards, the extension being indicated on the scale 
graduated on the plate. The scale (one of equal parts) 
is direct reading; it is graduated so that the value of the 
force applied to the spring in Ibs. wt., etc., 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. 



OHAPTER 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 pendlll1l1n or balance-wheel. Ex
periments show thltt for either of these agents the tim\) 
of vibratIOn is practically constant. In timekeepers th!) 
swinging pendulum or balance-wheel moves, at regula!' 
intervals, an escapement; this is an arrangement by which 
a toothed wheel of the mechanism is alternately released 
and arrested at each tooth in succession. Such proportionll 
are taken, and things are so arranged that the hands and 
face of the instrument measure the hours, etc., of the mean 
solar day (§ 3). We shall assume that the student can 
tell the time, and will check his watch by comparison with 4 
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 is, however.. necessaI:v to 
rate the watch, that is, to find accw'ately what fraction" of 
the mean solar second is inclicated by it. To do this, 
observe simultaneouslv, at a convenient moment, the tim6 
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 t mean solar seconds, and by the 
watch x seconds, then 1 second by the watch = tlx meau 
solar seconds. 

The stop-watch is frequently convenient for measuring 
intervals of time. A common kind is wound, like a 
keyless watch, by'{wisting the head. Pressing down the 
head first sets the watch working, pretsing down the 
head a second time stops the watch, a third time, bring!l 

72 
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he hands back to zero. The dial over which the large hand 
'illoves is divided into fifths of a second. A small band 
~ecords the complete turns of tho large, that is to say 
minutes . Hours an~ not shown. In all a.ccurate experi
ment the stop-watch must be mtecl (see below) by com
p{Lrison with a standard clock. 

IThe 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 intal'vals a louel ticlc taclc is 
heard. The interval is altered by sliding a small weight, lYI, 
along the vibrating bar. By this means the instrument 
can be adjusted to beat seconds, halPseconcls, etc. In 
some met.ronom~s a bell is struck, say, every second, or 
fourth beat, etc., as arranged. 
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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 band 
:.:-ecords the complete turns of the large, that is to say 
minutes. Hours aloe not shown. In an accurate experi
ment the stop-watch must be rated (see below) by com· 
pltrison with a standarcl clock 

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

Fig. 39. 

III vibration, and at regular intervals a loud tiele tac7e is 
heard. The intervltl is altered by sliding a small weight, .l1I, 
along the vibrating bar. By this means the instrument 
can be adjusted to beat seconds, half.?seconds, etc. In 
some metronom~s a bell is strnck, 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. It~ 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 n ticks in s seconds, then the time 
between two ticks is sl(n - 1) seconds. 

Tuning-fork.-To measure minute intervals of time, say 
160 th 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 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 smaJler diaJ. The final regulation 
of the pendulum is best done, not by adjusting screws, etc., 
but by loading with small pieces of metal. 

The chronomete~' is practically a large watch. The 
mechanism is worked by a spring, and <:ontrolled by a 
cempensated 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 n ticks in s seconds, then the time 
between two ticks is sl(n - 1) seconds. 

Tuning-fork.-To measure minute intervals of time, say 
160th 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 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 screws, etc., 
but by loading with small pieces of metal. 

The chronomeM~ is practically a large watch. The 
mechanism is worked by a spring, and llontrolled by a. 
c\)mpensated balance wheel. 
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54. The Simple Pendulum.-:l\1:athematically this con
sists of a material particle at the end of an inextensible 
massless string. It is practically realise(l by hanging a 
heavy ball (called the bob) at the end of a thread or fine 
wire. 

To set up It simple pendulum.-Get a heavy lump of 
metal (preferably [L small lead ball), hang it from a nail by 
a fine string or wire, five or six feet long. '1'he attachment 
needs care. Lay about an inch of the wire along the 
nail, and bind it tightly 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, hanginO' 
it over the nail, and setting the pendulum swinging: its plane of 
vibration soon gets askew. The experiment is espeoially worth tryinO' 
with a long loop hung oyer two nails a foot or two apart. Vary th~ 
length of the loop. The arrangement illustrates a Blackbul'1l pendulum. 

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 
is the amplitude of vibration. The equilibrium position, or 
point on the arc vertically beneath the point of suspension, 
is 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 amplitude 
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 01' damped, sooner than if heavy (Exp. 52). 

In vacllo the position of equilibrium would be more exactly the mid 
point of the are, and the vibration would keep up much longer. (If 
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 01' stilling effer" of the air.) 

The time tak13n 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 
t[Lken, and called the time of semi-vibration, or time of 
vibration, or time of swing. 

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

P . d (t) - 2 ilength of pemluhml (l) erlO - 11' .. / ~ - '--'-c~~,",' 
V acceleration of gravitation (g) 

Hence (i) for any small arc the swings a1'e isoch1'onous 
(equal-timed). 

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

(iii) The square of the period is pl'opm·tional to the length, 
or lit' is a constant quantity =g/411'". 

(iv) g=411"l/t2 and log g=log411"+logl- 210gt. 
g will be in feet see. sec. when t is in sees. and I in feet. 

g ems. sec. sec. " t " sees, " l in ems. 

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 transit, 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 done 
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 noted 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, etc. 
-------------4~------------------------~ 

t Expressions of the mme form as that for the, simple pendulum 
give the periods of bodies whose vibrations are due to forces other than 
gravitation. (See §§ 76, 170.) 
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*Exp. 52.-Show that the period j's independent of the 
'mass of the bob, but dependent on the length of the pendul1t'm. 
Hang up 3 pendulums (say 1 yar,d 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 inlenf:,rth. (There will be a 
slight 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 
:vooe1 bob will be dwnped or stilled sooner than the heavier 
Iron. 

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

*Exp. 53.-S1IOW that the square of the period is propor
tional to the length of pendulum. Hang up a bob by a fine 
wire or string. Make 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, (iii) 5 feet, (iv) 4 feet long. Calculate 
the mean period in e[tch c[tse. Tahulate (i) Exp. number, 
(ii) length of string, (iii) t, (iv) t', (v) l/t~. 

From the mean value of ljf2, calculate g. 
Plot land t: the gmph should be a parabola. 
Plot land tz, also log 1 and log t: each gmph 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 shorte'r goes to and fro while the longer goes to 
or' fro, and confirm the values of the periods. 
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Exp. 55.-Fmd the value of g by a simple pendulum. 
Two observers, .A. and B, are reqmred. 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. This 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. 

I. Find the period roughly. Let.A. stand at the station, 
and B watch the clockt .A. gives a signal by sharply 
knocking a piece of wood just when the bob makes a tmnsit, 
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 simil:u manner the moment when, say, 50 complete 
swings have been done is noted. See § 55. 

Let t1 = (Interval of time) -7- (Ntrmber of complete 
swings); then t) is, roughly, the period. 

II. Find the mean period. The observers resume their 
positions. .A. gives signals when 6 successive transits occur, 
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. 1. is conveniently done while waiting between the two series 
of observations of transits in II. 

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

t This experiment cnn be done by one student if he uses a stop
watch, but the abo,e is better practice. 

t If the value of t~e qnotient comes practically midway between 
two whole numbers a fresh determination of t) is necessary. The 
new yallle of t1 must be determined from the timll! of a larger (60 or 
70 per cent.) number of vibration, than that used in the earlier 
observation: e.g. 80 or 85 vibrations instead of 50. 
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I. 

Divide the mean interval by n. 
period (t) very approximately. 

The quotient is the 

Carefully measure the lElngth (L) of the 
diameter Cd) of bob i then approximately 

wire and 

d 
length of pendul7t1n, l = L + 2' 

Calculate (use logs) g = 4rr2l/t2
• 

R~;CORD OF AN EXPERIMENT-

])etenllination of g by a simple pendtllHm. 

\ 
~ 
\ 

I.-Expel'immt giving l'o1f,qh ralue of pe,.iod. \ 
11me at start, 4h, 6m, 16'8s,; finish, 4h. 9m, 5·3s. ; interval, 1'1>8'08. 
Number of swings, 50. \ 
Therefore period = 3·37s. nearly. 

II.-Sllccessire t,.ansits, 
Signals by [Observer). Clock by [Obsorver]. 

.\ 
\ 

Intenal, r 
Transits, Time by clock, Transits, Time by clade, 

}I \'ibrations, 
1st series. h, m, 2nd series. II. m, 8. s. 

m. s. 

0 3 22 42'5 n 3 34 l7'8 11 35'3 
1 3 22 49'3 11 + 1 3 3{ 2{'6 11 35'3 
2 3 22 56 n+2 3 34 31' .. 11 35'4 
3 ;; 23 2'8 11 + 3 :, U 38'1 11 35'3 
4 3 23 9'6 11+4 3 34 H'S 11 35'2 
5 3 23 16'4 >1+5 3 34 51'6 11 35'2 

.. _ 

Mean interval for n vibrations, 695'3 sees. 
695'3/3'37 = 206'29. Nearest whole number = 206. 

. 'd 695'3 337' •. perlO = 206 = . i) sees. approx. 

length of wire, 281 em. ; diameter of bob, 3 em. . ,., 
:. length of sImple pendulum = 282'5; 

_ if X (3'142)2 X 282'5 _ " 
g - (:"375)" - 9,9 cm. sec. sec. 



CHAPTER V. 

VOLUME, DENSITY, ELASTICITY, ETC. 

56. Measurement of Area.-Areas enclosed by regular 
figures are most readily obtaineu by calculation. In every 
case the n,rea is the product of two lengths and numerical 
constants. (For unit:> and their relations, and formulae 
for calculating areas of regular figures, see the Appendix.) 

To find the area enclosed by a figure.-METHOD 1. By 
squa1'ed paper. (1) Find the IlUmUeI', N, of squares on the 
paper that make a square inch, or the number, n, to a 
square centimetre. (2) Outline the figure to be measured 
on tracing paper. Fix the 1;1tter on the squared paper, 
and count the number, A, of complete squares within the 
figure. Count each part of u, square equal to, or greater 
than a half as a whole square. Let B be the number of 
them. Neglect each part less than a half. Then 

A+B . A+B Area of figure = --fj-- sq. Ill. = -n-- sq. cm. 

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

METHOD II. By weighing. Cut a piece of tin plate, or 
foil, or cardboard to fit the figure 01' 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 

Area Irregulal' -7 Area Rcgulm-
• = 'Weight Irregular -7 Weight Regular. 

Experiments on the measurement of oItl'ea are given in 
Chapter I. 

80 
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Exp. 56.-An oblique circ1~lar cylinder is provided. 
Measure (i) girth (Methods II. and III., § 16), (ii) the 
major and minor axes of the elliptical end (§ 14). Also 
measure the area of the elliptical end by § 56, Method I. 

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 c 

(perpendicular to the axis of the cylinder), (ii) area of the 
elliptical end. Calculate (Area right section) + (Area 
elliptical end); this should be equal to sin a. Compare the 
measured area or the elliptical end with the calculated. 

'fhe relation is usually expressed in terms of the obliquity (0) or 
angle between the axis of the cylinder, and the perpendicular to the 
base: e is the complement of a. above. Hence the measurements show 
that (Area l'iflht section) + (AI'ea elliptical emi) = C08 e. 

MEASUREMENT OF VOLUME • ., 
57. Volume.-The volume of a reg u la1' solid may be 

calculated 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 ir1'egular solid is obtained experiment. 
ally by immersing it in a fluid, and measuring either the 
volume of the fluid 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 liquid is determined by 
some form of measuring vessel (Figs. 41, 4-~), or less directly 
by the balance. Similarly, the cubical content or capacity 

. of a vessel may M obtained. 
Volume of a gas, see § 70. 

PRo PHY. 6 
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Measuring Vessels (Fig. 41).-For scientific purposes 
these are usually made of glass; trade measures of wood 

(bushel, etc.) or metal (quart, etc.). 

- m 

c 
Fig. 41. 

iIeasuring flask, F: when 

~ 
filled up to the mark, m, it con-

me tains a definite volume (500, or 
250 cb. cm., etc.) of a liquid. 

}II easuring or graduated 
cylinder, 0: the marks on the 
side show the volume between 

P a division and the bottom. These 
are graduated in cb. cm., one
eighth of an ounce, one tenth of 
a cubic inch, etc. 

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. cm.) 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 
on the end in the mouth, and remove the pipette 
from the mouth. Relax the pressure of the fore
finger so that the liquid drops from the pipette. 
When it has reached the mark on the stem, increase Fig. 42. 
the pressure of t~e forefinger to stop the dropping; 
transfer the pipette to the place required, removQ the 
forefinger, and allow the liquid to run o'ht. Finally ll10w 
out the last drop. 
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Readings 0t rl'l:easurinq vessels. shoul~ not be hurriedly 
done; the hqUld reqmres a lIttle tIme to drain down. 
from the wet walls of 
the vessels. The reading, 
especially of the burette, 
is very liable to parallax 
error. The eye should 
look along the liquid sur- c' 
face (ab, Fig. 43) and -a- -r 
the reading of the lowest 'd 
part taken. If a piece 
of white paper is held be-
hind and close to the tube 11 

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. 

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

A. (1 ) Weigh a clean, dry beaker or flask ( = TV,. 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 (= Wz grammes). 
The volume is then 

(W2 - WI) cubic centimetres, 
or (W2 - WJ /16'4 cubic inches, 
or (W2 - W1)/28'3 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 di~charge the water 
into it from the graduated vessel of unknown denomination, 
and thus measul'e 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 is left in the measure. Deduce the volume of water 
poured out: this equals the volume of the vessel. 

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

(II) 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., (ii) 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 1'78. 

NOTE.-Since 1 cb. ft. = 1728 cb. ins. and 1 cubic 
foot of water has a mass of nea,rly 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, 
0) before, (ii) after the body is introduced. The differ
ence is the volume of the body. The water introduced at 
the beginning must be sufficient to cover the body. 

(II) 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 bm'ette and 
the reading of the measuring vessel is the volume of the 
body. 

(IIa) 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 before; and after, discharging the water. The 
volume of the body is the difference betwtlt:ln 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 in cubic centimetres, 
(ii) when in ounces, IS 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.-Find the denominations of the measuring 
vessels pro'Vide(l (§ 58). 

DENSITY, SPECIFIC GRAVITY. 

62. Density.-DEFINITION: The density of a substance 
is the mass of it contained in unit volume, e.g. the number 
of grammes per cu. C1J~. or of lhs. per cu. ft. 

Note that in the specification of the density of a substance t~ere 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 in absolute units. 
Then the 
(density of substance) = (mass of body) -:- (volume of body). 

63. Specific gravity.-DEFINITION: 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 numericaliquantity; its specification for 
a particular material makes reference to a standard substance, e.g. 
water. 

Since 1 cu. cm. of water has a mass of 1 grm., the Sp. G. oj 
a substance is numerically equal to its density in grms. per 
cu.cm. 

Since 1 cu. ft. of water has a mass of 62'4 lbs., the 
(Sp. G. of a substance) X 62'4 is num~rically equal to the 
density of tke su}stance in Zhs. per cu. jt. 

Also since 62'4 lbs. = 1000 ozs. nearly, the density of a substance in 
OZ8. per cubic foot = 1000 X (Sp. G. of substance 
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Hence the (VOlume of a bOdy) Mass of body in ounces 
in I:ubic feet = 1000 X 6'j:G. of substance' 

The specific gravity of a liq~~id 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' Principle. 
At least two weighings are necessary. 

64. The specific gra.vity, 01' density bottle' (Pyknometer), 
(Fig. 45).-This is a glass bottle with a carefully fitted 

a 
stopper. A small hole, ab, is bored through 
the stopper. Sometimes it carries a thermo
meter. (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 
is 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 it, 
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 speci1ic gravity (}f a liquid by the 
bottle. 

(1) Weigh the empty bottle, clean and dry (= WI)' 
(2) Fill the bottle with some :0£ the liquid whose Sp. G. 

is required and weigh (= W). 
(3) Remove liquid from bottle, clean, fill with watel', and 

weigh (= W,). <, 

Then Sp. G. of liquid =::; = ~. " 
, 2 I 
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B. To find the specific graviey of a solid by the bottle.-
I£he solid may be in small fragments or a powder. 

1. When the fragments are numM'OUS and small: 
(1 ) Weigh the bottle empty, clean, and dry (= WI). 
(2) Put in the solid: weigh (== W). 
(3) Add water to fill the bottle: weigh (= w). 
NOTE.-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 (== Wz). 

Then Sp. G. of solid = ~Ww~ +Ww-,--· 
rr- I 2-W 

Any other liquid may be used instead of water. If a substance 
that dissolves in water is to be experimented with, use some liquid 
that has no chemical action upon it (Exp. 61a). 

PRooF.-Weight of solid = W - WI' 
Weight of liquid displaced by solid 

= W 2 - {w - (weight oj solid)} = W 2 - tv + W' - WI' 

) II. When the fragments can be weighed separately: 
(1) The weight of the bottle need not be found. 
(2) Weigh fragments apart from bottle ( = M). 
(3) and (4) as I. (3) and I. (4) above. 

Sp. G. of solid == M :: + 2- w 

Exp. 58.-Find the Sp. G. of methylated spirit, salt 
solution (saturated and half~saturated) by the bottle. 

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

Exp. 59a.-Fintl the Sp. G. of mercury. Proceed as in 
B. Method I. (§ 64). Put about 50 gl'ammes of mercury 
in the bottle illstead of a solid. (A bottle full of mercury 
is likely to break or to be too heavy for the balance.) 

/ 
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Exp. GO.-Demonstrate the Principle of Archimedes: t that 
when a body is wholly or partly immersed in a fluid, a force, 
called the buoyancy, acts upon it, whose direction is vertically 
upwards, and whose magnitude is equal to the weight of the 
fluid displaced by the body. 

Law of Flotation.-A body floats when the force of buoy
ancy acting upon it is equal to the u'eight of the body. This 
can be easily deduced from the Principle of Archimedes. t 

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

Weigh in (2) air, (3) methylated spirit, (4) water, (5) 
concentrated salt solution, (6) concentrated solution of zinc 
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 ea,ch liquid displaced by the 
body ( = volume of body X Sp. G. of liquid). 

(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 . . .. mean length = .. em. 
Measured diameters .. mean diam. = .. em. 
Volume of cylinder .. .. .. = .. cu. em. 
MasB of cylinder (weight in air) .. = .. grms. 

Methyl- Salt Zinc 
ated Water. Solution. Sulphate 

Spirit. Solution. 
---

.A.pl?ar~nt :weight of body 
mhqUld ............ 

Sp. G. ofliquid ........ 
Buoyancy due to liquid .. \ 
Vol. of body X Sp. G. of 

I liquid ., 
J • 

t See Experiments 28, 29, 30 on Flotation, elle., in Chap. I. 
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65. To find the specific gravity of a substance by means 
of the balance.-The body provideil is hung by a thread 
(loop at upper end) from the hook [l,t 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 mised, half 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 narrow folded strip of paper. 

A solid body that sinks in water.-(l) Weigh clean and 
dry in air (= W). 

(2) Weigh in water (= WI)' 

(
SP' G. of) _ Weight in air _ W 
substance - (~eig!d) _ (. Weight) - W - WI' 

tn atr tn water 

A solid body that floats in water.-(l) Weigh in air 
( = W). (2) Attach the bodY to another so that the com
bination sinks in water. Weigh body + sinker (= Wz). 
(3) Weigh the sinker only in water (= Wa). 

W W 
Sp. G. of substance = W _ (~_ W

3
) = W + Wa - W

z 
A liquid.-Take a body that is not chemically affected 

by the liquid, weigh it (1) in air ( = W), (2) in liquid 
(= W.), (3) in water (= WI)' Then 

S G ,I' l' 'd W - W4 p. . OJ tQUl = W _ W' 
I 

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 uetermined. 

CALCULATION.-Let S be the Sp. G. of the solid; D, the 
Sp. G. of the liquid. Let W be the weight of the solid in 
air, W' its apparent weight in the liquid. Let V cb. cm. 
be the volume of the solid, and hence of'liquid displaced. 
Then (§ 62) W::.:.t S . V, and (Exp. 60) W - W' = D. V, 

,'. SID = W/(W - W'). 
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Exp. 61.-Determine the Sp. G. of glass, sulphur, iron, 
copper, lead, aluminium, wax, alcohol, ether, etc. 

Exp. 6la.-Find the Sp. G. of copper sulphate crystals. 
If two or three large crystals are provided, tie them into a 
bunch and suspend from 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 a.re 
small put them into the Sp. G. bottle and proceed as in 
§ 64, B., filling the bottle however with petroleum oil 
instead of water. 

66. Modification of formulae.-Let numerator and denominator in 
each of the above be divided by the weight in air (TV), then (see table 
below) the values of Sp. G. will be expressed in terms of tl)e ratios of 
the se,eral apparent weights to the weight in air. 

In Jolly's spring balance (Exp. 77) the weights are proportional to 
the respective elongations (e, e» e2 , e3, e4 ) of a spring. 

In Walker's steelyard (Exps. 16, 17) the weig'hts are inversely pro
pmtional to the respective distances (I, II' 12, 13 , I.) 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. He should not, 
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. 
I 

Liqaid. 

Ordinary Balanee. W TV W-W. 
Weight meastlred W-w.. TV + TV3 - W, W-W, 

directly. 
1- W. 

ditto. 1 1 TV 

(alternative 1- TV, 1 + TV3 _ TV2 1- W'. 
formalae) TV IV TV TV 

Spring (Jolly). e e 8 - 8. 

Extension propor- --
tional to Weight. 

e - eJ e + "3 - e, e - cJ 

SkdY".d(w.lk",l·1 l, li3 Ill. - lI, 
Arm inversely I, - t 1,13 + ll, ;;- U3 1,1. - ll. 
proportional to 

Weight. 



VOLUME, DENSITY, ELASTIdrTY, ETC. 91 

67. Nicholson's Hydrometer (Fig. 46).-A closed hollow 
vessel, 0, carrying two scale pans is arranged to float in a 
liquid with one scale pan, B, immersed, 
the other, A, not. The hydrometer is 
one of constant immersion. It is adjusted 
by adding known weights to the upper 
pan until a mark, 111, on the stem is at m-
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 II rag moistened with alcohoi, 
to remove grease. A slotted tinplate cover, t, 
is laid across the top of the tall glass cylinder 
containing the liquid, to prevent weights from 
falling in and the hydrometer from touching Fig. 46: 
the sides. 1£ air bubbles adhere to the instru-
ment or substance, remove them by rubbing with a folded strip of 
paper. ''{hen water is used it should have been boiled, or distilled. 

To find the specific gravity of a solid by Nicholson's 
Hydrometer.-Float the hydrometer in water. 

(1) Adjust the hydrometer by adding weights, WI' 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, W2, to upper pan. 

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

WI - W2 = the apparent weight of substance in air. 
Wa - W. = difference due to moving the body from the upper pan 

to lower = weight of liquid displaced by the body. 

W-w 
:. Sp. G. of substance = -WI _ W2

• 

3 2 
,) 

NOTE.-If th~ substance is lighter than water it must 
be attached to the lower pan by wire. The wire must be 
kent attached to the lower nan durin!! all onerations. 
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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, W4, to the upper pan. 
(3) Float in water a,nd adjust by adding weights, WI' 

to the upper pa,n. Since the hydrometer displaces equal 
volumes 

Sp. G. of liquid = M -t_lfT~. 
M+ WI 

NOTE.-If the hydrometer will not float upright in the liquid, put II 
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, sttlphm', etc., by 
Nicholson's Hyd1'ometer. 

Exp.63.-Finel Sp. G. of alcohol, petroleuJn, salt solution 
(saturated and half-saturated) by Nicholson's Hydrometer. 

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

A 
shot at the other. A little a,bove the lower 
bulb the tube is considembly 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 a,mount submerged. The instru
ment is hence a, hydrometer of vaJ'iable immersion. 
A scale is fixed within the tube by which the 
Sp. G. of the liquid ma,y be read off directly, the 
value being the rea,ding of the scale division 
against the surfttce of the liquid. When, for 
instance, the hydrometer is floated in' water 

Fig. 47. the rearing is 1000, 'i.e. Sp. G. = 1'000. If in 
another liquid the reading is, _say, 1125, then 

Sp. G. of liquid = 1'125. If the instrunient is graduated 
. to show equa,l increments in the value of specific gl avity 
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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 2'0, would be either very long or very 
insensitive. Generally a set of hydrometers is used, each 
member measuring a part of thi~ range, i.e. (i) 0'7 to 1'0, 
(ii) 1'0 to 1'35, (iii) 1'35 to 1'7, eiv) 1'7 to 2. 

Exp. 64.-Find by the common hydrometer the Sp. G. of 
(1) concentrated sulphuric acid, (2) saturated copper sul
phate, (3) saturated salt solution, (4) petroleum, (5) methy
lated spirit, (6) glycerine. 
-. After each observation the hydrometer m1~8t be 1vell 
rinsed and wiped dry. 

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

Find the mass of acid in a "Winchester" (bottle), of 
petroleum or spirit in a drum, etc. 

69. I. To find the mean diameter of a wire indirectly 
from its mass, length, and density.-(l) 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 (l) in em. 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 C = W grIll.), and 
(3) in distilled or boiled water (= w grm.). (4) Cal
culate 

d.. / W - w 
tam. tn em. = V <'F7854 X l' 

and density CD) of substance = W -:- (W - w). 
Also, for comparison, measure the mean diameter by 

screw calipers (Exps. 42,43), and calculate the density. 
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PROOF OF FORMULA.-Since 19,.m. of water has vol. 1 cu. em., the ""l. 
of wire = ( TV - !))) cu. em. But for a round wire of diam., d cm., and 
length, 1 em., 

volume = 0'7854 d21 :. 0'7854 d'i = TV - tv. 

Also if D is the density in !FlIls. pc,. eu. em., W - tv = WID 

:. d-= v' TV = • / TV - tv • 
0'7854 I. D 'V 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) insq. em., weight in air (W grm.) , 
weight in water (w grm.). Then thickness = (W - w)/area. 

Exp. 66.-Find the diameters of pieces of wire-copper, 
steel (piano), etc. Use Method I., § 69. 

Exp. 67.-Find the mean thickness of a coin, a piece of 
assay lead foil, tin foil, copper foil, etc. Use Method 11., 
§ 69. 

Exp. 68.-Find the mean diameter of a c!!pillal'Y tuoe. 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.) IV(easure 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 (yessel + mercury). Deduce the mass of 
mercury. Calculate as in § fl9, 1. (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, t. 
It is usual finally to specify the volume (Vo) in eu. em. when 
the pressure (Po) is that of the standard atmosphere (see 
Appendix), and ~he temperature, 00 0. To effect this 
reduction assume 

PV/(273 + t) = Po Vo /273. \ 
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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 there, say, 
ten minutes. Finally observe (i) the volume (V cu. cm.) 
of the gas, (ii) the temperature (t) of the water (the 
temperature of the gas is assumed to be equal to this), (iii) 
the vertical distance (a 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 aD/I3'6 cm. of mercury.t 
Hence 

P = H + aD/I3'6 cm. of mercury. 
If the level of the liquid inside the collecting vessel is 

above that outside, then 
P = H - aD/IS-·6. 

Then at normal temperature and pres81lre (N.T.P.), that 
is, at O°C. and 76 cm. of mercury, the volume of gas t 

v: = H± aD/I3'6 X ~ V 
o 76 273 + t X . 

Exp.69.-Find the volttme 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, to C. aDq 
pressure, P em. (mercury at ice-point). ' 

Density of dry air at O°C. and 76 em. = 0'001293 grms. per cu. em, 
Hanoo mass of V ClI, em. of dry air at tOe, and P cm, 

273 P = 0'001293 x --- X - X V grammes, 
273 + t 76 

t The effect of temperature on the densilJes of the liquids is 
neglected. 13'6 isjhe density of mercury. 

t The proofs of these formulae involve the laws of Boyle (§ 83) 
and Charles (§ 97). See also the account of the Barometer (§ 76 et seq.) 
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Mass of a volume, V cu. cm., of aqueous vapour at temperature, tOe., 
and pressure, f cm. (mercury 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 Vel!. em. of aqueous vapour 
at to a. andf em. 

5 273 f 
= "8 X 0'001293 X 273 + t X f6 X V grammes. 

Mass of a volume, V cu. em., of moist air at temperature, to C., pre •• 
sure, P' cm. Pressure of aqueous vapour present, fcm. 

\ There is a volume, V, of dry air at tOa. and (P' - f) em. 
There is a volume, V, of water vapour at ~C. andf em. 
Hence total mass 

\ 

= 0'001293 X 273 f P' _ ~f } V ammes. 
(273 + t) X 76 l 8 gr 

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.-METHOD I. (1) Suspend from the same point 
(i) 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 (I) 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. 

PRACTICE. 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 
o:ver the needle, etc., from which the lamina is suspended. 

METHOD II. Balance the lamina on the bevelled edge 
of a ruler, mark two points at which the edge touches the 
lamina, draw a lihe 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. 70.-Find the O.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. 

if.Exp. 7I.-Find the O.G. of afour-sidedfigure (in card. 
board). Use Method I. or II. (§ 72). Mark the C.G. 

I when found. Then divide the figure into two triangles, 
find (i) the C.G., (ii) the weight of each. Reconstruct the 
figure, 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. 

'13. In Atwood's machine (Fig. 48) a light pulley is 
placed at a considerable height (at least Pulle!! 
7 feet) above the ground. A fine cord 
passes over it; at the ends of this are 
hung equal masses P, Q. The axle of the =*"r=i'=f~ 
pulley must turn with; as little friction 
as possible. A scale of ! ft., or deci· 
metres, is arranged vertically beneath the 
pulley so that the distances through which 
P and Q move may be measured. A is a 
platform by which Q may be supported. 
It is arranged so that the projecting part 
may be pulled down when required, leaving 
Q free to fall.t B is a ring through which Q 
can pass; 0, a platform that arrests its 
motion. A, B, and 0 can be clamped in 
different positions. An additional mass or 
rider, R, is provided: this if placed on Q 
falls with it, but, being made too wide, will P 

not pass through the ring. 
P and Q being equal they remain at .>est Fig. 48. 

wherever they arQ placed, or when set in motion move with 
t An electromagnetic arrangement is sometimes provided. 

PR.PHY. 7 
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uniform velocity.t When E is on Q and the system moves, 
the motion is uniformly accelerated, for the constant mass, 
P + Q + E, is being moved by the constant weight of R. 
Let I be the acceleration of (P + Q + R) and g the 
acceleration of gravitation, then (P + Q + R)f = Rg. 
After R is lifted off Q the system moves with uniform 
velocity (= v, say). Between A and B the system moves 
with uniform acceleration, I. Let 8 be the distance and 
t the time taken. Then s = !ft'. 

Between Band 0 the system moves with uniform 
velocity (v). Let S be the distance, and T, the time taken. 
Then S = vT. By measuring 8, S, t, T, P, Q, R deter
minations of I, v, and g may be obtained experimentally. 

PR~urICE.-8upport Q + rider on the platform, A, at the top 
of the machine; place C 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 Q to start, and hears R strike the ring or Q 
the lower platform. The time lor 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 A, B, or C so that Q starts and the blows with B, 
or C, are heard simultaneously with beats of the metronome. The 
moments may be accurately judged by counting successive beats, 
one, two, three, eto.; let Q start at eight, the ring be struck at nine, 
the platform at ten.t Four or five adjustments or the distance must 

_be made for each value of the time and the mean taken. 

I. To find the acceleration of the moving bodies.-Adjust the 
distance (8 cm.) between A and the ring, B, so that Q is one second in 
falling to B from rest at A. Then the acceleration, f = 2.8 cm. sec. sec. 

The acceleration of gravitation, g = (P+ Q + E)f/R. 

II. To find the velocity of the moving body.-Adjnst the distance 
(8 em.) between Band C 80 that Q is one second in falling (rider left 
on ring) from B to C. Then the velocity,. '/) = 8 em. per sec. 

t This is not quite true in practice owing to the friction at the axle 
of the pulley, etc. To compensate for this, cut a piece of wire 80 that 
when placed on Q I~ is slightly too small to set Pand Q in motion. 
Fix the wire to Q, regard it as a part of Q. 

t Do not look at the metronome or the falling \odies; use the ear, 
not the eye. 
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Exp. 't2.-Show that when the total mass moved is constant the accelera
tion i, p"oportional to the weight of ride,'. Two riders are supplied, 
one (R) having thrice the mass of the other ("). Adjust the metro
nome to beat seconds. 

1. Place (E + 1') on Q. Find the acceleration (i,). 

2. Leave R on Q. Place r on P. Find the acceleration (f2)-

In both cases the mass moved = P + Q + 41'. The acting force or 
overweight in (1) is Q + 41' - P= 4", in (2) is Q + 3,. - (P+ 1') = 21'. 
The acting forces being as 2: 1, then the accelerations should be 
as2:1. 

Exp. 73.-Show that when the applied force is constant the acceleration 
is inve"sely proportional to the mass moved. Change P and Q for values 
P' and Q'. Place the riders R + ,. on Q'. Find the acceleration (f'). 
Also findf, as in Exp. 72 (1). 

Calculate f'/f" and (P + Q + R + r) .;- (F' + Q' + R + r). 
Since the acting force (= weight of R + ,.) is the same in both cases, 

these ratios should be equal. 

Exp. 74.-Show that after the rider is removed the velocity is unifo,·m. 
Set the metronome to beat seconds. Adjust (1) so that Q starts, and 
the ring and lower platform are struck at three successive ticks of the 
metronome; (2) so that the interval between A and B is one stroke of 
the metronome, and that between Band 0, two strokes; (3) A to B, 
one stroke; B to 0, 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. 75.-8how thai 8 a: t2 and va: t. (1) Set the metronome to 
beat seconds. Adjust so that Q starts, and the ring and lower platform 
are struck, at three successive ticks. Measure the distances, AB (= 8,), 
and BO( = 8,). 

(2) Alter the metronome to beat faster than seconds: rate it (let 
the interval = t2). Adjust the positions, A, B, 0, as in (1). Measure 
AB, BO(= 82,82, respectively). 

(3) Again alter the metronome to beat more slowly than seconds: 
rate it (interval, tal. Adjust A, B, 0 as in (1). Measure AB, Be 
(= sa, 8a, respectively). 

Show that 81 : 82 : 83 = tl2 : t22 : t1· 

Also that in each case the distance BO = 2. 'AB, or S = 2.8. 

Then Viti: V2';~: vzta = S,: 82 : Sa = 8,: 82 : Sa = t12: t22: ta
2; 

:. VI: V2 : Va = tl : t2 : ta· 
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ELASTICITY OF SPRINGS, ETC. 

*Exp. 76.-Extension 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 A. 
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, etc. 

Observe the reading of the pointer, p, 
when the pan is unloaded, and when 
loaded successively with 20, 40, 60, etc., 
grammes. 

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, wax, methylated spirit, petroleum, salt 
solution, etc., by means of a sp1·ing. (The experiment 
illustrates the use of Jolly's specific gravity balance.) 
Hang the spring as 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 air, (iii) in 
water. The difference of the readings is the extension due 
to the load on the spring. 

The necessary operations and formul~ are given in 
§§ 65, 66. 
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""Exp. 78.-Graduate a 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, 
etc., grammes. Number the lines 0, 10, 20, etc., and sub
divide the spaces between into halves or fifths. 

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

*Exp. 79.-Extension of an india-rubber cord. Make 
loops at both ends (Pig. 51), and push two pins, A, 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 betaken not to squeeze the cord unduly.) 

Suspend the cord in front of a measure as in 
Exp. 76. Hang a scale pan from the lower loop. A 
(i) Add weight sufficient to stretch the cord 
straight; note the scale readings of both A and 
B (call the difference of these the initial length). 
(ii) Increase the load in scale pan by 20, 40, 60, 
etc., grammes above the initial value, note the scale B 
readings of A 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 (i) load, (ii) scale reading of A, (iii) 
scale reading of B, (iv) length AB, (v) extension of cord 
(= actual length of AB-initiallength 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 cm. per gramme-wt. of load; 

the mean str('ss = (one gramme-wt.) ..;- (cross-section) 

= (981 dynes) ..;-(eross-sectjon); 

the mean strain= (mean extension per gramme-wt.) ..;- (initial 
length in lOin. ) ; 

the mean modulus of elasticity for tensile stress = (stre"s)..;- ("train) 
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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, ani!. 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 makes 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 torsion pendulum. 

NOTE.-The small mag'nets and mirrors used in reflecting galvano
meters (§ 205) and magnetometers (§ 172) are hung by a long single 
fibre of cocoon or unspun silk. 'l'he torsional forces then called into 
play when the magnet is deflected are insignificant. 

t If the suspended body is a magnet it is affected by the vertirBl 
and horizontal components of the Earth's m~3'netisII¥ The latter tends 
to twist the suspension, except when the equilibrium position lies in thc 
ma!lnetic 1Jlel'idiml; the former does not afl'ect it. 
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75. Moment of Inertia.-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. 

DEFINITIoN.-The moment of inertia of a particle about 
an axis of rotation is the valu.'l of the product 

(Mass of particle) (Square of its distance from the axis). 

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

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

I'= I + Ma2• 

The moments of inertia of regular bodies about definite -' 
axes can be calculated. The formulae may be found in 
physical and engineering table books j 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· III } 

cylinder 

(ii) About an .axis throu/?h the ~id point, and} M (!:_ +~) 
perpendICular to aXIS of cJ'lmder 12 4' 

Circular disc, thickness (I) negligible, radius, r, mass, 11[; 

(i) About an axis through the centre, and perpen-} 
dicular to the surface 

(ii) About a diameter as axis 

Rectangular prism, edges a, b, c, mass, M; 
About an axis through the centre, and perpen- } 

dicular to the face contained by edges a, b 

Rectangular lamina, sides, a, b, mass, IrI; 
(il About an axis through its centre, and perpen- \ 

dicular to the surface .1 , 

(ii) About an 9ll'is in the plane of the lamina} 
through the centre of, and perpendicular to 
the edge, a 

a2 + b2 
M--. 

12 
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Tkill rod, length, a, mass, M; 

About an axis through its centre, and perpen-} 
dicular to its length 

Spker8, radius, r, mass, M; 

About an axis through its centre 

NOTE.-The values for a disc are derived from those for the right 
cylinder by assuming the thickness of the disc, l, to be small in com
parison with the radius, r. Hence neglect the term 12j12. Similarly 
a rectangular lamina and thin rod are derived from the prism. 

Exp. BO.-The torsion pendulum. Fig. 52 shows a 
convenient- apparatus for illustrating moment of inertia. 
A bar, AB (boxwood! metre-scale) is 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 

c 

\. ; 

Fig. 52. 

bar; a screw 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, L, 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 (~~e § 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 EX1'ERIMENT;-

Bar of wood, 20" X 1" X l' 5". Lead strips each of 1 lb. mass, 2" wide. 
Suspension of fine copper wire, U" long. 

Experiment. 1 2 3 4 5 6 

-- ._---

I OBSERVED DATA. 
IlI1ass each side .. 1 lb. 2lbs. 0 11b. 21bs. lIb. 
I Distance between 

wire Rnd 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 

--
OAT.CULATED, t 

Square of period .. 144 324 515 864 1600 1781 
(Period)2 -;- 122 , , 1 2'26 3'58 6 11'14 12'37 
Moment of inertia 

of the system .. I I+I2 I+ Ia I+I, I+I5 I+I6 
(Total moment of 

\ inertia) -;- I. .. 1 2'26 3'58 6 ll'l4 12'37 

Therefore ...... b=1'26 b=2'58 !±=5 ~=10'14 !:6 = 11'37 
I I 1 I 1 

Relative moments ~=1 I3_ 2'58 I4 6 I
5

_ 10'14 I 6 _11'37 
of inertia for I2 I2-1'~6 :r,:-H6 1. _ 1':26 1.- 1'26 
lead masses only =1 =2'05 =3'97 =8'05 =9'02 
or approximately 1 2 4 8 9 

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

t METHOD OF OALCULATION.-The moment of inertia of the bar, I, 
is constant throughout, and is not necessarily related in a 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 axis of rotation)'. 

The subtraction of I is effected by assuming (~ 76) the moments of 
inertia to vary as tIle squares of the respective periods. Hence express 
the ratio to Iof the total moment of inertia in each caBe; then deduce 
the ratio to one another of the moments of inertia of the added strips. 

I 
I 
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76. Torsion Pendulum.-It can be shown that t = 211" ¥ I/e, where 
t is the period of oscillation, I the moment of inertia of the body 
about the axis of vibration, and e 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 eq uili
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. 

1£ the dimensions and material of the suspension are varied, then 
the magnitude of the torsion-couple 

(i) is 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, 
1', is suspended at the end of a firmly clamped wire, and set in oscil
lation. The period (t) is determined. (2) A regular body, whose 
moment of inertia, I, can be calculated, is (i) added to or (ii) substituted 
for the irregular body, set in oscillation, and the period (1') deter
mined. In case (i) I' is calculated from the relation 

I'j(I + 1') = t2JT2. 
In case (ii) the relation is 

I'/I = t2/T2. 
THEORY. The arrangement is a torsion pendulum in which the 

moment of inertia of the suspended body is altered. The suspension 
is unchanged; hence the value of c (see § 76) is constant. 

In case (i), t = 211" ¥ I'/c and T = 211" ¥(I + 1')/e 
:. tiT = ¥{I' + (I + I'J). 

Exp. 81.-Compare the mom(mts of inertia of a thin ci,·cular disc (1) 
about an axis thl-ough its centre and perpendicular to its face, (2) about II 

diamettil· 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) eontinuous with the axis of the cylinder, (2) through 
the centre alld perp(mdiculm· to the axis of the cylinde,·. 

Exp. 82.-Find the moment of inertia of an in·egular body. 

t The forces calleif'into play when a filament is twisted, compound 
into a couple, called the tors;on couple. _ 

! In this respect there is a difference from the common pendulum, 
whose oscillations are isochronous for sillall angles of swing only. 
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THE BAROMETER. 

78. The atmospherir; pressure at any time and place IS 

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 mercury 
is that of melting ice. It varies between 28 to 32 inches, 
and 70 to 80 centimetres. The values, 30 inches of,tnercttry 
at 32° F. and 760 mm. of mercury at 0° G., are called the 
normal pressures. 

Exp. 83.-Set up a simple barometer .. Select a very clean 
glass tube, not less than 32" long, nor !" diameter, and 
closed at one end; fill it with mercury up to nearly half an 
inch from the open end.t 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 retW'ns. 
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.t 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. 

t In making a barometer for permanent use lthe tube and mercury 
should be well heated to remove moisture. 

t The empty space at the top end of the tube of a well made 
barometer is called the To,.,.iccllian v![C1t1tJn. 
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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. 

p 

, Q 
c 

Fig. 53. 

Both limbs are graduated t in inches or 
centimetres, reading as in I. or II. be
low:-

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, t.he height of 
the barometer is found by adding the read
ings of the scale posit.ions of the mercury 
surfaces. 

II. The scale on each limb has the same 
zero situated near an end of the tube. 
The barometric height is then equal to the 
difference of the readings of the scale 
positions of the mercury surfaces. 

In this barometer the error at the cistern 
is avoided: the mercury rises as high at 
one end as it falls at the other. 

Hence a change, x, in the barometric height pro
duces a movement, ~x, at both ends. 

The tube is held by a retort-stand and clamp. 
The barometer is t.hen portable. At C is an 
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. 

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-screw at the bottom in such a way 
that the surface of the mercury can be brought into COD

tact with the tip "f the fixed, ivory peg seen through the 

• 
t Sometimes the tube is mounted on a board, and the scales are also 

fixed to this. 
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Fig. 55. 
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glass side of the cistern. The tip marks 
the zero of the barometer scale. 

The adjustment oj 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 g1ass 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 oj the upper surjace 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, Q. Move 
the slider by turning the side 
screw, R, and get the eye into 
such a position that P just 
hides Q, 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, Q, in this way, paral-
lax error (§120) is avoided. Fig. 56. 

The best barometers are very frequently of the 
Fortin type. The internal diameter of the upper 
end of tube is not less than about f'. The scales 
are usually of silvered brass, sometimes of glass. 
Some barometers are provided (ll'ith but one vernier 
and scale of centimetres or inches; others with 
twt, so that the height may be measured in both 
unit~. 
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81. Corrections.-l. Capilla;ity, etc. A slight depres
sion of the mercury is caused by capillarity. 'l'he error is 
nearly eliminated by using a tube of wide diameter (more 
than i"). 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, (ii) diminishes the density of the mercury. 'fhe 
former tends to make the reading too low, the latter too 
high. It is shown (§ 82) that if 11, is the scale reading 
(metric) of the barometer, and to 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 = 11,(1 - 0'000164 t) mm. 
3. Latitude.t If the height of the mercurial barometer 

is H mm. at a place of observation in latitude, </>, then its 
height, A, at the sea level, and at latitude 45°, is nearly 

H - 2 • cos 2</> millimet?·es.t 
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 
Ii X 103 X A dynes per sq. cm.t 

RULES TO BE OBSERVED IN USING THE BAROMETER. 

1. Note the temperature, F.O or C.o, before opening the 
case of the barometer. 

2. Gently tap .the upper end of the tube. 

t The need for thll8e corrections arises from the fact that the weight 
of, and therefore the pressure due to a column of t;nercury depends to 
some extent on its position on the earth's surface. 

t These rules are simpler than usual, but sufficiently accurate. 
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3. Gently tap the cistern and adju8!; the surf~ of the 
mercury to the tip of the peg. 

4. Set the vernier. 
5. Read the vernier. 
6. Correct the reading for capillarity or zero et", or by 

reference to the certificate. 
7. Correct for temperature by calculation. 
8. Correct for latitude by calculation. 

Exp. 84.-0btain 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 h be the scale reading, and to C. the temperature, 
X, coefficient of lineal' expansion of scale per 10 C., 
p. " cubical " mercury" 

The scale has been 80 graduated that the divisions would be milli
metres at 0° C. Hence a scale length, h, at to C. will be h mm. at 0° d, 

:. length of h diva. at to = h (1 + X • t) rum. 
Let Il be the density of mercury at to, 

Ao " " " 0°, 
g " acceleration of gravity. 

Then the pressure due to a column' of mercury, h (1 + X • t) mm. 
high and of density, Il, 

= i~oh (1 + X • t) X A X g dynes per sq. em. 
Let Hmm. be the height of a column of mercury of density, Iln' 

which will give the same pressure as above. The pressure of this 
column is 110 H. Ao . g dynes per sq. em. Therefore 

But 

h.A(I+X.t) =H.Ao, •• H= (l+X.t)hA/Ao. 

Il 1 
-=---, 
Ilo l+p..t 

:. H= 1 + X.t h. 
1 + p.. t 

Since X and p. are comparati vely small 

H = {l - (p. - X) t} h practically. 
For a brass scale lI. = 0'000018, 

lnd for mercury p. = 0'000182; " 
.. p. - lI. = '000164, 

:. H = "(1 - 0'000164 X t) mm. 
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BOYLE'S LAW. 

83. Boyle's law.-This expresses the relation that exists 
between the pressure and volume of a quantity of gas when 
t·he temperature does not alter. 

If a definite mass of gas is kept at a constant temperature 
lhen the pressure, P, varies inversely as the volume, V. 

DEDUCTIONs.-Since P varies as I/V, then (i) when P is 
doubled, V is halved, when P is trebled, Vis one-third, etc.; 

(li) P X V is a constant quantity. The graph of P and 
V is 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 its 
pressure; 

(v) the higher the constant temperature 
the greater the value of P X V (see § 97). 

Exp. 85.-Demonstration of Boyle's law. 
(I.) 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 short limb should be sub-divided 
into, say, millimetres). The apparatus is 
only suitable for pressures greater than 
atmospheric. Fix 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 

Fig. 57. is not essential, but convenient); (li) add 
morb~mercury, and read the positions of the 

surfaces in the limbs; (iii) repeat five or siq; times. Observe 
first the height, H, of the barometer (syphon); second, 



VOLUME, DENSITY, ELASTICITY, ETC. 113 

the temperature after adding the mercury, but before 
reading the positions of the surfaces. Record as below. 

1 I 2 I 3 I 4 I 5 I 6 Observation number 
Bllrometric height 
Temperature .. Ii variations are serious, work in a more 

Position of the mercury 
surface-
In the close<llimb 
In the open limb 

Total mercury column 
Length or volume of air 

enclosed.. .. .. 

sheltered spot. 

( c;~~:~) X (V~l~~e) } (Numbers should be practically constant.) 

Log (total column) 
Log (volume of air) 

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, etc. 

EXPLANATION: 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. It is there-
fore expressed by the barometric height (H) 
in mm. of mercury. The volume of air 
enclosed is measured by the length, AO. 

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 A 
value of this is called the total mercury 
column. The volume of air enclosed is ex
pressed by the length, AP. 

c 
Fig. 58. 

: 
: 
,t 

NOTE.-In order that volumes may be 
expressed by lengths the bore of the short 
limb must be uniform. In an acc~Iate 
experiment it would be graduated into parts 
of equal volum~ (say cu. cm.). '1'he bore of the long limb 
need not be uniform. 

PRo PHY. 8 
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(II.) 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

w 

IR 

IR 

Fig. 59. 

walled india-rubber). Sufticiwt mercury for the 
whole experiment is kept in the apparat1!s. One 
glass tube is closed at an end and fixed, the other 
is open and can be raised or lowered. The ·positions 
ot 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. 

Tho closed tube, V, is graduated in cb. Cm. 
Hence the volumes ure measured directly. A stop
cock (0) is provided; by connecting 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, S. When R 
is adjusted the cord, S, 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 Rand 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 R is above or below that in V. Read 
also the volume of the air in cu. cm. by 
means of the scale graduated on V. Ob
serve and record as above (p. 113). 



PART II.--IIEAT. I 

CHAPTER VI. 

THERMOMETRY, EXPANSION. 

84. Thermometers.-The common thermometert c( nsists 
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 liquid surface in the capillary 
stands. 

The temperature of melting ice is conveniently called the 
ice- 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 likely 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.::: 

t For a general account 0:1' Temporature and 'l~ermometers see the 
Text-Book of Heat." 

t The normal temperature of the body is 98·4°F. or36'7° C.; t.hatof 
a room is 62°F. or 16·ioC. 

115 
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Frequently 11 thermometer has either the freezing-point 
or boiling-point, or both, named; the scale can 
then be readily identified. 

Beckmann's T1ICI'/IlOmet8l' (Fig. 60). In this the bulb is 
comparatively large. The other end of the capiJlllry tube 
is blown into a small bulb, bent o,er, and sealed. The 

~ wale 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 hiLS 
been exposed. U sU[Llly the liquid in the bulb is 
mercury. The stem is laid horizontally. An iron 
index (c) 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, bec[Luse 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 rnaxinmm temperai1tre in degrees, 
Fig. 60. note the position on the scale of the end of the 

iudex nearer to the bulb. To set the inde.1l for 
[Ln observation, slop,8 the instrument and tap i~ gently 

,fI, 

\£>;~-,~, 

• Fig. 61. 

\ 
until the index has slipped as far as th~ surface of the 
liquid. 
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'Negretti and Zambra's form. In this there is a cou
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 maximum 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 eud 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 (950 F. to 110° F.) 
instruments (normal temperature of body 
= 98'40 F.). Some are made with a constriction 
(c) 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 (n) lies in the capillary immersed 
in the alcohol. When the liquid contracts 
sufficiently the index is drawn by the alcohol 
surface towards the bulb, but, as it does not 

-c 

break through the sUl'face, it is not carried for- Fig. 62. 
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 indexfarthm' from the bulb. 
The index is set similarly to that of the maximum ther-
mometer, X (Fig. 61). ,t 

Six's maximum and minimum 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 U-tube terminated at one end, B, by 
a large bulb, at the other end, 0, by a small one. The bulb, 
B, and stem, as far as m, are filled with alcohol, a thread 

of mercury, mm', occupies the bend, and 
the remainder of the stem adjacent to 0 
contains alcohol. The branches of the 
tube are fixed over scales of Fahrenheit 
degrees. In each limb there is an iron 
index, i, i', immersed in the alcohol, but 
not in the mercury.t If the alcohol in B 
expands, 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, i, upwards. The 
position of the mercury surface, m, shows 
the temperature at the time of observa
tion. 

To read the minimum temperature, 
note the position on the scale of the end 
of the index, i, nearer the mercury 
thread. To read the maximum tem-

Fig. 63. perature, note the position on the scale 
of the end of the index, i', nearer 

the mercury thread. To set the instrument, bring each 
index by means of a small horse-shoe magnet down to the 
mercury surfaces. 

Exp. 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 maximum 
and minimum instruments. Some hours later, say 10 P.M., 

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. 

t Each index has a fine spring attached to it (seeJ"ig. 63, right hand 
side). This by pressing against the walls of the tube just holds the 
index in place. 
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TRANSFERENOE OF HEAT. 

86. To obtain a curve showing the rate of cooling of a 
liquid in a vessel.-Fill 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 
line. Plot temperature with regard to tinle. 

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 a'. ~ 
The pieces are put together to form a cross. " . 
The calorimeter may be surrounded by a 
cylinder or water-jacket (§ 106.) Fig. 64. 

Exp. 87.-0btain the cooling Cltt'ves for water in a tin 
can, whose outside is (i) 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 tIle 
blaekened can is 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 800 C., and continue to about 400 C. 

Tabulate each case and plot all to a large scale on one 
sheet of paper. The curves will show roughly the relative 
endssive or radiating powet's of the surfaces when polished, 
(i); blackened, (iii); lagged, (ii); when screened by an 
absorptive surface, (v), and a reflecting surface, (iv). 

*Exp. 88.-0btain the cooling cuyves for water in a tin 
can (polished), (1) when nearly full, (2) three-quarters 
full, (3) half full. 

'l'abulate each case and plot all on one sheet. The 
observations will show that the smaller quantities cool 
more quickly Wan the larger. 

* Home experiments are marked hy an asterisk. See p. 8. 
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Exp. 89.-0btain and compare the cooling curves for 
different liquids. Fill a polished tin can three-quarters 
full of (1) water, (2) methylated spirit, (3) glycerine, (4) 
petroleum. Begin observations at about 65 0 or 700 C. 
Get the methylated spirit and petroleum hot by putting 
the flasks holding the liquids in hot water. Being very 
injlamrruible 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.-W arming c~trve 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 walnut, 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 thermometeI 
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, Cli) 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 heal 
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, sloping 
part, (iii) a horizontal line. . 

The part (i) shows that the temperature of ice and watel 
is at first constant, but when the proportioll 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 henc.e 
the temperature rises (compare Exp. 91). 

The straightness of part (ii) indicates that the thermal 
capacityt of the water is, roughly speaking, constallt, the 
rise of temperature of the water being proportional to 
the quantity of heat obtained from the flame. The line 
slopes a Jittle less when vaporisation becomes appreciable
the "singing" stage; heat is then absorbed in producing 
vapour. 

'fhe 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 making steam. The fact 
is generally expressed by saying that the heat becomes 
"latent." The constancy of the temperatures of melting 
ice and boiling water is ial;:en 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 ail' 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 temperature of 
melting ice is constant: the heat absorbed becomes" latent," 
and is used in producing the change of state from ice to 
water. 

t The thermal capacity of a mass of water has a mmlmum value 
at about 40° 0., and is about Q. 7 per cent. larger at the ice- and steum
points. 
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GRADUATION OF THERMOMETERS. 

Exp.92.-Mark the fixed points of a mercurial thm"flU)
metel'.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 st~am (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 Oentigrade 
thermometer. . 

Measure the distances between the ice-point (A) and 
each of the three marks, B, 0, and steam-point, D. 
Oalculate ABIAD, AOIAD. Deduce the temperatures of 
the baths on the Centigrade and Fahrenheit scales. 
Compare the results with the observations by the Centi
grade thermometer. 

Exp. 93.-00mparison of two graduated thm·mometers. 
Place the thermometers, A,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 A, say 0°, 10°, 20°, etc. 
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 straigh~line: 50° F. = 10° C., 1400 F. = 60('C.) 

If the curve obtained in (,i) is approxi~ately a straight 

t This experiment is a rough, illustrative one. 
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line, then the bore of B is practically as uniforUl as the 
standard. If the curve is definitely above or below the 
straight line of equivalent ten'lperatures (ii), it is likely 
that the scale has been badly fixed to the stem. 

Exp. 94.-Graduate an alcohol thc1'lnometeT. An un
graduated alcohol thermometer is provided. As alcohol 
boils at 78° C., temperatures higher than this (amongst these 
is the steam-point) cannot be determined. 'l'he instrument 
is graduated by direct comparison with a standard mercurial 
thermometer. Immerse (see Exp.93) the thermometer 
successively in baths at 7ft, 45°, 20", 0° (ice and water), 
- 100 (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 fixed points of a thermometer. (1) 
The ice- or freezing-point. Hold the thermometer by ~L 
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 surfaee 
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 0 (32 on a Fahrenheit 
thermometer) is the er1'or at 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 Fig. 65. 
rises through the central tube, down between 
the centre and outside, and issues at the' side. (Use atm' 

; 
t Well wash the ice to remove salt, the presence of which sensibl y 

lowers the melting-point. 
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to catch the water that drips from this.) Thus the centml 
tube is steam-jacketed. The gauge (left side) shows the 
difference, if any, between Hle pressure of the steam and 
that of the atmosphere. The thermomet€r passes through 

Fig. 66. 

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 
the cork. (If loose put a small 
piece of rubber tubing round 
it to prevent it from falling 
through.) (i) Note its indica
tions every two minutes, the 
reading being estimated to, 
at least, tenths of a degree. 
Between these times observe 
(ii) the temperature, (iii) the 
height of the barometer every 
two minutes. When several 
practically constant readings 
of the three quantities have 
been obtained the experiment 
is completed. The stem may 
conveniently he 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) baromei;er temperature, (iii) barometer reading. 

From the final barometer reading calculate the atmo
spheric press]1re, A, in mm. of mercury at sea level, 
latitude 45°, and 0° C. (§ 81). 

Calculate the boiling-point (t) of water at pressure, A, 
by assuming that"'the temperature of boiling alters at the 
rate of 1 C.O per 27'3 mm. (of mercury) ch:!nge of pressure, 
or 0'037 C. O per 1 mm. (of mercury) change of pressure. 
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Hence (A - 760) : 27'3 = (t- 100): 1 
. . t - 100 = (A - 760) -7- 27'3 = 0'037 (A - 760). 

The difference between the reading of the thermo-
meter and the actual temperature, t, is the error at the steam
point. The correction is reckoned + if the reading is less 
than t, and - if greater. 

TABLE. 

The following are corresponding values (Regnault, Brock) of boiling
points of water and atmosphcric pressures :-

Cm. of mercury } -3'316 74'648 -6'000 77'373 78'767 
Boil.-pt. water I 09'0 I 99'5 1 100 '0 100'5 I 101 

Lat. 45°, sea level I I 

Dynes per sq. cm. 977500 995300 1013300 1031600 \1050200 

l\1ELTIN(;-POlN'l'.~_ 

87. To find the melting-point of a substance.-METHOD I. 
Close a.nd blow one end of a length of ,[uill tubing into a 
bulb (t 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. 'rhese temperatures indicate the posi
tion of the melting-point. Replace the Bunsen flame and 
turn it low, so that the bath heats very slowly j stir gently. 
Note as before the temperatures when the substance 
appears (i) to melt on wanning, (ii) to solidify on cooling j 
repeat until the temperatures differ very slightly in se,eral 
successive determinations. Assume the melting-point to 
be the mean of these temperatures. 

METHOD II. In the case of a wax ~erse the thermo
meter in a quant{ty of the melted substance, on withdrawing 
some adheres to it. 'W"hen this solidifies the bulb assumes a 



126 THERMOMETRY, EXPANSION. 

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. 

METHOD III. Place a quantity of the substance in a 
vessel and melt it.t 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 hOI'izontal 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 a thermometer bulb easily. The space between 
the bulb and tube is filled with mercury, or iron or copper filings. By 
using special thermometers high melting-points may be determined. 

Exp. 96.-Find by using small t?tbes the melting-points of 
paraffin wax, beeswax, sulphur, etc. 

*Exp. 97.-Find by a cooling CU1've the melting-points of 
paraffin wax (candle), and beeswax. 

Exp. 98.-Find by a cooling curve the melting-point of 
naphthalene. 

Exp. 99.-Investigate by coolil1g Wl'VCS the 1~elting-points of lead, tin, 
,0IMI', and an alloy of ll'in and lead (say 6 lead to 1 tin) . 

• t Melt the substance by placing the vessel hohl~ng it in (i) hot 
water, (ii) hot glycerine, or a hotter liquid, if necessary. 
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BOILING-POINTS . 

. 88. To find the boiling-point of a liquid.-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 (which should 
remain constant for five minutes) in- c 
dicated by the thermometer: this is the A 

boiling-point of the liquid at atmospheric D 
pressures. Observe also the height of 

the barometer. 
To determine the boiling

point of a saline solution, pI'l.-ce 
the bulb of the thermometer 
in the liquid and read the tem
perature when boiling begins. 

ApPARATUS.-I. Fit a cork E 
to a flask or large test-tube, 
bore two holes through it, 
pass a thermometer through 
one, and a discharge tube 
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 
this is to fix by fine wire a 

thin-walled glass tube, B (Fig. 67), to 
the inside part of the delivery tube. Its 
upper end should be a little below the 
cork, its lower should dip into the liquid. Fig. 68. 

Fig. 68 shows a 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, C, may also be 
fitted. The tube, E, may be fixed in the neck of the flask by rag, the 
joint need not be very tight. Support the apparatus on a retort stand; 
hold the tube, E, by a clamp. , 

*Exp. lOO.-F;nd the boiling-point of methylated spirit, 
etc. Beware of inflammable vapours. A condenser should 
in such cases be attached to the delivery tube, A. 
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*Exp. lOl.-Find 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, (iii) one volume of 
solution, two volumes of water, etc. 

VAPOUR PRESSURE. 

89. Vapour pressure (sometimes called vapour tension). 
-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 exil!its; 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, t, the pressure of the vapour present 
may have any value less than the maximum for to. The 
actual value is practically proportional to the density 
(mass per unit volume) of the vapour within the space; 
it may be increased up to the maximum 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 unsaturated 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 to is called the saturation pressure 
at to; the maximum vapour density at t is called the 
sat'llfl'ation density at e. A vapour is always satmated if 
some of the liquid from which it is formed is 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 depelf.ds on the pressure on the liquid surface, 
whether due to the vapour or other gas~s. If the space 
continues to increase after all the liquid has evaporated 
the pressure will fall, and the vapour becomes unsaturated. 
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Exp. l02.-Find the vapour pressure of ether, etc., at the 
temperature of the air. 

Work over a mercury tray on a low table. 
Oarefully fill two barometer tubes with mercury as in 

Exp. 83. Olamp 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 (A) 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 A, hold 
it firmly by hand and slowly slope it. rfhe 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 A, 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. 

Oontinue 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 leve}. 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
enee of level of the mercury in the tubes, by applying a 
em. scale, or using compasses. 

Note the temperature, t, of the air. 
Find similarly the vapour pressure at to O. of alcohol; 

also of water. Use separate tubes and pipettes for each 
substance. 

PRo 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 

fraction of saturation or relative humidity 
_ (saturation-pressure at 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 (t), 
then (iii) calculate the fraction-of-saturation by looking 
out from a table (§ 92) the vapour or saturation-pressures 
at to and TO. 

-Exp. 10S.-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 (t) 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 (t). 
Loosely wrap a ~iece of string round the bulb and well 
moisten it. .After a little time note the temperature (tl) of 
the wet bulb. Obtain the dew-point and ftaction of satura
tion as in § 92. 
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91. Hygrometers.-These are instruments for deter
mining the humidity of the air. 

Chemical h.'lg,·omder.-In this an aspirator draws a measured volume 
of air through 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 Tezt-Book oj 
Heat.) 

Dew-point hygrometers.-(l) Daniell's hygrometer 
(Fig. 69). .A closed glass tube bent at right angles has 
a, large bulb at each end. One of these 
(B) is wrapped in muslin. The other 
(A) holds ether, into which a thermo
meter (t) 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, tt, 
for showing the temperature of the air. 

A rr 
. 

, 

Fig. 69. 
To find the dew-point, tilt the instrument 

so that all the ether passes into A, moisten the muslin well 
with ether and carefully observe the surface of the bulb, A, 
in a good light (incident obliquely). Note the temperature 
indicated by t, as soon as (i) dew appears, and (ii) disappears. 
The mean of these is the deto-point. Note also the tem
perature of the air. Note whether the thermometer 
readings are C.o or F. I) 

NOTE.-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 w hieh the evaporation takJs place is colder than 
the bulk of the liqf\id 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 copditions there. 
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(2) Refltlault'. MJflrometer (Fig. 70). A smooth, well-polished, thin-
. walled silver thimble, S, is 

cemented to the end of a glass 
tube, T. A cork carries a ther
mometer, t, and a tube, d, whose 
inside end is near the bottom of 
the thimble. The side tube, c, 
is joined to an aspirator (A). 
There is usually a second thimble, 
S', and tube, not connected how
ever with the aspirator. The 
thermometer, f, shows the tem
perature of the air. 

Fig. 70. Tojinathedew-point, arrange a 
telescope to view the hygrometer 

from a distance. Place ether, or alcohol in S, and 
adjust the Rspirator so that air freely bubbles 
through the spirit. Note the temperature of t 
when (i) dew appears, (ii) disappears (a.:fterstopping 
the bubbling) ; also the temperature of air (by f). 
Observe whether the readings are C.o or F.o 

By watching and contrasting the hvo 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'shygro
meter (Fig. 7l).-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 p. 7 
C.o or F.D). Reier to the table below: 19. 1. 
from the top line look out the difference between the wet 

• t The wick should be boiled in washing soda to remove greAse and 
thlln in water, before attaching as above. 
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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 (j) is the pressure in m1n_ 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 ° 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 
numerator of a fraction the number (f) in the second 
column beside the dew-point (TO C.) in the first, and as 
denominator the number in the second column beside the 
air temperature (to Co) in the first_ Express the fmction 
as a decimal: then the result as a percentage (example, 
Exp_ 105)_ 

-WET AND Duy BULB HYGROMETER (from Smithsonian Table 170). 

Reduce observations to 0.° and mm. pressure_ 

I ~ P., 
Difference between -Wet and Dry Bulbs in 0°_ 

- S <", 
0 I 1 I 2 I 3 I 4 I 0 I 6 I 'l\ I 8 I 9 I 10 E-< _-

0.° Saturation Pressures in mm_ of Mercury. _-
0 4-6 3-7 2'9 2'1 1-3 
2 0-3 4-4 3-6 2-7 1-9 I-I 0-3 
4 6-1 0'2 4-3 3-4 2-6 1-S 0-9 
6 7-0 6'0 5-1 4-2 3-3 2-4 1-6 
8 8'0 7-0 6-0 0-0 4-1 3-2 23 1-4 0-6 

10 9-2 8'1 7-0 6-0 5-0 4-0 3-1 2-2 1-3 
12 10'5 9'3 S-2 7'l 6'0 5-0 4-0 3-0 2-1 1-2 0-3 
14 ll-9 10-7 9-4 8-3 7-1 6'1 0'0 4-0 30 '.1-0 I-I 
16 13-5 12-2 10-9 9-7 8-4 7-3 6-0 5-0 4-0 3-0 1-9 
18 15'4 13-9 12-5 1l-2 9-9 S-6 7-1 6-3 5-1 1-0 3-0 
20 17'4 15-9 14-3 12-9 n-o 10-2 8-S 7'6 6-4 5-2 4-1 
22 19'7 IS-0 16'4 14'S 18'3 11-9 10'5 9-1 7-S 6-6 5-4 
24 22-2 20-4 IS'6 17-0 15'3 13'S 12-3 10-9 9-4 S'l G-S 

• __ I 

For intermediate temperatures take proportional "alues. 
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Exp. l05.-Find the dew-point by the hygrometers sup
plied, and the fraction of saturation of the atmosphere. 
Calculate the mass of a cubic metre of the moist air, and of 
the aqueous vapour present in it. Observe the dew-point 
(T),t temperature of air (t), reading of barometer (h), 
temperature of barometer (t'). Record and calculate 
(using logs.) as below: 

Obset"vations-
Hygrometer: temperature, wet bulb, 12° C.; dry bulb, 15° C. 
Barometer: temperature, 15° C.; height, 77'41 cm. 

Calculation of dew-point: difference b~twcen wet and dry bulb"" 3". 
Then vapour pressure = 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 bat'omeler: height in centimetres 
= (1 - 0'000162 X 15) X 77'41 = 77'22. 

Calclllation of mass of a cnbic metre of moist air: 
the total pressure = 77'22 em., vapour pressure = 0'9, 

:. pressure of dry air = 76'32 cm. 
Therefol"e mass of 1 cubic metre of (§ 71) 

d · . 0 or 12"3 27:{ 76'32 10" 12"1 
2f;S 7(; ! 

I'}' all' = . )'" x -_. x -- x '= "gm., 

aqueous} = _ij_ x 0'001293 x 2i3 x Q.~~ x 106 = 9 gtll., 
vapour 8 288 76 
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 
1j100th per cent., the breadth and depth will also increase 
by the same fraction. 

DEF.: Coefficient of linear expansion.-The ratio of the 
incl'ease in length, in any direction, produced by a rise of 
temperat1tre of 1°,~0 the original length in the same direction 
is called the coefficwnt of linear expansion (symbol a.) . 

• 
t With the wet and dry bulb hygrometer the dew-point need not b~ 

determined. 
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Similarly the coefficients of superficial «(3) and of cubical 
("I) expansion are the proportional enlargements of area 
and volume respectively. 

If L o' So, Vo are respectively the length, area, and volume 
to begin with, and L, S, V, the same quantities after heating 
through to, then the three coefficients of expansion are 

(i) Linear, a:::: LL- Lo; ... L = Lo (1 + at). 
o' t 

(n) Superficial, (3 :::: SS- So; :. S = So (1 + f3t). 
o • t 

(iii) Oubical or Volume,1:::: VV~. ~o; :. V:::: Vo (1 + "It). 

The 
cubical coefficient = 3 (linear coefficient); or "I = 3a. 
superficial coefficient = 2 (linear coefficient); or (3 = 2a. 

For liquids and gases the volume or cubical coefficient 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 Do and D be the densities at the initial and final 
temperatures (difference = t). Since the volume of a 
given mass is inversely proportional to the density, then 

V 1 Do 1 Do- D 
1--- -_- -- ------, -Vo.t t-D.t t- D.t 

whence Do:::: D (1 + "It). 
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 (t min.) hold the bulb over, not 
in, a Bunsen flame; move it about whil<; doing so. With
draw the bulb from above the flame, and allow to cool. 
Liquid passes d3wn the capillary and partly fills the bulb. 
Now boil the liquid in the bulb, then allow to cool: the 
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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. 

(3) When the liquid is mercury or glyc~rine, 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 un air or vacuum pump. 
If the end of the siem is immersed in the liquid, this will be 
forced into the bulb when air is admitted into the Tessel aIter 
exhaustion. 

Exp. I06.-·The Volume Dilatometer. Find the apparent 
expansion of water. Use a glass bulb with a capillary 
stem. Make several fine file marks on the stem. 
(Bulb, l¥' diameter; capillary bore, lo" diameter; 
stem, 20" long; marks about 2 inches apart.) Slightly 
warm the bulb, immerse the end of stem in mercury, pick 
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 (WI). 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 weigb..(W2). Measure the distances between 
the first and succeeding marks with a finelY divided scale 
or travelling microscope. Let l2' l3' 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 
liquicl surface in the bulb remains at the first mark on the 
stem for several minutes. Keep the bath well stirred. 
I<'inally note the temperature, t1• 

Similarly for the second (temperature, t2) and succeeding 
marks (temperatures, t3, tv etc.). 

Tabulate and plot lengths and temperatures. The graph 
will not be quite straight. Find the mean length (l) ex
panded per degree from 25° W 500

, from 50° W 75°. 
Calculate the 

coefficient of apparent expansion between 
any two temperatures 
_ (increase of volume) 
- (initial volume) (change of temperature) 
_ (length between two marks) X a 
- ( W2 - IV;.) (difference of temperature)' 
Similarly find the apparent expansion of 

alcohol, glycerine, etc. The specific gravities of 
liquids other than water must be determined. 
Then initial volume = (W2 - ~)!(Sp.g.). 

A convenient Iorm oi volume dilatometer is illustrated 

B 

Fig. 72. 

in Fig. 72. Two capillary tubes pass :from the bulb. The open 
end, A, is immersed in the liquid to be experimented upon. The bulb 
is filled by suction at B. The end, A, is ground fiat, and is closed 
by holding a small glass plate against 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 
coefficient of eaJpansion of the liquid is equal to the co
efficient of cubical expansion of the vessel added w the 
coefficient of apparent expansion of the li$,uid. 

(i) To find th.9 expansion of the vessel it is filled 
at a definite temperature, tl' with mercury, a liquid whose 
".h~oll1t" l'OAffiro.;"nt. or AYn"'n~;on ;" ".ro.l'lll·,.,t.Alv known 

" 

" \ 
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(= 0'0001815 per C.O
). It is then heated to a tem

perature, t 2, 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., tz - t} X vessel at higher temp. 

Then the 

(cubical coefficient of the vessel) 
= (abso1. 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 
coefficient of apparent expansion of liquid in vessel 

mass of overflow 

(
range of) (mass of liquid in vessel at)' 

temperature X higher temperature. 

Then the 
(absolute coefficient of the liquid) 

= (apparent coef. of liquid) + (cubical coof. 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 appaHlllt 
expansio:& of lighter liquids. 

. The vessel is put in a bask~ 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 itll stem projecting, 
and so arranged that the end can be immersed in mercury 
in a small vessel (crucible). Pack, by placing metal discs 
at the bottom to make the height right: fill in the sides 
loosely with small pieces of copper foil or brass nails. 
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 a lighted 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. 1Varm 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 undm' 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. l07.-J)etc1'1nine the coefficient OJ expansion of the glass of a 
tJ:eight thermometer. 

(1) Weigh tho bulb, empty, clean, and dry. 
(2) Fill the bulb with mercury. " 
(3) Make a bath at 00 C. (water and ice). ' Put a thermometer and 

wire stirrer in the 'dath. When the bulb, etc., has remained in this for 
some time, remove the crucible containing the mercury and substitute 
a small empty porcelain crucible 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 caso if no drop of mercury issues from the 
weight thermometer during the period. Note the actual temperature 
of the bath. Hemove the crucible containing the ovel'flow and weigh 
on a sensitive balance. 

(5) Replactl the crucible (still containing the overflow), and heat the 
b~th up to boiling. Keep as before the bath and bulb at one tempera
ture for, say, 5 minutes; note the temperature of the bath. Hemm'e 
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) Calculate the coefficient between 0 and 50°, and 0 and 1000
• 

(8) Work to higher temperatures by using a glycerine bath. 

Exp. l08.-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 + water 
(the bulb must be dry externally). 

Similarly measure the coefficient for glycerine. Bath 
temperatures, say, 25° C., 100° C., 1500 C., 200° C. 
(Select a bulb with a coarse capillary bore.) 

97. Dilatation of Gases.-When a· quantity 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, eii) 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, 
maintained at conliant pressure, increases per unit rise of 
telnperatU1'e by a constant fraction of its volume at a 
standard temperature. Practically for many gases the 
constant fraction is, per degree centigrade, 1/273 of the 



THERMOMEfRY, EXPANSION. 141 

volume at ice-point (O°C.). This is then the value of the 
conventiomtl coefficient of expansion for gases. 

The coefficient of increase of pressure follows a similar 
law and has the same value. 

DEFINITION: Absolute temperature. .A. temperature of 
to O. is (273 + t) degrees on the absolute scale. 

Law connecting the p1'essure, volume, and temperature of a 
mass of gas. By combining the laws of Boyle and Charles 
(see Text-Boole 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. I09.-Find the coejficient of increase of volume at 
constant pressure (Fig. 74). A glass tube, A, 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, H, 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 (t,). 

Similarly adjust the bath, etc., for the second mark, and 
note the temperature, t2 ; for the third, f,tc. Measure the 
distances between the closed end of the tube and the 
successive mark'S. (These distances are proportional to 
the volumes of tho 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 - 2730 C. (The temperature of 
- 2730 C. is called the absolute zero.) Deduce from the 
graph that the coefficient of increase of volume 

= 2~3 (volume of gas at ice point). 

Exp. llO.-Find the coefficient of inlYrease of pressure at constant volume 
(Fig. 75). A cylindrical bulb, A, has a long capillary siem, B, 

attached to it. This is bent twice 
at right angles. The end, JJ, 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, JJ, to which the 
mercury is adjusted. Tho 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 g'lycerine is 
used in the bath. 
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1. The apparatus being arranged, 
fill the bath with melting ice. By 
manipnlating R, adjust the mer
cury in JJ to stand at m. When 
the mercury, etc., needs no further 

Fig. 75. adjustment during an interval of, 
say, 10 minutes, note the position 

of its surface 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 25°, adjust the mercury in JJ to the mark, m, and observe as 
before the position of the mercury in R, and the actual temperature of 
the bath. 

3, etc. Also when the bath is kept at about 50°, 75°, 100°. 
The differences between the readings of the mercury surface in R, at 

the successive teI!lperatures and its reading at the ice-point, are the 
increments of pressure (in em. of mercury) for the respective rises of 
temperature. The pressure exerted by the gas = H + p. 'l'abulate 
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 

coefficient of inc~ase of pressure = ~ (pressure 0/ flas at (1'0.) • 

• 
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CALORIME'rl~Y. 

98,. Specific Heat, Thermal Capacity, etc.-The specific 
heat of a substance is the number of heat units required to 
change the temperature of unit 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, s, has its temperature raised or lowered by (l, it 
absorbs or emits ms(J units of heat. 

Quantity of heat in calories 
= (mass in grammes) (sp. ht.) (range in 0.°). 

Quantity of heat in British thermal units 
= ( mass in pounds) (sp. ht.) (range in F.O). 

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'~ubstance on con
densation or sWidification are respectively equal to the 
quantities absorbed on vaporisation or fusion. 

143 
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*Exp. lll.-Find roughly the activity or power of a 
Bunsen flrmne. 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. 

CA.LCULATION. 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 - t). 

:. energy absorbed per unit time = JM(T - t)/d. 
Assume this to be equal to the power or activity of the 

flame. To express the power in ergs per second, measure 
Min 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 Ibs., d in minutes, 
temperature in degrees centigrade. Assume J = 1400 foot 
pounds. Finally divide by 33,000. (See Appendix.) 

EXAMPLE.-A. pint (= 1'25 lb.) of water was heated by a Bunsen 
flame from 20° to 60° in 4 minutes. 

Heat units absorbed by the water = 1'25 x 40 = 50. 
Then energy absorbed "" 1400 X 50 = 70000 ft. lb. 
Then ft. lb. 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 = i H.P. nearly . 

• Exp. 112.-Find ihe specific heat of iron. (1) Weigh 
(= WI) a piece of iron (a 7 lb. weight, say). Tie a piece 
of string to it. Keep it in boiling water for, say, 5 
minutes; its temperature is then raised to 100°. (2) Into 
a tin put a measured quantity (say 1 quart = 2'5 lb.) of 
water. Note its temperature (t). (3) Quickly lift the 
iron by the string out of the boiling water into the cold, 
stir the water by movi)lg the iron about in it. After a. 
minute or two note the temperature (tJ to which the 
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cold water has been raised. Calculate the specifio heat (8) 
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 deduoe II 
from 

w,.. B (100 - ta = (wt. of water) (tl-t). 

99. Specific Heat: Apparatus.-Heater. The following 
(Fig. 76) is convenient :-A tin can, A (6" long, 4" dia
meter), is half filled with water. The water is boiled by 
placing the tin on a tripod over a lighted Bunsen burner. 
The lid, B, is pierced by a large central hole and two or 
three small ones O· inch diameter) nearer the edge. A 
tin tube, 0 (5" long, H" diameter), contains the substance 
to be experimented uPQn. It passes freely through the 
lid and is supported by the flange, D. 
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Fig. 76. Fig. 77. 

Oalorimeter and shield (Fig. 77). These are of tin
plate, but the calorimeter may witb. advantage be made of 
thin brass or spun copper. The caloriIheter, E, is hung 
inside the shield,F. by 3 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. 

PRo PRY. 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 it, and a thermometer, in the tube O. Plug the 
upper end of 0 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. 
\Vhen 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 1000 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 after the sub
stance has been introduced. Slowly and cautiously stir 
the water by the thermometer immediately before a reading 
is taken. 

To tip the substance into the calQ1'imetm': 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. Let W 
be the mass of the empty calorimeter, and 8 its specific 
heat. Then W ~8 is its water equivalent. 

Let M be the mass of the Bubstance, re its specific heat. 
Let w be the mass of cold water in the calorimeter. Let 

T be the temperature of the substance, tJ of the cold water 
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before adding the substance, and t2 after 'f' xing. The 
temperature of the calorimeter is assumed to !.b~ tha.t of the 
water in it. I \ 

Calculate as follows:- :' 
Heat emitted by substance in cooling from T to fa 

= M. x (T - tz) = . . . . . 
Heat absorbed by water in warming from t J to tz 

= w (tz - t,) = .... 
Heat absorbed by calorimeter in warming from tJ to t2 

= W S (tz - t1)t = .... 
Assume heat emitted = heat absorbed. An equation is 

obtained in which x is the only unknown. 

Exp. 113.--Find the specific heat of a solid by the method 
of mixtures. Use iron nails (150 gms.), brass nails (150 
gms.), lea,u shot (300 gms.), pieces of glass rod and tube 
(100 gms.), etc.t 

Exp. 114.-Find the specific heat of a liquid by the method 
of mixtures·t Put the liquid in the calorimeter instead of 
water; then perform the experiment as above. Use 
methy lated spirit, petroleum, glycerine, etc., and a solid 
like iron (nails). 

CALCULATION. Assume the specific heltt of the solid 
(8) ; let x be that of the liquid. 

Heat emitted by substance in cooling from T to tz ~ 

= M . 8 (T -tz) = ... 
Heat absorbed by the liquid in warming from t, to tz 

= w . x (tz - t1) = ... 
Heat absorbed by the calorimeter in warming from tj to ta 

= W. sCt2 - t1) = ... 
Assume heat emitted = herd absorbed. Calculate x from 

the equation obtained. 

t For iron, copper, and brass calorimeters, a'ssume 8 = 0'1. The 
heat absorbed by th'} calorimeter may sometimes be neglected. 

t Se\'cral determinations of the specific heat of each substance should 
be made until there is approximate agreement in the results obtained. 
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101. Method of Mixtures: A modification of Regnault's apparatu. 
(Fig. 78).-The heat",: 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 tube passes axially 
through the cylinder; its top end is closed with a cork, its bottom 
rests on the stool. Thus the tube is a closild steam-jacketed chamber. 
The body to .be experimented upon is suspended in this ehamber side 
by side with a thermometer. The latter is held by the cork; its bulb 

!-, •. 

Fig. 78. 

ehould be close to the body. The thread suspending the body passes 
through a short tube fixed in the cork, and is tied outllide. The heater 

_can be rotated until the central tube is over the large hole in the 
Btool. 

The calm'imeter is a cylinder of thin copper, suspended by threads 
within a. larger coppe • . 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 lormer. 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 
accessories. t 

(1) Weigh the calorimeter (clean and polished), thermometer, P, and 
stirrer (= W). Place in position in box. Half-fill with warm water. 

(2) Nea.rly fill a vessel with tap water. Immerse a sensitive th.ermo
meter, Q, in it and weigh all (= WI)' 

(3) Stir the warm water in the calorimeter, and when its tempera
ture (which should be falling slowly) is about 30°, note the exact value 
of the temperature, 1st, of the tap water (= t l ); 2nd, of the warm 
water (= t z). Immediately, and without spilling, pour tap water into 
the ealorimeter, stir and note the temperature (t3) of the mixture. 

(4) Weigh the vessel containing the remaining tap water and 
thermometer, Q, (= Wz). 

(5) Weigh the calorimeter, thermometer, P, stirrer, and water (= Ws). 
(6) OALCULATION, etc.-

Mass of cold water = (WI - W2) 

Mass of hot water = {W3 - (WI - Wz) - rV} = ... 

Temperature of mixture (t3) 
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, etc. 

= ... 

= ... 

= (Mass of hot water + e) (Its temp. fall) = ... 

Temp. (tl)'.' 
Temp. (t2)'" 

Assume heat emitted = heat absol'bed: an equation is obtained in 
which the water equivalent (e) is the only unknown. 

103. To find the specific heat (x) of a 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.-(l) Find the mass of Bubstance to be used (= M). 
(2) Suspend it in the heater, close to the bulb of the thermometer. 

Use a 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 Sl"\lstance should not b~ 

t It is better to <Altain e by calculation; 
e = (Mass of calOl'imeter) (Sp. lit. of its materi{/l). 
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put into the calorimeter until the thermometer has been obw'ved to 
give a. steady maximum reading for about ten 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 

(= Wl )- Clamp thermometer in position. 
(5) When the temperature of the heater is quite steady note its actual 

value (T) and also that of the water in the calorimeter (t l ), 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 highest tempera
ture (t2) reached by the water in it. 

(6) CALCULA.TION, etc. 
Mass of cold water (WI - W) = . " temperature (tl) = 
Water yalue or calorimeter, t etc. (0) = 
Mass of hot substance (M) = . . . temperature (T) = 
Temperature of mixture (t2) = .•• 

Fall of temperature of substance (T - t2 ) = .•• 

Rise of temperature of water and calorimeter (t2 - tl) = 
Heat absorbed by cold water and calorimeter = (mass of cold water + 

water equivalent of caiorimetel') (l'i8e of tempel'ature) = .. , 
Heat emitted by hot substance = (mass substance) (specijic heat oj 

8ubstance) (fall of temperature) = ... 

Assume heat emitted = he,~t absorbed: an equation is obtained in 
which the specijic Ileat of the substance is the only unknown. 

Specific heat of a. liquid, 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 calorimeter by radiation 
and convection befol'e the highest reading of the thermometer is 
attained. Hence the highest reading is a trifle lower (say pO) 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 th~ loss of heat may be compensated for (Rumford). 

104. Rumford's compensation method.-Find roughly by a prelimi
nary experiment the rise of temperature (t2 - tl) of the water. Then 
perform the experiment, taking an equal mass of water at a temperature 
~ (t2 - tl ) 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 
10ss.·J . 

t It is better to obtain e by calculation; • 
e = (Mass oj catol'imetel') (Sp. ht. of its matel'iat). 
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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). If the rise of tempera
ture is small the loss of heat is nearly equal to that which would OCCIll' 

if the calorimeter had been at its mean temperature t (t2 + t1) during the 
period of time (d) between the introduction of the body and the moment 
when the highest reading was attained. Trien, if z is the rate of cooling, 
e the total water equivalent of ( calorimeter + thermometer + sub
stance, etc.), then in one second the heat radiated = ez, and in d 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, qO, of the calorimeter and 
its contents in d'seconds (5 minutes, say). Then 

z = q/d' and R = d.8.z. 

Exp. 115.-Find tl~8 water equivalent of the calo";metet·, etc. 

Exp. 116.-Find the specific lieats of copper, brass, it'on, glytel'ine, etc" 
bl/ Regnault's appamtus. 

METHOD OF COOLING. 

105. Method of Cooling. Specific heat of a liquid.
The amount of heat radiated from a surface at a tempera
ture (tl ) to another at a lower temperature (t) depends 
upon (i) the difference of temperature (iI-i), (ii) the 
chemical nature and physical condition-whether dull, 
polished, etc.-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 (t), then when the liquids have the 
same temperature (t1) the rates of emission of heat 
(quantities per unit time) are equal and independent 
of the nature of the liquid. Hence tpe temperatures of 
those having smaller thermal capacities drop more quickly, 
the time taken b'y each to fall through the same ran~e of 
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temperature being proportional to its thermal capacity. 
Then for any substance 
(Time of cooling from tl to t,) ex: {(Mass) X (Specific heat) } . 

Hence, if a mass, ml' of a substance of sp. ht., 8, takes TI 
seconds to cool between any two temperatures (tl' tz), and a 
mass, m, of water takes T seconds to cool between the same 
temperatures, then 

m l s (tl-tZ) m (tl-tZ) • TI _ mi' s m TI 
TI -~T--' . T ------;n- .. 8 =;;;;:1 . T' 

The influence of the vessel may be taken account of by adding its 
water equivalent (e) to each thermal capacity above. Then 

1'1 mi' 8 +e 
T = m+e 

mT e{1'}' 
:. 8 =;n;' t+ m; y,-l . 

*Exp. lI7.-Find the specific heat of petroleum by the 
method of cooling.t (1) Weigh (= W) a calorimeter 
(blackened outside), support it 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 (= ~). 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 (TI ) of cooling from 55° to 45°. Weigh 
calorimeter + petroleum (= rv.). Then calculate (§ 105) the 
specific heat (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. 

Oalorimeter: Use a copper or iron canister with its out
side lamp-blacked. Cut two holes in the lid to pass the 
thermometer and ,tirring rod. Support on a cardboard 
cross (§ 86). • t This experiment is a simple illustrative one. 
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Enclo8UTe: (1) For rougher experiments the vessel mfl,Y 
be surrounded by a large cardboard cylinder-say 1 ft. 
long, 1 ft. diam., edges overlapping and pinned toget.her hy 
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) Wate,' jacket, etc. This consists of a large metal Canister fixed' 
coaxially inside another so that the walls and bases are an inch or 
two apart: the space between can be filled with ice, water, or oil at 
any temperature. 

OPERATIONS.-(l) Weigh the calorimeter empty (= W). 
(2) Fill the calorimeter about three-quarters full of 

water. Tip the water into a large test-tube, mark the 
height to wl1ich 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°, etc·t '\ 

(4) Weigh the caloTimeteT + water (= WI)' Then 
empty and dry the calorimeter. 

(5) Repeat operation (3), but use the liquid under in
vestigation instead of water. 

(6) Finally weigh the calorimete1' + liquid (= W2). 

t NOTE.--.Demollst,.ate Newton's law of cooling. Hang a thermometer 
against the walls of the enclosure (or in ihe water of the wier-jacket). 
Note its indications (which should be practically constant) just after 
observing the several temperatures of the cooling liquid. li,bulate (i) 
temperature of liquid, (ii) time, (iii) temperature of enclosure, (iv) e:x
cess of tempemture of liquid over that of the enclossure. Plot the 
logarithm of the excess of temperature (column ;y.) against time 
(column ii.). The graph is nearly a straight line. 

So far as the graph is straight it shows that log. (temp. e:xcess) is 
proportional to the time of cooling' to the tempere\ure of the surround
ings. Newton's law that the rate of cooling is proportional to the 
tempemture excess t~n follows. The graph indicates that the law is 
not true i1 the temperature excess is greater than about 20°, 
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Tabulate (i) IRmperature, (ii) time for walRr, (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 as in § 105. (See example 
below.) 

EXAMPLE.-J)etermination of the 8pecific heat of petroleum oil, by the 
method of cooling. 

Observed temperature 600 5[>0 

'Time for water . 26m 45s 32m Os 
'Time for petroleum . 14m 30s 

Mass of calOl'imetcr 

" 
" 

calorimeter + water 
calorimeter + petroleum 

17m Os 

44'6 
168'7 
140'2 

'Temperature 
'Time of Cooling. 

Range. Water (T). Petroleum 

500 450 400 

38m 50s 47m 30s 57m 55s 
20m 15s 24m 20s 29m 20s 

, 

•• Mass of water .. 124'1 
petroleum 90'6 

I Relative thermal 

(Til· 
capacity (= 1~/T). 

60-55 315 secs. 150 seCB. 0'477 
55-50 410 195 0'H6 
50-45 620 245 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 
0'1 X 44'6 = 4'5. Then, 8 being the sp. ht. of petroleum, 

95'68+ 4'5 =0'476 • 059 
124'1 + 4'5' •• 8 = . • 

Exp.118.-Find the specific heat of petroleum,t alcohol,t 
glyce1-ine, castor oil, etc., by the method of cooling. 

t In1faIlllll&ble. J!eat by immersing large test-tubes containing the 
liquids in water that has jnst boiled. A.yoid ~e neighbourhood of 
6ames. 
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LATENT HEAT. 

·Exp. 119,-Find 1'oughly the latent heat of vaporisation 
of steam. A yalue may be calculated from the data ob
tained in Exp. 90, Or proceed directly as follows: 

METHOD I. (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 oyer the Bunsen 
flame. Note also the time when (ii) boiling begins, (iii) 
the water has just boiled away. 

METHOD II. (A thermometer is required,) Put a can, 
half filled with water, over a Bunsen burning steadily. 
Note the time when (i) the temperature is, say, 25°, (ii) 
boiling begins, (iii) the water has just boiled away. 

CALCULATION. Assume that the heat abs()rbed from 
the flame by the water is proportional to the time during 
which it has been heated. Find (i) the time, T, taken to 
boil away the whole of the water, (ii) the time, t, 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 haye taken to heat the water from 0° to 100° if the 
initial temperature had been 0°. Finally 

.. Latent heat" absorbed in vaporisation T 
" Sensible heat" abS01'bed from ice- to steam-point - t' 

EXAMPLE. Time taken to heat a quantity of water from 25° to 
100° = 3 mins. 30 sees = 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 1000 = ~ X 210 

= 280 Bees. 
:. latent heat)/(sensible heat) = 1420(280 = 5'1. 
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Exp. 120.-Find the latent heat of vaZJ01·isation of steam 
at 100° C. Fig. 79 shows a useful form of apparatus. 

Water is boiled in the vessel, K (a copper 
bottom to this is an advantage), the 

c 
steam is led through a bent glass tube 
(which should be covered with cotton 
wool) into the calorimeter, E, hung in 
the screening can, F. The 

K 

outside of E and of F should 
be bright. 

Sometimes a trap, like Fig. 
80, is placed at the delivering 
end of the steam tube. It is I 

designed to catch the steam 
that condenses in the tube. In 
doing this, however, it forms . 
a cold belt at b. The de- . R 

G 

livery tube, H, coming from Fig. 80. 
the trap itself, needs to be 

Fig. 79. 
longer than 0]) 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, shou'ld 
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 as 
above), ring burner, B, delivery tube, t, 
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 describet!. below. The arrange

Fig. 81. 

ment is improved by using a flask with a.very 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. 

OPERATIONS. (1) Boil the water briskly in the kettle, K. 
(2) Weigh the calorimeter empty (= W). 
(3) Fill the calorimeter two-thirds full of water. Weigh 

(= WI)· 
(4) Use a sensitive thermometer, carefully stir the water 

in the calorimeter with it, and note the temperature of the 
water (= tl). 

(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 0 quickly remove the calorimeter from the steam 
tube, and note, after stirring, the temperature (= tz) of the 
water. 

(6) Note the height of barometer. Deduce the tempera. 
ture (t) of steam to ~o (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 (= Wz). 

CALCULATE the mass of st.eam condensed (= Wz - WI)' 
and of cold water used (= WI - W). 

Also x the required latent heat, as below: 
Heat emitted by (W2 - WI) grammes of steam at to in con

densing to water at the same temperature = (W2 - WI) x. 
Heat emitted by (Wz - WI) grammes of condensed steam, 

or water at to in cooling to t2 ° = (W2 - WI) (t - t2) = .... 
Heat absorbed by (WI - W) grammes of water in warm

ing from tlO to t20 = (WI - W)(t2 - t l ) = .... 
Heat absorbed by the calorimetert (specific heat, 8) in 

warming from tlO to t20 = W.s. (t2 - t l ) :.= ...• 

t Its temperature 1s 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 x 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 .'1'l1t. 
Mass calorimeter + water, 290'7 .'11n. .'. mass of water = 194'7 gm. 
Mass calorimeter + water + condensed stearn, 300'1 gin . 
. '. Mass of steam condensed = 9'4 gm. 
Barometric height, 762 mm. .'. Temperature of steam = 100' C. 
Temperature of cold water, l·P C. 
Temperature after mixing with steam, etc. = 41'5° C. 
Heat emitted by steam in condensing to water at 100° C =9·4.v. 
Heat emitted by 9 gms. of hot water (condensed steam) cooling from 

100° to 41'5° = 9'4 x 58'5 = 550. 
Total heat emitted = ~Hm + 550. 
Heat absorbed by 194'7 gm. water in warming from 14° to 41'5° 

= 194'7 x 27'5 = 5354. 
Heat absorbed by calorimeter (specific heat 0'1) in warming from 

14° to 41'1.,° = 96 )( 0'1 )( 27'5 = 260. 
Total heat absorbed = 5354 + 260 = 5614. 
Assume heat emitted = heat absorbed. Then 9'4m -r 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. 

OPERATIONS. (1) Weigh the calorimeter empty (=W). 
(2) Half fill the calorimeter with water. Weigh 

(=W,). 
(3) Note the temperature of the water in the calorimeter 

(= t1)' It is an advantage to make this about 25° C. 
(4) Place, say, half-a-dozen thimble-sized pieces of ice 

on blotting paper, carefully and quickly dry each piece and 
drop it into the calorimeter. Stir slowly with the thermo
meter. Note the temperature (= t2) as soon as all the ice 
has melted. 

(5) Remove t~ thermometer from the water (allow its 
bulb to trail along the inside-above t~e water-of the 
calorimeter) . Weigh (= W 2). 
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CALCULATE the mass of ice melted (= W 2 - WI)' 
and of cold water used (= WI - W). 

Also a: the required latent heat as below: 
Heat emitted by (WI - W) grammes of water in tile 

calorimeter in cooling from tl to tz 
= (WI - W) (tl - tz) = .... 

Heat emitted by the calorimeter (specific heat 8) in cool
ing from tl to t. = Ws (tl - tz) = .... 

Heat absorbed by the ice at 0° in melting to water ~t 
0° = (Wz - WJa:. 

Heat absorbed by (Wz - WI) grammes of water in warrrt -

ing from 0° to tz = (W. - WI)tZ' 

Assume heat emitted == heat absorbed, then solve the 
equation, in which fI: is the only unknown quantity. 



PAR'r lII.-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 c6rtain 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 e" 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 numbBi·. 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 intellal : Octave. Fifth. Fourth. 
Frequency ratlO: 2 ; 1. 3 ; 2. 4 ; 3 . 

• The frequencies of the successive notes, 0, D, E, F, G, 
A, E, 0', of the diatonic scale are as 24, 27, 30, 32, 36, 40, 

160 
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45, 48, giving, betwoen tho 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 
e" = 522, and of a' = 439. e" and a' tuning-forks have 
these frequencies at 68° F. (The value of g' is then 391'1.) 

In scientific work e" = 512, a' = 426~ g' =384. 
The tuning-fork (sometimes called a pitch fork) consists 

of a steel bar of rectangular section doubled into a U 
shape. From the bend a shank projects. A vibrating 
tuning-fork has nearly constant frequency, and hence emits 
a note of practically unchangillg pitch. 

Smaller forks, heW 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 box. This is 
m:tde 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 and fro in a line pamllel to that 
in which the wave is travelling. (§ 115.) 

Transverse waves.-In these the particles move at right 
angles to the line of propagation of the disturbance. 
(Exp.124.) 

* Exp. 122.-Pitch of a note. Stretch strips of corded 
silk 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 is 
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 coarS8. Pr:1ctise 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 pitch. , 

* Home experinients are marked by an asterisk. See p. 8. 
PR.P11'1:. 11 
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*Exp. 123.-Transverse waves on a 1·ope. 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 fla,gstaff 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 vib1'ating 
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, i.e., vibrations of different amplitudes are 
isochronous. 

(2) Press the ,entre of the string with a folded strip of 
paper, pluck one side, let go; the strin~ vibrates in two 
segments, the fixed ends and centre being nodes. The 
wave-length is equal to the length of the Etring. 
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(3) Press the paper strip at i (length of string), pluck 
the shorter segment, let go; the string v'ibrates in three 
segments. 'Wave-Iength = i (length of string). 

(4) Press at t (length of string), etc., get four vibrating 
segments and so on. . 

If paper riders, A -shaped, are placed on the string 
when at rest" they, when the string is vibrating, are tossed 
off at the antinodes, but remain on at, or near, the nodes. 

Exp. 126.-Compare tlw frequencies of two forks. A.ttach 
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 hench with the smoked surface uppermost. 
Take a fork in each hand, and after striking them against 
a piece of wood to make them vibrate hold them over the 
plate with the bristles close together and just touching the 
smoked surface. Quickly draw the bristles over the plate 
(or sliele 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 th~ 
parallels. The respective frequencies are in the ratio ot\,_ 
the numbers of undulations. The relative frequency of a 
third fork may be found by comparing it with either of the 
a,bove. 

VELOCITY OF SOUND. 

108. Relation between Velocity, Wave-length, and 
Frequency.-If A is the wave·length, and n the frequency 
of undulation, then the wave travels with a velocity v = n "-. 
Thus the velocity in a medium may be calculated 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, n, in the ail' by which it is 
surrounded, or in flI string attached to its prong, or in it.s 
sounding box, etc. (The wave-lengths, however, in the 
sC"eral 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 = ,.,fE/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. 

F01' a gaseous medtw1n, the coefficient of elasticity is 
numericaily equal to the product of the pressure, P, and a 
constant, y. For air, y = 1'41. Hence for air 

v = ""1'41 X PjD = 1'187 ,.,fP/D. 

The expression v = v BID is called NClctOil'S formula, and 
v = v]f;yri.J is Lapl{/ce's. The constant, 'Y, is the ratio of tho specific 
heat of the gas at constant pressure to that at constant volume. 
Dynamical proofs of these formulae are gil'en in Treatises On Sound. 

The same gaseo1(s mediwn at diffm'ent temp emtttres , 
Let P, D, and v; pi, D', and Vi be the respective pressures, 
densities, and sound velocities at the centigrade tempera
tures t, t'; then 

;'=V~~~· 
By the law8 of Boyle and Charles 

P pi 

D---(I-+--:2~'--3) - DI( 1 + 2;3) 
The ratio of velocities is thus indepenLient of the change of 
pressure, 

When one temperature is to C, and the other 0° C., 

(~~l~;g~) = (:;ef~;!;n J (1 + 2h t I 
When the medium is air the velocity at the ice-point 

= 33240 cm. per sec. Hence writing 
,.,f{l +d3t} = 1 + sh- t 

. '. velocity at to C. = 33240 + 60 t em. pe?' sec. 

" IJijferent _gaseous media at theS({11W telilperaturc alld pressure. Let I'll IJ,; 
.' IJ. be the respecti,-o yolo cities and donsitios, lhen, if 'Y is the same for 

both gases, '/))/'/). = v D./IJ" or the yelocities are inversely proportional 
to the square-roots of (ho dcnsi:ics, 
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109. Transverse waves.-The velocity, v, with which a 
transverse wave travels along a stretched wire = .; P/m, 
where P is the force stretching 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 = 2ln and v = ,,/P/m, '\ . 

.'.n= 2\ J! 
l, length vibrating segment 1 Each quantity must be 
P, stretc11ing force expressed in absolute 
m, mass unit length of string units. 

This important expression may also be written in terms of r, the 
radius of the wire, and D, the density of its material. For 

:. n = -l_-V _p-. 
211" 7r D 

\ 
The expres8ions above show that if only one of the 

quantities l, P, 'In, 1', D, varies at a time, the frequency is 

(1) inversely proportional to the length of the vibrating 
segment, 

(2) directly proportional to the s'1uare root of the 
stretching force, 

(3) invers(·lyproportional to the sqllare root of tlle mass 
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. 'fhese relations are de
rived from (3). 

• The elasticity of the material Qoes not directly affect the rate of 
tranSYOl'se yibration. - A giycn yalus of >it may be made up by twisting 
together wires of different metals: for mwmple, the bass wires of a 
piano arc loaded ,,·ith copper. 
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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 I" wide), is 

held vertically by a clamp, .A (on a retort 
::::::.:::>_. stand), so that its lower end dips in the 

s water. 
The sounding body, a tuning-fork, say, 

giving the note to be experimented on, 
is 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 until 
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 

Fig. 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. Finally 
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 removecZ and clried 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, t, the wave-length 
}.. = 4 (a + O·3d). 

A increases as the t~mperature rises. Obser"e that A is not equal to 
4a. Theory indicates that O'3d, more or less, s.ould be added to a. 
The value of this correction, however, is not vcry definite; it is quoted 
sometimes as O'4d, or as O·5d. 
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A second position of resonance (of wealwr intensity, 
however) may be found by lifting the tube further out of 
the water (length, 3a). If necessary the tube can be 
lengthened by a paper extension. (Make this oy rolling 
stout paper round the experimental tube, slide it off, and 
fix the edges with stamp paper, or gum.) Obtain, as befor~, 
half-a-dozen values for the position of maximum resonanc~. 
Calculate the mean value A. 

Since in the first case, l~o. = a + 0-3d, and in the secona 
case, .po. = A + O-Sd, therefore the difference, A - a = !-A_ 

The wave-length is used in connection with the expre~
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.-Find the frequency of a tuningjork by means 
of a resonance col1tmn. Obtain the wave-length, A, at tem
perature t (§ 110). Calculate the velocity of souud (v) at 
temperature t, then frequency, n = vIA. 

Find the frequencies of the forks of pitches, g', ai, e" 
respectively. 

E:LUIPLE. Fork g'. Temperature, 15° C. Tube diameter, 4'5 CIll. 
ObscrYed lengths 01 resonance column, 19'7, 19'4, 19'3, 19'6,19'6,19'5. 
]\lean length of resonance column, 19'5 em. 
Corrected length = 19'5 + 0'3 X 4'5 = 20'9 cm. 
:. wave-length = 83'6 em. 
velocity of sound at 15° = 33UO + 60 X 15 = 34140 em. seCB. 
:. frequency of :l'ork 9' = 34140/83'6 = 408. 

Exp. 128.-Fincl the velocity of sound in air at 0° O. by 
means of a tuningjork and resonance column. Proceed as 
in § 110, using a fork of known frequency. 

EXAMPLE. Frequency 0:1' fork, 520. 
Temperature, 15° C. Tube diameter, 4'5 cm. 
]\lean length of resonance column, 14'9 em. 
Corrected length = 11'9 + 0'3 X 4'5 = 16'3 cm. :." = 65'2 cm • 
•• V = 65'2 x 520 = 33904 cm. sees. 
,.. va = 33904 - 60 X 15 = 33000 em. sees. 



168 VELOCITY. FREQUENCY. 

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 open 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 
Fig. 83. 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. VV ork the treadle 
slowly and as little as necessary. 

112. The Sonometer.-A common form is illustrated in 
Fig. 84. AA is a long sounding box. It often rests on 
shOl't rubber feet or tubes instead of the substantial sup
ports shown in the figure. BE' are two fixed and C a 

Fig. 84. 

movable bridge ~\'hose edge is a little higher than BB'. 
A wire, P, looped round a screw at th" left end, passes 
over the bridges and a pulley; it is stretched by weights 
fl. Another wire, G, looped l:ound a screw at the left end, 
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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 monoc7101·d is a simpler form provided with one string. 
Fig. 85 shows, by plan and elevations. a sonometer, better 

adapted for the laboratory. A 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, S. The stretching force is supplied by a spring 

Fig. 85. 

balance, E, instead of weights. A screw stem, M (of square 
section to prevent rotation) ca,rries a large winged nut, N, 
tha,t bears aga,inst an iron plate at the end of the frame, F. 
·When the nut is turned the stem. is moved, and the pull of 
the spring altered. G is a second wire looped to a screw 
at the left end, and attached to a wrest pin, D, at the right. 

'1'he spring balance should read to 50 lb. by ~ lb. steps. The length 
scale should measure in -10 inch; length, AD, 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 by the wire and fork seem to be the same in 
pitch. To tell this, sound first one aI).d 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. 'fhe concord of a note (n) with its octave (2n) or 

fifth (~) 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, 
one 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, i 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 eur is placed against the surface of the slab. 
Sound from the sonometer is conducted along the wood, and is easily 
heard in a noisy room. 

Beats.-When two notes (frequencies n, 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 f'W n') ; hence they are slower and 
slower as the unison is closer, and cea.se 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 the fork on the board of the monochord. 
The two may be adjusted to agree so closely that a beat 
takes several seconds to complete itself. In 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 count'ed: the mean of these positiollfl gives 
the value of l. • 

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 1\ -shaped 
riders placed on the wire will be thrown off. 

The wire begins to respond to the fork only when unison 
is 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 cannot 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 latwr 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 detecwd with loud or high nows. 

Fainter beats and weaker responses are sometimes ob
tained between harmonics of the notes instead of the 
fundamentals. 

Exp. 129.-00mpa1'e the jrequencies oj two tuningjo1'ks 
oj nea1'ly the same pitrih, and adjust them to unison. Sound 
the lorks 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 greawst 
when at the end of the prong. 

To adjust the forks to unison.-METHOD I. Bind 
several turns of ~ire round each prong of the higher fork, 
adjust the wires along the prongs until unison is obtained 
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METHOD II. Take a third fork, P, of nearly the same 
pitch as the two (Q, R) under adjustment. Load P so that 
there are, say, four beats per secone1 when it is sounded 
with the lower (Q) of the two forks (Q, R). Next load R 
until there are four beats pel' 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. '1'he other should be 
emitting its note, it having been excited by sympathetic 
vibration. 

Exp. 130.-Demonstrate the laws of the transverse vibra
tions of strings (§ 109). Use three or more tuning-forks 
(pitches g', ai, e" for instance) aud the sonometer. Find 
the relative frequencies of the forks (Exp. 126 or 127). 

(1) I!'reqtwncy is inversely proportional to the length of 
the vibrating segment. Keep the stretching force constant, 
find and measure the lengths successively in tune with each 
fork. Calculate for each case (Freq'uenc!I of /01'1.) X (lnuJtA . 
of vibrating segment). The values of the product should be 
the same.t Plot log n and log l. The graph will be prac
tically straight. . 

Repeat with other values of the stretching force. 
(2) I!'requency is directly proportional to the square root 

of the stretching force. Keep the length of the string 
constant, observe the values of the stretching force that 
will bring the wire successively into tune with each fork. 
Calculate for each case (Freqtlency of jork)2 -;- (Stretching 
force). The values of the quotient should be the same.! 
Plot (i) n 2

, and P, or (ii) log n and log P. In either cn,se 
the graph will be practically straight. 

Apply first (in Fig. 83, turn N) a high value of the· 
stretching force (20 kg., 01' 40 lb., if the wire will sustain 
it), and adjust the movable bridge until the length of wire 
is in tune with the fork of lowest pitch. Proceed with 
higher forks. 01) 

Repeat with other initial values of the l~ngth. 

t For if n <X 1/1, then nl = COllst. 
t For if n oc ¥ P, then 11/ ¥ P = const. :. tl2 / P = 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 respective lengths. Keep the stretching force 
constant throughout. Then 

length of wire for note (l ) _ frequency of fork (n') 
length of wire for fork (l') - frequency of note (n) . 

. '. n = n'l'jl. 
The frequency of the fork may be found by Exp. 127, 

Exp. 131.-Find the f1'equency of the notes, fundamental 
and harmonic, of an o1'gan pipe. Proceed as in § 114. 

Exp. 132.-Filld the fl'equency of a t/(liing-fol'k ~y the" absolute" 
1Il0IiOc/lOl'd. Fix: the ooard of a monochord vertically. Hang a steel 
wire (piano) over the top bridge so that itj/(st touches the lower mov
aole one. (If the wire rattles during vibration press it by the finger 
ligldly on the lower bridg·e.) Suspend a known mass (P, say 20 kg.) from 
the wire. Carefully adjust the mOYable bridge until the vibrating seg
ment is in unison with the fork: note the mean length (I) between the 
bridges. IIfake a mark by a blunt knife on tho wire near each bridge. 
Measure the length, 1', between the marks. Rcmoyc the wire from the 
monochord, cut it at the marks and weigh the portion (= w). 

Calculate (i) m = wit', (ii) the frequency, n. 
In the formula (§ 109) n = .; PI21 ';;/1 express 

. either P in dynes, 1 in em., '" in glll. per em. 
or Pin poundals, I in feet, 111 in los. per foot. 

If the stretching force is due to the weight of Q los. then 
P = Q X 453'6 X 981 = 445000 Q dylles. 

If the stretehing force is the weight of Q los., I the length in (,,,u., ~~~ 
III the mass in gillS. of 1 CIII. of the string, then 

log 11 = ~ log Q - log I - ! log n + 2'52314. 
The monochord should be ,ertical in order to minimise the friction 

uetween the wire and the lower bridge. If this is considerable, the 
stretching force on the vibrating seg,nent is not approximately eq lIal to 
the weights hung on the wire. 

EXAMPLE. Fre/luency of a fork, rI'. lIIean length of vibrating 
segment, 39'6 em. Stretching force = 56 lb. wt. = 56 X 453'6 X 981 
dynes. Mass of 36'2 e/li. of wire = 0'5025 gm. : 

:. mass of 1 em. of wire = 0'01387 gm. ' 
'.) 1 V56 X 463'6 x 981 

.'. frequency"" --- = 535. 
2 x 3u'o 001387 
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lUi. To find the velocity of sound in the substance of a. rod or wire. 
r) ROD. The rod should be 5 or 6 feet long. Grasp the rod at its 
~entre by the left hand. Rub it by the right hand with a well rosined 
eather. (A glass rod requires a cloth moistenccl with water, or, 
Jetter, alcohol.) Obtain the frequency (n) of the note emitted (§ 114). 
11easure the length, l, of the rod in elils. 

The note (fundamental) obtained is that of the rod when vibrating 
longitudinally and having a node at the middle and an antinode at each 
md. Hence the wave-length, X = 21. Hence yelocity, v = 2 111. 

(II) 'VIRE. The wire is shctched oyer 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 amI 
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 (Y) of elasticity for the substance of a rod 
or wire.-The velocity of sound (v) in the substance and its density (D) 
being obtained, since v = tI}T/JJ, and v = 2tJl, then Y = 4Dr'n2 • 

Exp. l33.-J)etc,·mi,w the relocitics of SOUlld in the substances below, alld 
the values of Yo/mg's modulu8: 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 lube. Arrange so that the disc lies in (he 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 tho rod and tube must be in line. Thc clamjJ is conyeniently 
made of two stout pieces of wood slightly hollowed out (0 hold the rod 
between them (damp between lead strips). The pieces arc screwed 
tightly together, and the bottom one fixed to (ho table. 

Thoroughly dry a small quantity of lycopodium powder, place it in, 
and distribute it eyonly along tho glass tube. 

Hub the free end of tho clamped rod with a resined cloth, and moyo 
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 yalue of the half wave-length in 
air of the note emitted by the rod. 

Repeat the expe1:iment seycml times by pushing the end of the 1:od an 
inch 01: two further into the tube. Calculate the mean wave-length 
from the measurements,. of X/2. Note the temperature. 

Find the frequency of the note emitted by the rod, 
Finally caloulate the yelocity of sound in air at 0"'( § 108). 
Exp. l34.-Fil1d tlw t'elocit!f of SJ1(lId in air b!f mealls of a K,mdt tltbe. 



PART IV.-LIGHT. 

CHAPTER IX. 

REFLECTION. REFRACTION. PHOTOMETIW. 

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 Cltllle, the remainder enters the 
body and is transmitted and 1·efracted. Of the reflected 
part some is regularly reflected, the remainder is 8cattered 
(often said to be "irregularly" reflected); of the trans
mitted part a portion is 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: e.g. 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 increase's: 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 Dr less modified by the light scattered on 
reflection. 

175 
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In experiments with prisms, lenses, etc., most of the light under
goes refraction: a trifle however is reflected at each surface, this is 
often made use of in optical measurement. 

See the Text-Book of Light for definitions of ray and peneil; con
verging, diverging find parallel pencils or beams; incident, transmitted, 
refracted and emergent rays; It point of incidence, It normal to tho 
surface; planes of incidence, of reflection and of refraction; angles of 
incidence, reflection, refraction, emergence and deviation. 

REMEMBER that the ang-Ies of incidence, reflection, refraction and 
emergence are those between the normal to the surface and the respec-
tive rays. -

Snell's law of refraction (law of sines).-When light 
passes from a mediwn A to a medium B, the ratio of the 
sine 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 (symbolJL) 
between the two media. -When light passes from medium 
B to medium A, the index of refraction is the reciprocal 
of its value when the light passes the reverse way, viz. 
from medium A to medium B. In symbols 

sin </>/sin </>' = JLAB 

sin </>'/sin </> = flBA 

I'-BA = l/fLAB. 
NOTE that the valne of the index of refraction depends upon the 

nature of tlCO media: those should both be specified. 

Critical angle.-,Vhen </> is such that </>' is a right angle, 
then the value of </> is called the critical angle (symbol (j) 
between the two media. For angles of incidence less titan 
the critical angle (e) a proportion of the light is refracted; 
for angles of incidence greater than the critical angle there 
is no refraction, the light is totally reflected. 

Since sin </> = JL • sin </>' 
when </>' = 900

, then </> = e, and sin e = fL. Thus if the 
critical angle is found by experiment, the value of fL is that 
of its sine, this may be found from trigonometrical tables. 

REMEMBER 

fJ. (airto glass) = 3/2 practically 

{ 
fJ. (glass to air) = 2/3 " 
critical angle = 38° to 41° I 

p. (air to water) = 4/3 
p. (wnftlr to air) = 3/4 

( critical angle = 48°'5. 
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118. Definitions (optical).-A slab or plate is a. tmns
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 1'efmcting angle, and the straight line in which 
they meet is called the refmcting edge. (If the section of 
the prism perpendicular to the edge is an isosceles, an 
equilateral, or a right-angled triangle, the prism is said to 
be isoscdes, or eqltilateml, or right-angled.) 

Lens, see § 127. 

119. Refraction at plane surfaces: to find 1'-.-1. In 
some of the following experiments values of 1> and 1>' can 
be measured. From these I'
may be calculated by referenco 
to trigonometrical tables (4 
figure), assuming 

I'- = sin 1> / sin 1>'. 
If the complements of the 
angles of incidence (900 

- 1» \ 
and refraction (900 -1>') have \ 
been measured, then 

_ cos (900 
- 1> ) 

po - cos (900 
- 1>')' 

II. The value of fJ. may also be 
obtained by It gTaphic construction 
(Fig. 86). Draw a line NN' to represent the normal: at 0, a point on 
it, make the angles NOA, N' OB equal to those of incidence and refraction 
respectively: with 0 as centre, any convenient radius (several inches 
long), describe a circle cutting OA, on at a and b respectively: draw 
all, bn' perpendicular to NO.Y·: measure an, bn' in, say, millimetres. 
Then fJ. is the ratio of an to b1l'. 

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 light passing to the 
eye from the me~ium through which the object is viewed) 
will be equal to the ratio (distance of image f1'om sU1face) 
• (distance of obJect from surface). 

PRo PHY. 12 
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PROOF. Let milt be the slIri-lce sepuating tho media a, b (0 optically 
denser than a): let A be the object, AN the normal to mm, and ABC 
a ray. Produce en to cut the normal at A'. The imHge of A will be 
along CBA'. Let cp, cp' be the angles of incidence and refraction re
spectively. Then 

_ sin cp _ sinBAN _ BNjBA _ BA' 
p. - sin cp' - sinBA'N- BN/BA' - BA' 

m 

c<:~I~:j<D_ . 
) 
----~---------

~-------- ~ --.-----~-------- I 

DNA A: 

HI; 

Fig. 87. 

When cp and cp' are small NA, NA' are practically equal to BA, BA' 
respectively, and A'is the position of the image of A. Hence when 
the image is seen on the normal, /). = EA'jNA practically. 

IV. Note that /). = BA'IBA for all!! angle of incidence. Hence a 
value of p. may be obtained as follows: track (§ l~l) any ray from the 

ohject. Draw any parallel to the normal at 
Sad lhe puint of incidence (B). l\!eaRure the 

distances between the point of incidence (B) 
and the points of intersection of this parallel 
with the refracted and incident rays respec
tively (produced if nercssary). Then~' 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 
is in the line BA, B is hidden by A ; 
when the eye is, say, at E, on the 
left of BA, then B appears left of A. 
If B is further off, say at G, it appears 

Fig. 88. further on the left of A; if B is in 
front, say at D, it appears on the 

right of A. The relative positions and amounts of separa
lii)il are indi('(1,tpd in the figure by c, h, a, d. Similarly if 
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the eye is on the light of BA the relative positions, reckon
ing from left to right, are d, a, b, c. 

'l'hus A, B appear closer together as the eye is nearer 
the line AB. '1'he 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. 

DEFINITION. 'fhe apparellt change in the position of 
an object due to a change in the point 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 parallax e1'1"or is minimised by 
the devices describecl in §§ 12, 35, 80, etc. 

Parallax method.-1n 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 is elimillatecl. 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 to side, no lLpparent septtration between the 
image and pointer can be detccted, the two seem fixed 
together. The needle is then in the same position as, or 
in coincidence with the image. Remember that the 
f1lrther of two objects will appear to move, 1'elatively to 
the nearer, in the same direction as the eye of the observer. 

*Exp. 135.-Fix a sheet of paper on a drawing board 
(Fig. 88). Stick two pins, A, B, into it. Draw a line, PS, 
perpendicular to AB ; place a scale (edgewise) along it. 

(I.) Note the scale division hidden by each pin (called 
the scale reading of the pin) when the eye is (I) over, (2) 
left of, (3) right of BA. Mark the pos;tions of the scale 
readings along PS, join with A, B respectively. 

(II.) Alter th~ position of B. Obtain the scale readings 
as before, placing the eye, howe~er, so that those for A are 
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the same as in (I.). Mark scale readings, and join with 
A, B, as before. 

(III.) Put B in front of A. Make observations, etc., 
similar to (II.). 

The lines across the paper should intersect· at the 
respective positions of the eye. 

REFLECTION AND REFRACTION. 

121. Apparatus.-l. Plane mirror (Fig. 89): a strip 
(about 3/1) is fixed with round-headed screws alid 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 (2/1 edge, say) and a prism (1/1 long, say) of 
solid glass. 

The prism is frequently equilateral (1/1 edge) with three polished 
faces. Paint one face black. 

3.· Some large pins (3/1 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 [Llong the b[Lse line. 
'rhe 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 JudgecZ by arranging them so that in one 
position of the eye the several pins and images are hidden 
by the front one. 'fJ'he pins should be placed as far apart as 
possible. The image of a pin 11 ay be ide1jtijied by slightly 
sh[Lking each pin in turn:· the corresponding image will 
move similarly. An image by re.flection is obtained by 
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putting the obJect in front of the min'or, etc., that is on the 
same side as the eye of the observer; an image by rifraction 
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, etc., 
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 • 
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, et{)., 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 law of reflection, viz. that the angles 
of 1'eflection and incidence are equal. Adjust the silvered or 
back surface of the mirror )( 
to the base line on the paper. 
(1) Find the normal 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 
the base line (should be 

y 
Fig. 90 

c 

b 

each 90°). (2) Track the incident and ..,eflected rays. Put 
C and D anywhere in front of mirror. Put first F, then E, 
in line with c, d;. Then e, f are also in line with C, D. 
Join CD, and produce: similarly EF. Measure tlJe shaded 
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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) EP 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 alte1'ed, then when the mirror is 
displaced through any angle, the j'eflected ray is turned 
through twice that angle (Fig. 91). Draw three lines, M" 
M z' AI3• (1) Place the refiecting surface of the mirror 
coincident with MI' Put two pins A, B in front of the 

~or----~~~~~~~======---
'. 

\ 
\ 

Fig. 91. / 

mirror. Adjust C, then D, ill line with the images a, b.t 
(2) Place the mirror along M 2• Adjust E, a, b in line, 
then P, a, b. (3) Place mirror along JJI3• Adjust G, a, b 
in line, then H, a, b. lVIeasure the angles between (i) EP 
and CD, (ii) GH and CD, (iii) GH and EP, (iv) M2 and 
Ml , (v) M3 and Mi , (vi) M3 and M2. The first three 
should be respectively the doubles of the last three. 

" 
t The images are not shown in Fig. 01. 
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*Exp. 138.-Measll1'e the angle of a prism or tile 
angle between two j'eflecting sUl/aces (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 A, 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 A and B 
(these will be very faint); also G, H in line with c, d. 
Observe also that A, B, e,f are in line, and C, D, g, h; and 
that the intersections of AB, EF 
J.nd 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 
prism. 

A c 
p 

Fig. 92. 

NOTE: The geometrical proof that the angle I[JlIL between the 
reflected rays is twice the angle KPL betweon the prism faces is as 
follows. Let BK, IJL be two p~rallo1 mys, and KH, LG the carre
.ponding rays refl.ected from the prism faces PK, PL respectively. 
l'roduce EK and G L to meet at M. 

Now A BKP = II PKM, each being equal to the complement of the 
angle of incidence or refl.ection. 

Hence 1\ BIO[ = 2. 1\ BKP. 
Similarly 1\ IJLM = 2. 1\ IJLP • 
• ,' BK and 1J J, are parallels, /\ KPL = /\ BKP + /\ IJLP; also 

/\ KJfL = /\ BKllI + 1\ IJL,II 
= 2( /\ BI{P + /\ IJLP) 
= 2. /\KPL. 

*Exp. 139.-Find tlLe position of tlLe image of an ob}ect 
due to a plane mirror (Fig. 93). Place as object a large pin 
(A) in front of a plane mirror: then B. Put first 0, then 
D, in line with a, b. Similarly place E ,\omewhere in front, 
and first F, then G, in line with a, e. Set up H, then K, L 
in line with a, h'! (Observe also that A, B, c, d are in line, 
also A,E,f,g, also A,H,k,l.) Produce DC, and GP, LK; 
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these lines should intersect at one point (a), which is the 
position of the image of A. Join Aa: show that Xl!' is 
perpendiculai' to and bisects ALt. (If carefully done the 

X 

Fig. 93. 

points of intersection of the pairs of slanting lines \vill 
l;>e practically on the reflecting surface.) 

*Exp.l40.-Find by the pa1'alla{)J method the position olthe 
image of an object due to a plane mii'rm' (Fig. 94). Place 

Eye . 

A 
Fig.9l. 

II. pin, A, some distance (two feet, say) in front of a plane 
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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 A 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 virtual image of A. Measure the distance (i) of A, 
(ii) of B, from the mirror. (The mirror lies practically 
midway between A and B.) Repeat with A at other 
distances. /' 

Exp. 140 gives an indirect proof of both laws of reflection, because it 
shows that in one position only the pin, B, and image of A remain in 
coincidence from every point of view, and that then the reflecting 
surface is midway between A and B. (See Text-Book of Light.) 

*Exp. 141.-Show that when a ray of light goes through a 
slab the emergent and incident 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 
sur/ace. Put a large pin, A, a 
little behind the cube. Adjust 
another, B, in 'front so that A, a, 
B are in line (the top of A should 
be seen above the cube). Then 

X y 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 E, then 
F, in line with images c, d. 

Then C, D, e, / are in line. Show that CD is parallel 
EF. Measure the angles of incidence 'and refraction at 
the two surfaces..t calculate JL (§ 119). 

Repeat with CD inclined at several angles, say 45°, 600 , 
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Tabulate (1) angle of incidence (</>,) at first face, 
(2) angle of refrMtion (</>'1) at first face, (3) angle of 
incidence (</>J at second face, (4) angle of emergence (</>2') 
.at second face, (5) sin </>" (6) sin </>/, (7) sin </>2' (8) sin </>/, 
(9) jJ. at first face, (10) jJ. at second face. 

*Exp. 142.-Find the index of refmction of glass using a 
cube or thick slab (Fig. 96). 1. (1) Arrange as in Exp. 14l. 
Place a large pin, A, in contact with the back surface. 
(2) Find the normal (AB) to the surface (Exp. 141). 
(3) Pnt a pin Q about t" from the front surface, then 
another, R, 4" or 5" off, in such a position that Q,R and the 
image of A are in line. Produce RQ to cut the normal 
at J and XY at p. Join pA. Measure pJ, pA. Then 

jJ. (glass to air) = pJ! pA. 
II. Repeat (1) and (2) above. (3a) (i) Put a pin 0 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 pins E, F on the other side of AB. Produce 
DC and FE; these should intersect on the normal at (t. The 
p_osition of a is that of the image of A when viewed directly. 
Measure An, an. Calculate fl- (glass to air) = an/An. 

III. (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, k, of the drawing pin, 
and the image of A in line (Exp. 140). Adjust these 
into coincidence by the method of eliminating parallax. 
Measure the distance (d) of lc from the front surface and 
the thickness (D) of the block. Calculate jJ. (glass to air) 
= diD. 

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), b', of B'. (Mount a paper flag on B', its 
image may then be more readily detected.) Adjust the 
position of the ghss with regard to B' so that b' and the 
image of the edge of the stamp paper are in coincidence 
(parailax eliminated). Measure the distance (d) of B' 
from the front surface (this equals the distance of b') and 
the thickness CD) of the block. Calcula,te fl- (gbss to air) 
=d/D. 
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Exp. 143.-Find the l'e/ractive index of the substance of a 
thin slab or lamina. Use a microscope (§ 32) having 
a sc[tle and vernier or equivalent arrangement fitted to the 
tube so tlmt 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 1'1,1'2,1'3 respectively, of the index 
nutrk on the tube when the microscope is focussed, (1) on 
the reference surface (a fine n1[1rk or scratch), (2) on the 
same when the lamimt is laid on it, (3) on the top surface 
(a bit of dust on it) of the lalIlina. Then 

ft (substance to air) = (r3 - 1'") / (r3 - 1'1)' 

Use a piece of plate glass. (The thickness, 1'3 - 1'1' 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 
caustic by refraction at a 
plane sU1face (Fig. 96). 
Use a glass slab. Find a 
normal, Exp.141, then, in 
turn, 5 or 6 emergent rays, 
Ql Rl' Q2 R 2, etc. Pro
duce each ray to cut the 
normal. Draw a curve to 
touch the produced parts 
of the rays: this is the re- R2 
quired caustic. 'fhe cusp, 
a, is the point at which 
the image of A is seen 
when it is viewed directly. 
(Since fL = an! An; :. for 
glass and air, an=i . An.) Fig. 96. 
If A 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 my of light through a prism (Fig. 
97). Place the glass prism provided with its refracting 
edge at right angles to the pa,per. Outline its figure. Put 
pins, .d, B, in front of one refracting face (the line 
joining them inclined to it, say, 60°), look into the other 
face •. find .their images, a, b, and adjust first a, then D, 

Fig, 97. 

III line with a, b. Observe that then A, B, c, dare 
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 between the incident and emergent 
rays). Calculate fL at the two faces (§ 119). 

Repeat with AB inclined at other angles, say 45°, 30° 
Tabulate as in Exp. 141, adding (11) angle of deviation. 
Exp. 147 shows that in going through a prism a ray of light is deviated 

from its original direction, and tho images produced are coloured. 
Exp. 14Z shows that a slab produces displacement, but 110 deviation, 
Also that light incident normally is neither deviated nor displaced. 

*Exp. 147.-Total reflection in an equilateral 01' right. 
angled pris1n. 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 
.d, B (Fig. 98, 99) ; look for the images a, b (these will not 
be coloured), and arrange first a pin a, then D, in line with 
them. Outline the figure of the prism. Show that Da and 
AB meet on a face of the prism, and that aD is at right 
angles to the face from which the rayeme?ges. (See § 151 
(5): comparison prisms of spectroscopes.) 
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n. The above experiment may be varied by arranging 
the pins A, B (Fig. 99a) so that the line AB is inclined 
at, say, 80° with the face of the prism (if the angle is less 

A 

A 

8 

C D 

c 

d 
Fig. 98. Fig. 99. 

than this tbe ray may not be totally reflected, but undergo 
refraction as in Fig. 97). Then set up 0, D, as before. 

Fig. 9~tI. Fig. 100. 

To find the path of the ray in the prism, produce AB 
and DO to intersect the faces of the prism at G and H 
respectively. Draw GJ( perpendicular to JIN, make 
MK = MG, join KH, GN. Then the angles GNM and 
KNJI are equal; hence the lines GN, NH are equally' 
inclinec1 to the prism face, and G NH is therefore the path 
of a ray that undergoes total reflection. 

III. Similarly" the total reflection in a cube may be 
investigated (Fig. 100: letterec11ike Fig. 99a). 
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I PHOTOMETRY. 

122. Luminosity.-The ill1lminating powej', lmninosity, or 
luminous intensity of a light is its particular yalue (both 
brilliancy and size are involved) considered with reference 
to certain standard lights. 

The bl'ightness or int1'insic brilliancy of a light is estimated 
as the luminosity of unit area. 

The common British standard of luminosity is tho 
candle; the unit is calleCl. tlw candle power. SPECIFICATION: 

A candle power is the luminosity of a spermaceti candle 
burning 120 grains per hour (6 to the lb.). 

The carcel (French), ]I4ncr.A.lteneck (German), and pentane standards 
arc the lights produced by bllrning certain substances under specified 
conditions. The Congress ;lItomatio1tal standiwd is the luminosity of 
a sq. em. of molten platinnID at its temperature of solidification. It is 
about 18'5 cnndle power. 'fhc international candle or boltgie decimale 
is 1/20 of the above OOnQTCSS standard. 

2l Hefner units = 2 cal'cels = 20 international candles = 18'5 British 
candles. Tho pentane standard = 10 British candles. 

Surface illumination.-The degree to which ::t 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 (8) of the rays on 
the surface. 

The brightness, illumination, or intensity of illumination 
(I) of a surface is defined as the flux of light incident 
normally per unit area.t Unit intensity of illmnination is 
the flux of light per unit area t received from a small source 
of unit luminosity at unit distance when the axis or the 
incident pencil is normal to the surfa,ce upon which the 
light falls. 

Hence 1= L. cos 8jd2• 

The British unit of illumination, called the candle1oot, 
is that produced by one standard candle on a white surface 
at a distanoo of oUe foot. .. 

t ( Quantity of light ) _ (FlUX of\ (Time during which the) 
received by a surface - light} X \ surface is exposed. • 
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123. If two lights equally illuminate .a' surface, their 
illuminating powers are directly propodional to the squares 
of their respective distances from the surface, provided that 
the rays from each light incident upon the surface al'e practi. 
cal,ly normal to it. 

PROOF. II' a surface is illuminated by a light of candle-power, L, 
at a distance, d, the intensity of illumination, I = L/dJ. Hence if the 
surfaces are equally illuminated by two lights, L I , L z' at distances dl' dz, 
respecti'l"ely then 

Llldl2 = I = L 2/d2
2 :. LdLz = dlz/d2

2• 

124. Photometry has two aims, viz., the comparison (i) 
of illuminating powers, (ii) of intensities of illumination. 
Photometers are instruments by which these comparisons 
ID<!-Y be made. The distances from the photometer of the 
lights to be compared are adjusted so as to equally 
illuminate adjacent portions of the same surface. The 
equality of illumination is judged by the eye of the 
observer; this may be done with considerable accumcy, 
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, etc., should be blackened. The bench 
should be from 10 to 20 feet long. The eye shl)uld 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.t 

125. Rumford or Shadow photometer (Fig.101).-Place 
a stick, R, vertically in front of a white screen, 8. 
Arrange the lights to be compared, Ln L 2, so that each 
casts a shadow of the stick on the screen. Adjust them 
until the shadow,§, 8 1, 8 2, are close together and of equal 

t The re'l"ersaI cannot be effected 'with the shadow photometer. 
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darkness. Finally measure tIle distance of each light 
from the screen. Calculate as in § 123. 

Evidently the shadow 8 1, due to L 1, is illllminated by L 2, and 82 by 
L!. Thus the adjacent shadowed strips of the screen are exposed to 
one light only, and tho intensities of illumination can be adjusted 
equal. 

S'I~R . X~(\2-=:::::::: s-;; 
S, L, 

S . , 

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 cDmparison by this 
method may be done in a poorly lightod 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 Gre~se-spot Photometer.-A piece of paper, 
having a grease-spot, often star-shaped, at its centre
frequently called the Bunsen disc-is plli,ced between the 
two lights a.nd its position adjusted, until, when viewt"i 
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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 not 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 i 

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 a,t 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, is 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 i-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 is a good plan to put a black screen in fron~ of, and close to the 
edges of the wax blor,,k. Make in it a rectangular slot nearly!" wide, 80 

as to expose a portion of the edge. The lights should be screened from 
the eye. 

PRo PHY. 13 
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Exp. 148.t-Practise the balancing or adjustment of 
photometers (often called the "Proof of the law of inverse 
squares "). Compare a group of two or three caudles with 
a single one, using different photometers. Make haIf
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, a1'gand burne1', 
Welsbach burner, Nm'nst 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 can!ile-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 
light, (2), (3), 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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126. Reflecting surfaces are, as regards their shape, 
either plane or curved. When the latter they are called 
concave if hollow, corn-ex if bulging. Curved surfaces are 
usually spherical or cylindrical. 

Spherical surfaces.-DEFINITIONS. The radius of the 
sphere is called the mdius of C1tl'Vatm'e, its centre the centre 
of CU1·vature. The middle point of the spherica.l surface is 
the pole, veJ·tex, or centre of the mirror. The straight line 
through the pole and cent.re of curvature is the principal 
axis. The value of the solid angle subtcmled by the 
mirror surface at the centre of curvature is called the 
apert1lre of the mirror. 

CAuTION.-The surfaces of mirrors, lenses, prisms, etc., 
must on no account be touched by the fingers. 

To maul a mirror or lens with the fingers is a dirty and destructi\'e 
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. , 

I. 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. 
Diminished, erect-and-virtual. 
Same size as object, erect-and-virtual. 
Magnified, erect-and-virtual. 
Diminished, in verted-and-real. 
Magnified, inverted-and-real. 

Reflecting surface. 
Convex. 
Plane. 
Concave. 
Concave. 
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. Armuge so that the eye sees the 
image of the straight edge. Observe the shape of the image carefully. 

Image. Reflecting s1I11aee. 

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 case practically similar 
to that of the section of the surface. 

PRACTICE. The straight edge should be placed across the surface 
in several directions. If the indications Rre the SRme in each direction 
the surface is, most likely, spherical, if in one direction (parallel to the 
Ilxis of cylinder) the image is straight, and in other directions more or 
less bent, the surface is a cylindrical Burface. 

The rules, II., above, are of special importance in determining the 
shape of a lens surface. In these, however, the two surfaces lire 
usually close together, and hence to avoid mistak"s caution and practice 
are necessary. 

127. Lenses.--TJlese ·are transparent (usually glass) 
bodies having one surface curveLl, the other either plane or 
curved. The curved surfaces may be cylindrical or spheri
cal, and concave 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-convex or convex meniscus 
(c), and the latter into double concave ( d), plano-concave (e), 
and convexo-conc('ve or concave meniscus (f). 

The above is a geometrical classification. ThHe is also an optical 
distinction. When the conditions are such that lenses can produce 
erect-and-diminished images only (like a conca'·c glass lens in air) they 
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are called dive"ging lenses. 'When the conditions are sneh that the 
lenses can produce inverted, or magnified-erect images (like a convex 
glass lens in air) they are called cOlwe .. ging lms6s. These terms 
should not be used in describing a particular lens becanse the convor
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 instruments are generally compound, that 
is, a combination of several constituents: e.g. the object 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. 

(a) (b) ((7 ) (e) (j) 
Fig. 102. 

To identify glass lenses in air.-METHOD 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, e.g., 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 image will remain at rest. 

METHOD II. Move the lens from left to right or vice 
versli in front of, and close to a printed vage: if the image 
moves in the opposite ~t'ay to the lens the lens is convex, if 
in the same wall the lens is concave; no movement, not a 
lens. 
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"'Exp. 150.-Draw a caustic to a eircle (Fig. 103). 
Describe a circle of radius not less than, say, 9 or 10 inches. 
Draw any diamet€r, aOP, and parallel to it 9 or 10 equi
distant (about i") lines, intersecting the arc at Q, R, S, etc. 

Fig. 103. 

Find the mid point, F, of PO. Draw Qb', Re', etc., so that 
the radii QO, RO, etc. (these are normal to the circle), are 
the bisectors of ele angles bQb', eRe', etc., respectively.t 

t A very convenient construction is to draw w'lth Q IU! centre and 
radius Qb, a circular arc cutting the circumierenrAl, aQP, in b'. Simi-
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Draw a curve to touch aP, b'Q, c'R, etc., in succession: this' 
curve is a caustic to the circle. 

G will be very close to F; FG, GH, HJ, etc., are in 
increasing order of magnitude. 

EXPLANATION. If aP, bQ, cR, dS, etc., are incident rays 
of a parallel beam of light, Pa, Qb', Rc', Sd', etc., will be 
the respective rays reflected from the arc PS. The con
struction shows that all the incident rays between aP and 
bQ will on reflection cut the axis, CP, between FG; all those 
incident between bQ and cR will on reflection cut the axis ': 
between GH, and so on. Now if the L QCP is not more' 
than 5°, FG is small compared to GP: thus when the 
aperture (2 L 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 va1'ious lenses, concave and convex, 
spherical and cylindrical, short, moderate, and long focus. 
Also a disc of thin plate glass. 

Exp. 152.-Identify the shapes of the surfaces of varioUll 
lenses, etc. . • 

• 
larly make Re' == Re, sa: = sa, etc. The whole must be done with 
great care and accuracy, especially for the points, If, t!. 
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Exp. 153.-A glass disc, having a scale graduaood on one 
face and fixed inside a short tube, is provided. Find which 
face 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. Look obliquely at the glass disc: if two scales 
are seen, the graduawd face is nearer the eye than the 
ungraduated one; if only one scale is seen, the graduaood 
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 effecred 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, .A, 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 .A, 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, c, d are in line when viewed from the other 
side. 

Exp. 154.-Trac1c rays through a lens as follows:-

1. Parallel beam. Draw, say, six equidistant parallelline~ 
on the paper about til apart. Arrange the plane of the 
lens to be at right.:ll,llgles to them. Let 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. 

I 
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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). Let 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 axes. In relation to the object the image is 
(a) enlarged or diminished, (b) 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 through a 
virtual one. Hence only real images can befocussed 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 distance from the 0 ptical centre measured 
along the prinCIpal axis is the focal -{ ength 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, 

magnijica,tion = (length of i'lna,ge)j(length of object). 

The term magnification is used in a general sense and does not 
necessarily IDean enlargement. An imag'e that is larger than the 
object is, however, very frequently called a magnified image, while one 
that is smaller is called a diminished ,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, 'In, 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 

CONVENTION. 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 u and v be the distances of the object and image 
respectively from the lens or mirror, f its focal length, 'In 

the magnification, r the radius of curvature of the mirror, 
r, that of the lens surface upon which the light is incident, 
'/'2 that of the lens surface from which it emerges, and I'
the refractive index when light passes into the lens from 
the medium in which it is immersed. 

MIRRORS. 

v 
m=-

u 

LENSES. 

I = (I'- - 1) (.! 
f \r, 
111 I::: -: 

1t 
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COMBINATION OF LENSES. If thin lenses of focal lengths 
f" f2' f3' . . . are put dose together the focal length, f. of 
the combination is such that 

_!_=_I_+l+l+ ... 
f f, f2 f3 

IT FOLLOWS from the above that 
. (i) The focal length is a + 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 
im'erled-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 nume
rical values only without regard to sign. These relations 
should be ded·uced from the fundamental equations when 
reqttired. To do this it is satisfactory to use as symbols 
for the numerical values the capital Iett€rs corresponding 
to the small italics and to prefix the - sign when 
necessary. 

EXAMPLES. (i) The formula It! = Ijv - Iju becomes. 
when real images are produced by a lens, 

1 1 1 1 1 1 
-F=-V-U "'p=rJ+V' 

(ii) that for the focal length (-F) of a converging combi
nation of a convex lens (- PI) and a concave (Pz) becomes 

_1 ___ 1_ + _! • F= PI .F" . 
-po -F, F2 ,. F 2 -F, 

In calculating use should be made of a table of reciprocals. 
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131. Apparatus for optical measurements with mirrors 
and lenses.-(l) Lens holders. These should hold the lens 
or mirror without shaking. It is an advantage when the 
piece can be fixed at different heights. 

In Fig. 104 the lens is placed in a hole of sLightly gteater 
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. 
1'he wooden ring is fixed at the end of a rod that fits into a stand. This 
arrangement is satisfactory when len~8 are of ihe same diameter. If 

Fig. 104. Fig. 105. Fig. 106. 

the lenses need not be moved from their holders, II very simple plan is 
to make a hole (it need not be turned) through a piece of wood, and 
keep the lens against it by three screws (Fig. 114). (Putasmallwasher 
or a half-inch disc of cardboard between the screw head and the lens.) 
This may be mounted on a rod or fixed to a base. Fig. 105 shows a 
holder arranged to take lenses of different sizes. The horizontal 
pieces A, 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 lena. Fig. 106 
illustrates II form in which the lens is held in the 
angle between two pieces of wood hinged to a base, 
Rnd 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 9 140). 

(?,.) Objects. For experiments on a large 
Fig. 107. scale a candle (liable to spill wax), gas 

flame or electric lamp 'is 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 croBB-wires (Fig. 108) make a 1" hole in a piece of tin-plilte 
or stout cardboard, say 6" sqtlare, Screw the plate to a strip of wood 
(W) at the back. Stretch.., thin iron wires across the hole, as shown 
(back dew). A small cross-wires is also useful (Fig. lIb): make the 
hole i" diameter. paint the front white. 

W A 

F ~; 

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. 'l'he 
wood strip, lV, is fixed to a rod; the scale is between 1V and a wood stril> 
A; two screw-bolts, with wing-nuts, F, pass through the strips. By 
screwing up the wing-nut, F, the scale may be clamped. 

For parallax experiments, a rod (knitting needle) with a white paper 
flag a little below the point (Fig. 110) is convenient. II a sharper point 
is needed, push a fine sewing needle through a cork and mount on the 
knitting needle (Fig. 111). 

In parallax expe";ments 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. 

J"X£l7""" :" ," """"':'~''''9 
Fig. llO. Fig. 111. 

(3) Images. These are focussed on a screen of white 
cardboard attached to a rod, or a woodep stand (Fig. 114). 

I!'or several experiments it is convenient to have a piece of ground 
glass, mounted veriically in a large ring, so that both sides ILre 
exposed. 
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(4) Accessories. Black screens that can be placed in the 
neighbourhood of the inwges in order to cut off extraneous 

illumination. 

m 

Fig. 112. 

A plane mil'1'o1' (of 
very good quality) 
mounted vertically (in 
a large ring). 

The various pieces are 
fitted. with rods that can be 
fixed in stands (Pig. 112). 
The stands haye a rectangu
lar (iron) base, and carry a 
1'ertical brass tube. The 
rods of the pieces 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. 

Optical bench, 01' olJtical 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 (short length). The use of these cumbersome benches 
can very frequently be avoided. 

Tape measures, and boxwood scales (100 cm. and 50 cm. 
long) are required for measuring the distances between the 
lens, object, image, etc. 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. 
It can be held by hand in such a position (rest the elbows 
on the bench). 

A distance piece (Fig. 112) is useful for 
more accurate measurements. It consists 
of arod, n, with pointed ends, and of definite 
length (say 20 cm.). It is carried by a 
stand having a mark, tn, on its base. p::;p---- .. ~ 

L L , .. of--+ 
2 '/ I 

'fc----p----.f. 
r2 r, 

Fig. 113. 

1. To measw'c the distance between two 
pieces, Land S (Fig. 113). (i) Bring one 
end of ]) into contact with L, note r2, the 
scale reading of tn; (ii) bring the other end 
of n into contact witb. S, note t'l, the scale rending of tn. If a is 
the distance (=t'z,wr,) through which the stand hl\S moved, and b the 
length of the distance rod, then the length between Land 8=a+b. 
It is sometimes more convenient to work as in II. 
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II. To measure the distance tM-oug!! which a piece L has been dis_ 
placed (Fig. 113). Let Ll be the first and L 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 h) of m. (ii) Bring the 
same end of the distance rod into contact with the piece in its second 
position, note the reading ("2) of m. Then "2,-'1', is the distance, p, 
through which L has been displaced. The length of the distance rod 
(b) need not be known. 

If L itself is carried by one of the stands the distance rod is unneces
sary. In this case observe the two readings of a mark on the baae. 

132. The simpler optical experiments do not require 
a very dark room. If the laboratory is provided with 
green blinds it can be darkened sufficient.ly. Experiments 
'by the parallax method can generally be done in ordinary 
light. Arrange the principal 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, etc., the 
planes of the lens, mirror, screens, etc., 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 disturl) 
the pieces. Observe whether the plane of the lens, etc., f 

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 othe~. Place the lens 
close to the pa~r 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 focallength).t This preliminary e'JIperi
ment should be done invariably when an unknown lens is 
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 

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 ima~ is seen t: then leave the lens and 
Mljust 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 gauze may be measured. 

i 

t It is of course more accurate to measure by a scale. A precise 
determination is, however, not the aim of the expeNment. 

t Remember rule 1 (§ 132). " .. '. 
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THEORY.-To show that the magnification = VjU. In Fig. l11i, F is 
the principal focus, C the optical centre of the lens, I,. AI, is parallel 
the principal axis, UCV. Let the object move from a distanc€ up to 
the lens. When at A U it produces the image B V (obtained by draw
ing ACB to cut LF at B). Ji'B is the locus of the image of that part of 
the object that moves along AL. '_rhen as A gets nearer I" B getll 
further from F, i.e. the image gets larger. From the figure, sinett" 
AUC and BVC are similar triangles, BVjAU= VCjUC. Hence \ 
magnification = (length of image) + (length of object) = (])istance of 
lmage) + (Distance of object). . 

For the relation between focal length and magnification see § 139. 

Fig. 115. 

135. To find the focal length of a converging lens by 
the method of conjugate 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, (ii) the 
image. Ca.lcula.te the focal length from IIf = I/v - llu 
(§I30). 

Exp. 155.-Find the focal lengths of glass convea:lenses by 
conjugaie foci (§ 135). Make three determinations for 
each lens. Record kind of lens, U, V, F. 

Exp. 156.-Investigate the relation between the distance of 
am, image from a converging lens and that of the object. 
Find the minimwm 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) imag~ and object (U + V), and (ii) lens and 
object eU). 

1 • 



210 lIIIRRORS AND LENSES. 

Increase the distance (U) of the lens from the object 
by about 1 inch. 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 ft. instead of 
1 inch. In each case note whether the image is enlarged or 
diminished. 

(a) Tabulate the values of U and corresponding ( U + V), 
V, 1/ U, l/V, (1/ U + IjV), also mention whether the image 
is magnified or diminished. The values of (1/ U + ltV) 
should be practically constant. Calculate the mean of 
them, then its reciprocal, the latter is the value of F. 
(b) Plot U horizontally, (U + V) vertically. 

Note that as U increases, V diminishes, and practically equals the 
focal length when U is ,·ery large. Also (U + V) has a minimum 

y 

N 

, , 
J-

s 

Axi. '!I (/ 
Fig. 116. 

z 

value, it is neve,· less than four 
times the focal length. When 
( U + Vl is a minimum then 
U = V, and size of image = 8i~e 
of object. 

THE CURVE obtained by plot
ting U and U + V is a hyper
bola situated as in Fig. 116. 
There is a minimum value of 

(U+ V) = MD = 4F. 
To find the minimum distanl!l 

geomet,.icaUy. Take any point, 
e, whose ordinate equals twice 
its abscissa. Draw a line, CO, 
through the point and the origin, 
O. From the point M where 
GO cuts the curve draw MD 
parallel to 0 Y. MD is the 

X minimum distance. 
To find the focal length. Bisect 

ONin P. Then OP is the focal 
length. 

To find a valllB oj V. Draw OZ bisecting the right angle XOY. 
Then V is the length (yz) of the portion of the ordinate (XV) of 
an abscissa, Ox, intercepted between the curve and OZ. 

Make OQ=OP. Through P draw PE parallel to OY, through Q 
draw QS parallel to OZ. These lines are asymptqtes to the hyperbola. 
The curve gets closer and closer to these, that is, the smallest values 
of U and Vare ultimately (but not simultaneously) = F. 
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Exp. 157.-Measure the magnification produced at diffe1'ent 
distances by a glass convex lens. Arrange lens, object, 
image-screen, etc., and proceed as in Exp. 156. For 
measurements, etc., see § 134. Tabulate (1) U, (2) V, 
(3) size of object, (4) size of image, (5) magnification, 
(6) VjU. The corresponding values in (5) and (6) should 
be equal. 

136. To find the focal length o~ 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) ]\![ove 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 
from 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. 

NOTE.-The position of the lens may not be midway 
between the object and image. 'l'heoretically it should be 
exactly so. The curve obtained in Exp. 156 indicates how
ever that considerable variation in U prOlluces 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 convex glass lens&. 
by the minim7(m distance method. 

137. To find the focal length of a converging lens by the 
"displacement method."-(l) 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. (3) Do not alter the positi"ns of either the 
object or image screen, but move the lens until a second 
image is clearly fllcussed. Mark as before the position of 
tne lens stand. (If the former image was enlarged, the 
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latter is diminished, or conversely.) (4) Measure the distan~ 
(a) between the two positions of the lens, and the distan~ 
(l) between the object and image screen. (5) Calculate 

focal length of lens = (l2 - a2)/4l. 
Magnification. In § 137, (3), (4) measure the lengths of 

a suitable part of the ilmtge, also of the object. 

Fig. 117. 

PROOF.-Let A and B (Fig. 117) represent respectively the position! 
of the object and screen. Let a magnified image be got at B wheI' 
the lens is at C, and a minified one when the lens is at C', then A and 
B are conjugate foci for either position of the lens. :. BO' =AC • 

•• AC+CB=I, and CC'=a; also A.O'-AC=a, 

:. AC=W-a), and BC=W+a). 
1 1 1 1:' - a2 

Since F = AO+ BO :. F=~. 

Minimum distance.-The minimum value of a2 is O. Then l = 4F. 
Thus the minimum distance method (§ 136) is a special case (when 
II = 0) of the above. 

Magnification relation.-Let 0 be the length of object, 
I of the magnified image, i of the minified image. Then 
I/O = (CB)/(AC) and i/O = (C'B)/(AC'). Multiply to. 
gether the left sides, also the right, then Li = 0 2

• 

Exp. 159.-Find the focal lengths of glass convex 1eme, 
by the displacement method (§ 137). Prove the magnifi· 
cation relation. Make two determinations for each lens. 
Record (i) kind of lens, (ii) 1, (iii) a, (iv) F, (v) size of 
object, 0, (vi) magnified image, I, (vii) minified image, i, 
(viii) Ii, (ix) 0 2

• All values of the two last should bE 
equal. . 

138. To find tbe focal length of a converging lens by 
a direct method.-I. Using a telesc0I;e. 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 print€d 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 t€le
scope after each step, continue until a position is obtained 
at which a good image of the object is seen in the telescope. 
Then measure the distance between the lens and object; 
this is the focal length. '. 

II. a. Usmg 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 neal' the .ens, slowly 
move it away until a well-defined inverted image is 
obtained side by side with and equal in size to the object 

, (see Fig. lIS). Measure the distance between the lens and 
object; this is the focal length. Repeat the det€rmination. 

II. b. Parallax rnetlwd. Place in order a needle (Fig. 110), 
lens, and plane mlrror.t Arrange that the needle is, as 
nearly as can be judged, on, and the mirror at right angles 
t_o 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 foul' 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 II. a., II. b., images are got which turn out to be wrong, 
being produced by reflection from the lens surfaces (§ 143 a). Re
member that the right image moyes if the mirror is shaken. 

The definition depends "ery considerably on the flatness or the 
reflecting surfaces: a good piece of mirror or plato-glass is necessary. 

t It is a good plan to fix the lens to the telelcope, in front of and 
conoentric with the ')bject glass. 

t It is convenient to clamp the lens to the face of the minor, or put 
them in the same holder. 
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Exp. 160.-Find ihefocallengths Of glass convex lenses by 
methods of § 138. 

Exp. 161.-Test tlle 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, II. a. Substitute in turn the several surfaces to be 
examined for the mirror. The bad surfaces give blurred 
images. 

NOTE.-For anothey test of flatness, see Exp. 45. 

139. To obtain the focal length of a converging lens by measuring 
the magnification produced.-Let a lens, foc[lllengthj, at n distance 
ttl from the object, produce an image, magnification 11ll> at a distance 
til" Also let the SAme lens and object at a distance 112 pyoduce an image 
of magnificati!.on 1112 at a distance V z• The lens may be thick or thin. 

1 
7=V;-U;=V;;-;; 

1) '2-' 
:. __l = 1 - ...L= 1 - JIl, 

f ,,] 
Similarly t02 = (1 - 1I12)j, 

•• v] - Vz = j ("'2 - 1111) 

EXp. 162.-neim'mine the jocallengtl! oj a glass convex len8 by meastlring 
magnijication. (1) Open the legs of somo compasses so that the tips 
are exactly, say, haH-an-inch apart. Arrange the compasses, lens, 
and a finely divided (,to") 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). t Note the number (n,) of image
divisions bridged by them. (2) 1I10\'e the compasses towarus the lens 
through a measured distance (d, say 1 inch for a short-focus to 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. t Note the 
number (112) 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 Inl = n/lI l1 in (he second 
tn2 = n/n2. l!'ocallength = d/(m2 - ml)' 

140. The surfaces of lenses reflect sufficient light to form 
images visible in a dimly lighted room. Lens-surfaces 
can therefore be ilsed as concave or convex reflectors. 

i Examine with a magnHying glass so that th~ adjustment may be 
very accurate. 
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SPHERICAL MIRRORS OR REFLEC{TING SURFACES. 

For the experiments with Concave surfaces it is convenient to use 
small mirrors (like those Ot galvanometers). To "old them fit each into 
a. hole in a. thin, broad cork (Fig. 107) ; make a loop at the end of 
a. piece Ot 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 Ot 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 UpOll 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 its edge. (6) Move the object a little (tw9 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.-I. 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 curvat-L..~e. 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 parallax. 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 principal 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. 

III. The focal length and radius of C1wuature may be 
found by the method of conjugate foci. Arrange as in § 141 
to get a real image, measure U, V, calculate F and R 
(§ 130). See Exp. 164. 

Exp. 163.-Find the radii of wrvat1lre of the concave 
surfaces of lenses, and of long focus galvanometer mirrors 
by the above methods. 

Exp. 164.-Demonstrate conj1lgate foci with a concave 
reflecting surface: Parallax method. (1) Clamp in stands 
two needles, P, Q, 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 tne needle, P, say 2/1 further from the 
mirror. From a position three or f011r feet off look 
towards P for its inverted image: bring up the needle Q 



MIRRORS AND LENSES. 217 

and adjust by the method of eliminating parallax, until 
the point of the image of P is exactly in coincidence with 
the point of Q. Observe that the image of Q is in 
coincidence with the object P when the image of P 
coincides with the object Q. I 

Measure U, Vand calculate F = UV/( U + V). 
Repeat at other distances. 

Exp. 165.-Demonstrate conjugate foci with a conveallens: 
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 
from one needle = 3Ft nearly. From a position three or 
four feet off look along the principal axis towards one of the 
needles, Q, for the inverted image of the other needle, P. 
A.djust, 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 Q, when the image of Q is exactly in coincidence 
with the object P; that is, P and Q are at conjugate foci. 
A.lso if the image of Q i .. magnified, that of P is minified, 
or conversely. 

Measure 'the distances (l.1, V) of the lens from each 
needle point and calculate F = 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 p.!: 

J, . --, -------___ • I 

--~~.s $, 

Fig. 119. 

real image at I. Let Mbe a position of the CC"llvex mirror, and S of 
its centre. A ray from 0 after passing through the lens is incident 

t These values are convenient: others of course can be adopted. 
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on the mirror at P (normal PS), is reflected, retllrns through the lens 
and forms an image at J. If the mirror is in such a position, Ml> 
that its centre, S" coincides with I, then the rays emerging from L, 
since they converge to I, fall norm~l1y on the mirror; they /lre there
fore reflected normally and return along the path by which they 
came. Hence they form an irimge J, at O. Thus when the mirror 
is adjusted to give an image J I side by side with the object, 0, the 
position is discovered for which its centre of curvature becomes 
coincident with I. 

Exp. 166.-Filld the mdills of a convex rejlectill!! 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, § 132) between the image screen 
and the lens and close to the former. Slowly move it towards the lens, 
and adjust to produce an inl'erted real image side by side with the cross
wires themselves. (See (4) below.) (3) 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 piece) the length between the surface in (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 0 
(Fig. 120) be an object (distance u) in front of a lens. Considerapencil 
of rays incident, say, at M I , generally it gives rise to four pencils in 
different directions, viz. a pencil (i) reflected at M" (ii) refracted at 

MI> going through the lens and 
incident at H., (iii) reflected at H2, 
(iv) refracted at M2 and emerging 
from the lens. The last gives rise to 
the virtual image at a distance, v. 
Also 1// = l/v - l/u. 

Fig. 120. 
If 0 is at such a distance, P, that 

the portion (ii) strikes at M z normally, 
then the emerging part (iv) is also 

normal and the yirtual image is at S2 the centre of curvature of .112 M 2 : 

hence 11 = 1"2; the portion (iii) retums normally, is refracted at HI 

along HI 0, and forms an image at O. Hence 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//= 1/"2 - 1/ D. Note that if ]) = - f, 
1"2 = 00 , that is the surface is plane. Compare § 138, II. a and b. 

PHACTICE.-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 '~liminating parallax, the point of image and 
needle into coincidence. Measure the distance (D) of the needle point 
from the lens. Find the foeal length of the l~ns. (This is con
veniently done for a conyex lens by § 138, If. h.) 
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144. To lI.nd the index of refraction of the material cit &'.len5.
Measure the radii of curvature h, /'2) of both Buriaces, and the focal 
length (fl. Calculate (§ 130) from the expression i, 

~ = (f'. - 1) (_l_ _ l..). \ 
f 1'1 1'2 

Exp. 16'i.-Pind the radii of curvature of the sU1faces of 
a glass lens and calculate the index of refmction. 

DIVERGING LE~BES. 

145. To find the focal length of a diverging lens.-None 
of the preceding methods is immediately applicable becau!!e 
a diverging lens always gives virtual images. If, however, 
the diverging lens is put with a converging lens sufficiently 
powerful to form a converging combination; and the focal 
lengths, 0) of the combination (f), (ii) of the converging 
component (fJ, are found, then that of the diverging lens 
(/.) can be calculated from the relation IIJ = l/fl + IIJ •. 
Attention must be paid to the signs. For instance if P 
and P l are the n1l1nerical values of the focal lengths of 
the combination and converging lenses respectively, 

fl=-Fl' f=-F, .·./z=F.l!')(F-F). 

Exp. 168.-Find the focal length of a glass concave lens. 
Combine with a glass convex lens. 'rest whether the com
bination is convergent (§ 127). If so lind the focallellgth 
by § 136 or § 138, II. a., (i) 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 lens by using an auxiliary 
converging lens. t-Let (Fjg. 121) a real image of an object at J' be 
formed at P' by the convex lens, I. 1£ a concave lens I' is pluc()d 
between I and P', then the image is no longer formed at P 'but (1) at 
a further point pu, provided that L' P' is less than the focal length of 
the concave lens, or (2) the ljght emerges from the concave lens 
parallel to the axis when I'P' is equal to the focal length (Fig. 122). 

In case (1) a real image is formed on a screen placed at S'. If L'P" 
= U, L' P' = V, and the focal length is F, ther) 

l!F= IlfT-lill :. F= uT/(ll- fTl. 

t The method, § 145, is a special case of this; when IL' = O. 
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In the second case, F= L'P'. To test when the emergent light is 
parallel (i) use a telescope focussed for viewing a distant object, or (ii) 
put a plane mirror at right angles to the principal axis. 

'1'he 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 usillg an 
auxilia.·y convex lens (Fig. 121). (1) Arrange an object and cony ex lens 
to give a real image. Mark the position (PO) of the screen when the 
image is focussed on it. (Do not move thc object Or convex lens again 
during' the experiment.) 

(2) Put the ooncave lens between the convex lens and screen, seyeral 
inches from the latter. :1\1ove the screen until an image is focussed on 
it: then mark its position (P"). Measure LOP' (= V), and LOP" 
( = V). Calculate the focal length. 

Repeat the experiment several times with different distances. 

Fig. 121. 

Fig. 122. 

Exp. 170.-Find the focal length of a glass concave lens tlSing an 
auxiliary convex lens and a telescope. 

(1) Adjust the telescope for parallel rays (§ 147). 
(2) Arrange the object and convex lens to gin a real image. Mark 

the position (P') of the screen when the image is focussed. (Do not 
again move the object [.nd 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 conclJ,ve lens until a well defined image oithe object 
is seen in the telescope. Mark the position of the concave lens (L'). 
Measure distance (L 01") between the marks: this ilfthe focal length of 
the concave lens. Repeat several times. 
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Exp. In.-Find the loeallength 01 a glass concave lens using an a~J;i-
liary com'ex lens and a plane min'o1'. \ 

(1) Arrange an object (small cross wires), convex lens, and scre"m 
to gi'l"e a real image on the screen. 

(2) Place the concave lens between the convex Ions and screen. Puia 
plane mirror between the concave lens and screen, Move the concave 
lens until an image of the cross wires appears side by side with tl:te 
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 concave 
lens and mirror, bring in the image-screen and mark its position (1") 
when a well defined image due to the convex lens is obtained on i.t. 
l\feasure the distance (L'.P') between the marks: this is the focallengih 
of the concave lens. Repeat several times. 



OHAP'rER XI. 

OPTICAL INSTRUMENTS. THE SPEOTROSCOPE. 

146. Optical Instruments.-The following section de
scribes how to arrange lenses, etc., to illustrate the con
struction of the commoner optical instruments. A con
cave lens (2'/ or 3" focus) and two convex lenses (long focus, 
say 10" to 20"; short focus, about 3" or 4") are required, 
and stands to hold them; also 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 glMls, 
an inked diagram on ground glass). The room should 
be dimly lighted. 

Fig. 123. 

The Simple Microscope (Fig. 123).-1n this a converging 
lens is arranged to produce a magnified erect image. 
An ordinary magnifying or reading glass $ 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
sen,ts 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

BA 
Fig. 124. 

this represents the eye-piece-so that a magnified erect 
image of a mark on the back of the cardboard screen is 
obtained.t Then remove the screen, and substitute a 
microscope slide (well illuminated) for the candle. Adjust. 

The Astronomical Telescope (Fig. 125).-In this a con
fJerging object-glass forms near its prinf'}pal focus a real
inverted diminished image of a distant object; this image 

• t If a ground glass screen is used the image of the object can be seen 
from tho 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 
a converging object-glass forms near its principal focus a 

Fig. 126. 

real-inverted dimiy.ished image of a distant object. The 
eye-piece is diverging, and lies between the object-glass 
and its focus. An erect image of the ~stant object is 
obtained. 



OPTICAL INSTRUMENTS. THE SPECTROSCOPE. 225 

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 light, and adjust the 
concave lens until a well-defined image of a distant poster 
is obtained. 

The Optical (Magic) Lantern (Fig. 127).-In this a 
converging lens-the objective-forms a highly magnified 
real-inverted image of an object on a SCl'een some distance: 

R 

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-condeu;er-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. 
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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, A (Fig. 128), carries an 
achromatic object-glass, 0, at one end. A tube, B, slides 
into A, ° into B, and D into 0. At F is fixed a ring, S, 
across which two fine hairs or wires-called t.he cross wires 
or spider lines-are st.retched. Two convex lenses are 
fixed in D to form a Ramsden (+) eye-piece. (This con
sists of two lenses of equal focal length, at a distance of 
2/3 focal length-see Text-Boole of Light.) The tubes 

Fig. 128. 

B, 0, D can be moved by turning the milled head, H-the 
so-called focussing 8C1·ew. Thus the distance between the 
objective, 0, and the spieler lines can be adjusted without 
affecting the distance between the eye-piece and spider 
lines. 

To focus a telescope.-(l) Adjust the tube, D, by slieling 
it in or out until the cross wires appear clear and distinct 
to the eye placed at E. (2) Direct the tube to the object, 
and turn the milled head, H; until the image of the object 
and cross wires appear distinct 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 crOBs 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 C, D from A, B, roughly 
adjust the eye-piece, then put it to the eye and look thro'.lgh it: if the 
cross wires are not visible at once, remove the tube from the eye, slightly 
alter the adjustment, and again look through it. Repeat several 
times. The focussing is right when the eye sees the 01'08.' wit·ss Il8 800tl 

as the tube is put to it. There is no need to shui 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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t{:heJI both object and Cl·OSS wi,·es are seen as soon as the eye looks into tile 
tube. The obsernltions are then taken with the eye at its normal ac
commodation, and work becomes less tiring. 

Freqnently the focussing that snits one person will not do for another. 
When this is the case, one observer should focus urst the cross wires, 
then the image of the object as above. A second observer must npt 
touch the focussing screw, H, but should adJllst the eye-piece until he 
Bees the cross wires and image simultaneously. If this is 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 infinity 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 or the instrument is the ratio or 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) ofthe 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 powed 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 powed of a simple microscope (thin 
convex glass lens) may be calculated roughly from its focal 
length. Let D be the distance of mOf:,\ distinct vision; 
then the magnijiOj.ttion = 1 + D/F. 

t For proofs see the Text-Book of Light. 
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Exp. l77.-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 
(N divs.) of the scale to n is the magnification. 

Exp. l78.-Find the magnifying power of a microscope. 
Focus the instrument on a finely divided scale, A; place a 
second scale, B, !t.t the distance of most distinct vision 
(usually about 10"). Arrange that one eye looks at the 
image in the microscope, the other at the scale B. Adjust 
so 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 Nln. 
(N and n 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, A, 
before the object-glass, focus, and note the number, N, 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 A. 

To find the size of an object, focus the microscope upon 
it, note the number (x) of divisions of the micrometer 
scale covered by the image. Then the size of object is x 
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 end_'!. Calculate the mean. 

t A brick wall is convenient. Number the layei1l (by chalk marks) to 
distinguish them. Or view a slate roof. 
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'fHE SPEOTROSCOPE. 

150. The Spectrum.-If light from an illuminated slit ~ 
passes through a prism, it is 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 is impure. Various lights have characteristic 
spectra (see § 155). 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 di~tinguished: 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 bandfi. 
Spectra when continuous or made up of bright lines or, 
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 
A, a (a group), Band C in the red; D, orange; E, yellow; 
b (a group), green; F, on the border of green and blue; 
G, indigo; H, violet. 

Exp. 180.-0btain a spectrum on a screen. Appamtus: 
Slit, about 1 cm. long and ! mm. wide, cut in a plate of 
metal, supported vertically; convex lens, say 6" focus; 
glass prism; cardboard screen. Arrange that the centres 
of the slit, lens, and prism shall be in one line. A darkened 
rOOlll is important. • .. 

t Indigo is frequently not specified, it then being regarded as part 
of the blue. 
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*1. 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 

S 

--,~_,<;;_,_-<-__ :c:;_,-;;c:?f""Y-
a 

s 
Fig. 129. 

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.-Tke deviation is a minimum 'When tlte angle oj incidence on one 
face of the pl'ism equals that of emergence from the other. For the Si'lme 
angle of incidence Jach ray, reckoning from red to violet, has a 
slightly greater angle of emergence. Hence the prism can only be 
exactly at minimum deviation for one ray at a time. 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 II. a, § 138) 
so 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; 
also using a round hole, and broad slit instead of the 
narrow 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. 
It is an advantage to set the prism at minimlUn deviation. 

151. The Spectroscope (Figs. 130, 13I).-The parts of 
tms instrument are arranged for producing and examining 
a pure spectrum. (1) A slit, 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 vertieal axis at one end, or it is 
elamped to the large table of the instrument. 

(2) The prism is usually of glass, often a "heavy" 
variety, that is having a high index of refraction (these are 
somewhat yellowish in appearance). The seetion is trian
gular. If two faces only are polished i~ has one refracting 
angle, if three faees there are three refracting angles. The 
latter is an ad'tantage when the angles are unequal, say 
45°, 60°; 75°. The prism is either clamped to the table of 
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the instrument (Fig. 130) or to a smi\>ll platform or table 
resting on levelling screws (Fig. 131). 

Fig. 130. 

(S) The telescope is an astronomical one and is provided 
with cross wires. Its objective forms a real image of the 

F ig. 131. 

spectrum, which the eye-piece magnifies. The telescope is 
supported on a movable arm that can turn''!I.bout a vertiea] 
axis at one end. 
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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 

Fig. 131. 

spectrum, which th~ eye-piece magnifies. The telescope is 
supported on a movable arm that can turn'l1bout a vertiGaJ 
axis at one end. 
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(4; As it is often necessary to compare two spectra. the instrument 
is plOvided either with a comparison prism 0 151 (5)) or each spec-: 
trum is mapped (§ 157). 

(Ii) 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. Q, with a V-slot can be slid 
over the slit, S, 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 one source, 
Lu enters the collimator 
througb the uncovered 
portion of the slit, that 
from the second source, 
L 2, is caught by the 
comparison prism and Fig. 132. 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 (§ 153) in a Harne at Lt. Salts of 
known substances are similarly placed in turn at L z, and their spectra 
compared with the unknown. 'When the lines of the spectra coincide 
it is inferred that the substances at Ll and L z have a common con
stituent. 

A spectrometer (Fig. 131) has the same parts as a spec
troscope: viz. (Fig. 134) collimator, 0, prism, P, and 
telescope, T. In addition the supporting table is graduated 

Fig. 134. 

into degrees, eUt. (§ 22 (2)), and the movable arms of 
oolescope and collimator are provided with verniers. Also 
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(4-) As it is often necessary to compare two spectra the instrument): 
is provided either with a comparison prism (§ 151 (5)) or each specJ 
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; lI.g. a· 
match end, bevelled. A metallic piece, Q, with II. V-slot can be slid \ 
over the slit, 8, and thus make its working part longer or shorter. A II' 
comparison prism,. P, either equilateral or right-angled, can be placed : 
over half the slit. By I 

its means two spectra may 
be compared (Fig. 133): 
light frOID one source, 
Lu enters the collimator 
through the uncovered 
portion of the slit, that 
from the second source, 
L z, is caught by the 
comparison prism and Fig. 132. 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 (§ 153) in a flame at L l . Salts of 
known substances are similarly placed in tum at L z, and their spectra 
compured with the unknown. "When the Jines of the spectra. coincide 
it is inferred that the substances at Ll and L z have a common con
stituent. 

A spectrometer (Fig. 131) has the same parts as a spec
troscope: viz. (Fig. 134) collimator, 0, prism, P, and 
telescope, T. In addition the supporting table is graduated 

Fig. 134. 

into aegrees, eUf. (§ 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 ot Spectrometer.
Do as much as possible with the unaided eye. Use the 
telescope, etc., 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 t 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 tuhes. 

t Hold the prism at the edges, its faces must 1I0t be touched. 
t The light (edgewise, if possible) should be placed six or more inches 

from the slit. Glare due to reflection from the inilide 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 
[ace (M) perpendicular to the line joining two (P, Q) of 
~he three screws (P, Q, R) for levelling the platform. 
(ii) Turn the platform so that the prism is in the position 
mitable for measuring its refracting angle (Fig. 93). 
(iii) l!'ind 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, Q, 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 p1'ism 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 30°. 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 is 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 refocus sing of the 
telescope is sometimes necessary. 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, II.). 

(5) If the inHtrument is provided with a third tube 
(Fig. 130) its scale should be focussed in a similar manner 
to the slit of the collimator. It is coihenient to put the 
scale-tube in the place of the collimator, do the focussing, 
then return it to its own holder. 
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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 fills 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, etc., 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 when 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 t inch apart, and set opposite and close 
to the slit. The other ends are joined by thin wires 



OPTICAL INSTRUMENTS. THE SPE,CTROSCOPE. 237 

(copper), each to one of the secondary terminals of an in
duction coil (§ 202) or to the prime conductors of a 
vVimshurst machine (§ 184). The intensity of the spark 
is increased by having another gap (E, Fig. 136) 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. 

II. Vacuum-tube spectrum. A Plucker'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 au 
induction coil (§ 202). 
When an electric discharge 
passes through the tube 
the rarefied gas becomes 
incandescent, the capillary, 
S, 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. W is a 
strip of wood supported vertically 
in a stand by the rod R. P and 
Q are two side pieces, each bored 
with a hole. The Pliicker tube 
(Fig. 135) is loosely wedged in 
the holes with paper or a short Fig. 135. 

R 
R 

Fig. 136. 

piece of string. ;t and B .are .... . 
stout rings to whIch the WIres from the InductIOn call are Jomed. I 
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 fs a spark gap at E. A con~ector, F, 
carrying a short lwgth of a WIre, made out of the matenal 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), 
D2(5890)-is obtained. 

Potassium. Use nitre. A line (a,7699) in the extreme 
red, another (01, 4047) in the extreme violet, will be 
visible. 

The nitre melts into a bead, then suddenly :!lares. A number of 
observations must be made before the positions of the lines Lan be fixed 
with certainty. A companion should feed the :!lame while the observer 
is looking for the lines. 

Thallium. Use thallium chloride. A strong green line 
(a, 5351). 

Lithiurn. Use lithium chloride. Red (a, 6708) and 
orange (6104) lines are usually seen. 

Strontium, use strontium nitrate; Ba1'ium, use the 
chloride; Oalcium, 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 (0 or a, 6563), 
green (F or {3, 4861), blue (f or 'Y, 4340), and violet 
(11, or el, 4102) lines are obtained. 

Air, Oxygen, 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 

t The numbers in bt'ackets are the wave lengths of the lines in air 
expressed in tenth-metres, e.g. sodium, IJ, = 5890 »,10-10 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, betoor, wind It 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 stllt fuses and 
runs between the turns of wire. Repeat until the ring is "'ell charged. 
Spiral the other end of the wire round the metal tube of the burner so 
that the salted ring is held in the flame. 

The most effective monochromatic illumination is obtained by passing, 
ill vacuo, a. powerful electric discharge between electrodes of mercury. 
The light produced is almost entirely green and of wave length 6461 
tenth-metres. 

157. To map a spectrum.-METHOD I. A.. third tube 
(Fig. 130) is provided: in this there is a finely divided scale 
of equal parts at the outer end, (T'), and a convex lens at 
the inner. Like the telescope, it is supported on a movable 
arm. The scale is well illuminated (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 or the scale is projected on the spectrum. Hence 
the position of a line or band can be specifled by noting its 
scale reading. \ 

METHOD II. If the instrument is a spectrometer \\ 
(§ 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 to 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 
so on. 

All the scale readings are arbitrary it is better to refer to the various 
lines by their wave lengths. To do this obtail) 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 ma.y be dednced after their Ecale 
readings have been determined. 
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158. To measure the angle of the prism.-Adjust the 
spectrometer as usual (§ 152). METHOD 1. Arrange the 
prism with its refracting edge towards the end of the 
collimator (Fig. 92). Illuminate 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.138). 

METHOD II. Place the telescope at an angle of about 
900 with the collimator (Fig. 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 lmtil 
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 1800 is the 
angle of the prism. B is 
equal to the difference of 
the readings of the positions 
of the zero of the vernier. 

PROOF. 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 parallel to those reflected in 

the first, hence Hz is parallel 
to N[' Then.A + B = two right angles. But.A equals the angle of 
the prism, and B the angle through which the prism table has been 
turned. 

: • .A = 1800 
- B. 

If the prism is turned the other way, the difference of the readings 
of its positions ' . 

= 13' = 3600 
- B = 1800 + .A. ;. 
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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). First 
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 tUl'll 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 rea,ding (Cl I) of the position 
of the telescope. Calculate the minimum deviation, 
D = at - a. 'I'urn the prism over and repeat the deter
minu,tion (the deviation is now 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 fa'ce of the 
prism.-The direct reading (a.) of the telescope must be known. 
(1) The prism being in position on its platform, turn the telescope 80 

that the image of the slit formed by the light reflected from the face of 
the prism is obtained on the spider lines. Nate 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. '1'herefore 
the angle of incidence = t (180° + a - 'Y)' 

To set one face of the prism perpendicular to the axis of the 
collimator. Obtain an angle of incidence as above. Note the reading 
of the prism vernier. Turn it through an angle equal to that of 
incidence. 

A more usual method is 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) TU,rn the prism until an image of the slit due to 
light reflected from its face appears on the cross'wes of the telescope. 
The angle of incidence is now 4f)0. ~ ote the reading of the position 
of the prism. (4)' Turn the prism through 45° from the position 
of (3). 

PRo PHY. 16 
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161. To find the refractive index of a ray through the 
prism.-Measure the angle of the prism (A) and the 
minimum deviation (D) of a selected line of the spectrum, 
then sin -HA + D) / sin !A is the index of refraction of the 
selected line for light passing from air into the material of 
the prism. 

A second method oj }lllding a "ejmetive index is as follows: (1) Find the 
angle (A) of prism. (2) l"ind the direct reading, a, of the telescope. 
(3) 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, az, of the position of the 
telescope. ORlculf\te the deviation, d = az - a. Since the light is incident 
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 (A). The corresponding angle of 
refraction is equal (d+A). Hence the index of refraction from air to 
glass =sin (A +d) / sin A. Evidently the value of A 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 hflving two faces of thin plate glass inclined to 
each other. 

162. To measure the dispersive power of a medium.-If 
fLr and fLv be the respective indices of refraction of a 
medium for the extreme red and violet rays of the 
spectrum, and fL the mean value, then (fLv - fL,.) / (fL - 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 v, the angular deviations of the extreme red and violet 
rays.t Then, D being the mean deviation, 

dispeosive power = (Dv - Dr) / D. 

t Often the extreme blue is adopted instead of the violet. The 
position of the blue ia better defined. 
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Exp. l8l.-0bserve by the spect1"f)scope, and map the 
spectra of sodium, potassium, hydrogen, lithium, and a few 
characteristic lines of bari7tm, stronti7tm, calcium, iron, 
copper, air, etc. 

Exp. l82.-0bserve the absorption spectra of 7mcoloUl·ed 
glass, colJalt-, ruby-, greeno, and black-glass. 

Note that blue glasses transmit a little red, and ruby a little blue. 

Exp. 183.-0bserve the absorption spectra of solutions of 
potassi'um chromate, potassium permwaganate, 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 spectra, and arrange them so that the 
effects of dilution may be compared, e.[I. strongest solution first, below 
it the next strongest, etc. 

Exp. 184.-.M"easure the angle of the p1·ism of th.e spectro
metm· by two methods, and the minimum deviation of the 
sodium, hydrogen, and potassium lines. Calculate the index of 
refraction of the prism for these rays. If the prism has three 
polished faces measure its three angles. Show that their 
SUIn is 180°. Also find in each case the minimum devia
tion of, say, the sodiUlll line, and calculate the index of 
refraction from each determination. 

Exp. 185.-0btain a Clt1"Ve of wave lengths fOI· !tse with the spectl·o
scope 01· spectrometel·. 

Exp. 186.-Adfust a prism face so that the light is incident nonnally. 
Find the deviation of the sodium line. Calculate the index of I·efmction 
(01· the sodium linc. 

Exp. 187.-Meawre the dispersive powel· of glass, watel·, carbon ~ 
sulphide. 



PART V. 

MAGNETISM AND ELEOTRICITY. 

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. 

OAUTION.-'Magnets should on no account be played with 
or laid ca1'elessly on one another. If incautiously used 
they soon become i1'1'egularly magnetised. 

Fig. 138. 

The magnetic needle or compass (Fig. 139) is a small bar 
magnet that can turn freely in a horizontal plane. It is 
either suspended by a fibre or has an agate or glass central 
cap resting on a s~el point. • 

A small compass (linch long) in a case with a glass top 
and bottom is very useful. It is sometini{es provided with 
a pointer set at right angles to its length. 

244 
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In the maj·inm·'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 carel inelicates the magnetic 
north. Fig. 140 shows a laboratory forIlil. A wire points 

Fig. 140. 

up from N . Arrange the case so thai this can be seen 
through the sighting tubes, t, t', when the lid is closed. 
Each tube has it wire across it. Arrange all in line with 
two pins outside (Exp. 200); or the" sighter," l. 
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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 fOrIJil. A wire points 

Fig. 140. 

up from N. Arrange the case so thaf this can be seen 
through the sighting tubes, t, t', when the lid is closed. 
Each tube has A, wire across it. Arrange all in line with 
two pins outside (Exp. 200); or the" sighter," l. 

/ 
I 
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*Exp. 188.-Magnetic and non-magnetic substances. 
Bring the ends of a horse-shoe magnet (without keeper) 
against pieces 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 unaffecfud). 

*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 nOll
magnetic substances are, in a sense, "transparent" to 
magnetism, 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 magnet. 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 the inside 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 
equat01' of the magnet. 

*Exp. 191.-Malce a magnet (Fig. 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 

AN SB the needle. Slowly rotate the needle 
Fig. 141. " about its longitu'Jinal 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. For 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 
(un spun) 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 northwan1s 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 anot.her, (iii) the 
marked end and unmarked end attract one another. 

164. DEFINITIONs.-The end of a nmgnet that points 
north is conveniently called the north, north-seelcing, 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 pie.ee is not a magnet 

t If the experintent works unsatisfactorily, the fibre is likely to be at 
fault, probably too stiff. Try another. See § 173. 
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ooth 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 it when brought eloser. Confirm by nsing 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 magnet 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 (i) attracts both 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.-B1·eaking 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 the pieces to reform the bar j 
obtain and draw the filing chains (Exp. 207). 

*Exp. 196.-1I'Iaking red-hot destroys a magnet. Use one 
of the magnetised neeelles. 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 

miLgnetise seven or eight knitting needles. Test each by 
filing chains for consequent poles. Neglect any needle 
that has consequent poles. Billd 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 refaence liM 
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 
determina tion.) 

Exp. 201.-Trace the magnetic meridian o1'Zabomtory re
ference line across the 1·oom. 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 0 under Q. 
Move the needle so that Pis over 0, make a mark D under Q. 
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; e.g. in 
a field. 

*Exp. 202. Induction by Earth.-(I.) Hold a poker or 
soft iron rod vertically (say handle dowl}wards), bring (1) 
its upper end near one pole of a suspended magnetised 
needle, (2) its lONer end near: (3) and (4) repea,t when the 
poker is reversed in position (handle upwards). Show 
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, that the upper end ahvays repels the S-pole and the lower 
repels the N -pole of the magnet. 

(II.) Hold the poker or soft-ir~n 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. 

(III.) Hold the poker vertically, hit it once 01' twice with 
a mallet. Test as in (II.). 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 (II.). Observe that it no longer has polarity (§ 164). 

EXPLANATION.-The east and west position (II.) is one 
in which the Earth's induction produces no polarity. The 
induction is greatest along a line parallel to the dipping 
needle (§ 165). 

Note that the important position described as east and 
west is 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. In the southern hemisphere the lower end is magnetised 

,S. In (III.) the temporary magnet is made permanent, 
but is destroyed by violence in (IV.). 

Exp. 203.-Find tke magnetic meridian or reference line 
by a bar magnet. Fix (by soft wax) two pins, A, B, per-

Fig. 142. 

pendieuIar to the edges of a bar magnet ("Fig. 142). Sus, 
pend the magnet by a long fibre above paper :fixed to the 
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table: the points of A, B should just clear the surface.t 
When the magnet is at rest set it pin, C, in line with A, B : 
then another, D. Turn the magnet right over so that 
A,B point upwards instead of downwards. 'I'hen, as befortl, 
fix pins E, F in line with A, B. Draw the bisector 
(dotted) of the angle between CD and EF: it lies in the 
magnetic meridian.t 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 axis of a magnetised disc, 
or combination of magnets. The btter may be sevenLl 
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_ 
(3) 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 
dose to the ends of the marked diameter, say, a near A and 
b neal' B_ 

(5) Reverse the disc, and when at rest make, close to the 
pins, two marks on what is now the underside of the disc, 
say a/ near A and b' near B. 

(6) Remove the disc 11,nd join ab, a'b'. Bisect the angle 
between ab and a'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 disc. 

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 

t The apparatus, Ffg. 154, is suitable. Vee the marks on tile 
shade instead of pins G, D. Put the magnet fiatwise. 

::: Note that the .tngle to be bisected is that over which an end of 
the magnet lies. 
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graduated circles, one vert.ical, the other horizontal. The 
axle of the needle is supported on knife-edges, at the centre 
of the vertical circle: hence its inrlination may be 
measurecl. The plane of the vertical circle turns about a 
line that passes through the centre of the horizontal circle' 

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 to the face of the 
vertical circle, and adjust so that the plumb line lies 
pa,rallel to the plane of the circle and over iile two divisious 
ma I' ked 90°. 
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Exp. 205.-Irwestigation of the change of inclination of 
a dip-needle as its plane of vibration alters from a position 
pe1jJendicuZa1' to the magnetic meridian to another coincident 
with it. (1) Adjust the instrument as in § 165. (2) 
Rotate the vertical circle until the needle stands vertically. 
Read the position of the vertical circle 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 displacements of the vertical circle as abscissae. 

Angle between 
plane of vi bra- Heading' of 

-I 

Mean inclina- I 
tion. tion of needle 

and magnetic Upper end of Lower end of 
meridian. necelle. needle. 

[The inclination diminishes to a 
111llllll1Ull1 (about 70°) at 0 and then 
increases to 900

• The minimum value 
is the magnetic dIp.] 

...... 

I 
. ..... 

I 
...... 

...... . ..... . ..... 

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 circle through a right angle. (iii) Read 
the positions of beth ends of the nee~ne. The mean is 
the dip. 

Accurate determitation 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 ?>nd 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.-0btain and draw the filing chains for a 
horse-shoe magnet and keeper. For method see § 166. 
Observe the following cases-(l) horse-shoe without 
keeper; (2) horse-shoe with keeper half an inch away; 
(3) horse-shoe with keeper on. 

NOTE.-(i) The chains lie between points situated along 
the limbs as well as on the ends. 'fhis shows that the 
" polarity" is not confined to the ends, although most 
concentrated there. Thus some of the internal lines of 
force that cross the equatorial section of the magnet leak 

out before reaching the ends. (In a 
uniformly 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
formly magnetised. Similarly bar 
magnets are found to be symmetrically 
but not uniformly magnetised. 

(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 limbs 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 
poles. 

The formation of the chains and the movements of the 
filings show that at every point of the field magnetic 
indnction 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 minnte gaps 
between the keeper and the ends of the limbs. They 
bulge out more as the keeper is separated further: 
compare (2). 

Exp. 20S.-0btain filing chains and draw illustrative 
diagrams for the following cases-(l) a bar magnet; 
(2) two bar magnets, 
parallel, an inch apart, nn
like poles adjacent; (3) as 
(2), bnt like poles adjacent; 
(4) I- arrangement of two 
bar magnets; ( 5 ) a bar 
magnet and soft-iron rod of 
equal length, placed parallel, 
an inch apart; (6) ditto, Fig. 145. 
half an inch apart; (7) 1-
arrangement of bar magnet and soft iron; (8) as (7), but 
positions interchanged; (9) two bar magnets in line, 
nnlike poles facing, two inches apart, soft-iron ring 
between; (10) magnet with conseqnent poles. 

Compare the filing chains obtained in (2) and (5). In 
both cases there are parallel magnets with nnlike poles 
adjacent, bnt 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 c~ains are formed behind the soft-iron 
rod, the magnet's influence fails to wor! throngh the soft
iron. This illus~ate8 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, A, B, of its ends. J\'Iove 
the compass until the end that was against A is over B, 
mark the position, C, of the other end; again move the 
compass until the end that was over A is against C, mark 
the position, fl, of the other end; continue the process until 
the line has been sufficiently traced. Join AB, BC, etc., 
as each step is 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 lends to travel) of 
the line of force. 

The magnetic field may be due to a magnet or magnetic 
combination placed 011 a sheet 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. Observations 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 result 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 
(I) alone, (II, etc.) 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 PQ about an inch apart. 

(II) On a largE' sheet of drawing p@l})er fixed to a draw
ing board set a bar magnet in the magnetic meridian with 
its N-end pointing south. Place its ceittre about a foot 
from a corner of the paper. Map the field. 
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Fig. 146 shows the sort of map obtained. X is a 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. 

Fig. 146. 

(III) Similarly. a bar magnet in th~ magnetic m_eridian 
with its N-end pointing north. The two null POInts are 
found equidista'nt from the magnet on the line through its 
centre perpelldicular to its axis. 

PRo PRY. 17 
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" 

(IV) Similarly a ba1' magnet at right angles to the· '1IIifUJ-
netic meridian (Fig. 147. There are two null PQints 
diagonally opposite). 

Fig. 147. 

Figs. 146, 147 show null or neutral positions, obtained under certain 
conditions, at which the horizontal field due to the magnet 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 
H due to the magnet are predominant; 

E at greater distances the effects of the 
k magnet are ,subordinate, and the lines 

fiFi E 
I

H appear to be those of the earth's field 
morc or less distorted. 

168. Relation between moment of 
magnet and the horizontal intensity of 

J the earth's field.,Let (Fig. 148) ns be 
a magnet of moment H, pole strength p, 
length L. Let X be a null point at dis
tances a, b, respectivety from the N and 

8 poles of the magnet. Imagine a unit N .pole at X: it will be in 

1Z 

Fig. 148. 
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equilibrium, and acted on by three forces, H due to the earth, a 
repulsion, E, an attraction, F. Draw the force-triangle, jkl. Then 
EIH =j1Ilk, FIH =jkllk. 

Also E = pla2, F = plb2, and M = p.L, 

•• M= La2 .E, and M= Lb2.F. 

:. ~ = L.a2 {f. and 1f= L.bO ii· 
Hence by measuring L, a, b, ii, lk, kj, two values of MIH may be 
determined. If H is known, 11[ and p may be calculated. 

MAGNETIC M01IENTS AND FillLD INTENSITIES. 

169. The tangent relation.-H two uniform magnetic fields are 
superposed on one another, the resultant field is also uniform. Its 
direction and intensity are determined by the pa1'allelo.ql'am ~f.l'orces. 

Let OF (Fig. \49) represent in length and direction the intensity ( F) 
and direction of one field, and simi- ' 
larly OQ, the intensity (II) and 0 . ..-________ ..,;. 
direction of the second field. Then 
on completing the parallelogram, OR 
represents the resultant field in in-
tensity and direction. H 
Now FIH = sin o/sin ORQ. 

Hence when the fields are at right 
angles FIH = tan 0. 

Also intensity of "es!titant field 
(OR) = >/(F'+H2). 

F p 
Fig. 149. 

If a freely susponded 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 othe~ is not acting. If thon II is a known field, 
e.g. the earth's, the mtensity of an unknown field, F, can be com
pared with it by observing the angle, 0, between the position of a 
compass needle when due to H only, am] its position when acted upon 
by both F and H. If, by arrang'ement, F is set at right angles to 
H, then F = H. tan 0. This is effected in the Gauss positions 
(§ 171) and in the tangent galvanometer (§ 208). 

Note that the position asslImed by the compass does not depend Upon 
its moment, pole-strength, or lellgth. It is, however, frequently 
necessary to use short magnets, becallse the majl'netic fields obtained in 
practice are only approximately uniform within narrow limits (§ 208). 
The magnets, too,jlhould be strong in order that the effects of friction 
at the pivot, or the torsion and stiffness of the suspending fibre, may be 
insignificant. 

I 
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170. Vibrating Magnet.-Let a bar magnet of magnetic 
moment M, suspended in a uniform magnetic field of 
intensity H, be set in vibration. When the angle of 
vibration is small, if t is the period and I the moment 
of inertia (§ 75), then 

t = 21T"'; II MH (the .magnetic pendulum). 
Now t can be measured and I calculated or found by ex
periment, hence obtain (express quantities in O.G.S. units) 

MH = 41T2 Ijt2 = 39'48 I/t2• 

N 

I 

---------·d----------__4 
s ' 

Fig. 150. 

Compass needle deflected by a magnet.-Let a 
small compass needle lie in a uniform 

171. 

N 

s 

----1'
I 
I 
I 
I 
I 
1 
1 

d 
I 
1 

·1 
1 
I 
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I 

_>t __ £ 

Fig. 151. 

Figure .. 

magnetic field of intensity, H. Place a 
bar magnet (length, 2l, magnetic moment, 
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. 

When 2l is small in comparisoll with d 
the relations are as below: 

150 
End on. 

151 
Broadside on Name of position 

Value of Mj H (1st apl'roxi-} 
mation, l neglected) 

Value of M/H (closer ap-} 
proximation) .• .. , 

!tP tan a. 

(d2 
- [2)2 tan It 

2d 

d3 tan a. 

(dZ +{2)~ tan a. 
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The above are called the Gauss positions. After d and a 
have been observed the value of M/H can be calculated. 

NOTE.-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 
rmspended magnet is determined. 

Fig. 152. 

Deflection magnetometer (Fig. 152). '1'he 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 
instntment is adjusted so that, when no magnets or pieces of 
iron are in the ,neighbourhood, the, pointer lies either 
over the 0 and 1800 divisions of the graduated circle, or 
over the 90° anti 2700

• 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 m;rr01' magnetomete,' (Fig. 153) several very short 
magnets are fixed to the back of a small mirror, which is suspended 
by a long fibre of unspun silk in a brass chamber or cell only slightly 

too big for it. (By 
this means the oscil

FRONT VIEW. SIDE VIEW. 

Fig. 153. 

f lations of the mir-
ror are quickly 
damped.) Thefibre 
passes up a tube and 
is fixed to the cap 
at the top. A glass 
window co,ers the 
mirror cell. The 
suspended needle is 
adj usted by the 
levelling screws so 
that it moves freely. 
The small deff ec-
tions of the mirror 

. 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, A, supports a tube, B, and cork, O. 
A rod, D, passes through the cork. A 
fibre carrying a metal or cardboard 
(Fig. 142) stirrup for holding the mag
net is 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. 

Fig. 154. 

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 
(wooden). 

·Another arrangement consists of a wooden box, say, 8" 
long, 3/1 wide, 3/1 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 susp~ndillg filament is 
attached to a cap at the upper end of this, ~asses down the 
tube, and supports the stirrup and magnet in the box. The 
cap can be twisted. 
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ADJUSTMENTS, ETC., OF THE VIBRATION ¥A'GNETO
METER. 

1. Mark roughly the magnetic reference line (Exp. 200). 
Set the magnetometer so that the reference 1.ple passes, 
roughly, midway between its legs. ' 

2. There must be no twist to begin 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. 

3. 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 Iiltirrup 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 not to 
disturb the magnet when the covel' is put on (certain 
magnetometers having sliding covers seem designed to giv~ 
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 1:S 

required. 
5. Make the observations when the arc of vibration is 

small. 

174. To compare magnetic moments: (I.) :By dellect~ 
a compass needle.-If magnets of moments Ml' M z are 
placed in turn either broadside or end on t at distances d l 

and dz from a compass needle, then (§ 171) if the position 
of the compass ne~dle is not cbanged, H is constant, and 

M:.: Mz = dl
3 

• tan a j : dz3 • tana2• 

t End em is the better position (§ 171: Note). 
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If the deflections are equal M, : M2 = d,' : d2
3, 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 th€ 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 be less than five times the length of the magnet. 
This is the most convenient way of comparing magnetic 
moments. 

(II.) 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 1 .t2' 

M2 - I 2 ·tl " 

If the magnets are practically of the same dimensions and 
mass, and vibrate about the same axis, I, = 12 , then 
M1 : _lI,I2 = t22: tl ', or when the moments of inertia are equal 
the magnetic moments are inversely proportional to the 
squares of the periods of vibration. 

If the maf,'llets are of the same cross-section then the mass is pro
portional to the length and the moment of inertia varies as the length 
cubed. When thin magnets are hung edgewise their breadth and 
depth may generally be neglected, but their lengths (l) and masses (m) 
should be measured. Their moments of inertia are then proportional to 

(mass) (square of leugth) , 

or 

Then ~ = ~,(lL)2 . (2)2, 
H2 m 2 lo tl 

(III.) Sum and Difference Method. The measurement of the 
moments of inertia, etc., may be avoided by proceeding as follows:
S,\!!pend both magnets together with like poles pointing (i) the same 
way; (ii) in opposite ways. In each case determine the vibration-period 
of the combination. 

Let H and In be the magnetic moments of the magnets, tl the period 
of the combination in the first case, t. in the sec':)lld, then, since the 
total moment of inertia, :I, is the same in both, 

M+m _ (t2) 2 .'.!!_ = tl:+t2:_" 
J" - m - t, 111 t. - t: 
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II round and thin it is convenient to push ~e 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. 1.55. 
wire or fibre (Fig. 154). 

To compare pole strengths, let Pl' P2 be the pole strengths 
and ll' lz' the respective lengths of the magnets. By defi· 
nition M = l. P, therefore P/P2 = MI . lz/ M • . lI' 

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. Lay the magnets 
to be compared along the east and west line, and adjust 
the poles and distance of one of them until 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 (I.). 

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 
in § 174 (II.). 

III. Compare by the sum' and difference method (§ 174, 
(III.». . 

175.-Comparison of magnetic moments by IL reflecting magneto
meter. Adopt a difference method as follows: let two magnets 01 
moments M and m be adjusted to balance, that is ::produce no deflection, 
when at distances DI and d1 respectively: also when at distances lJa 
and d2• Then " 

V'JlIm = Ddd1 = D./d. = (D1 -D2)/(d1 -d2). 
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It is possible to measure the difference in the distances more accura tely 
than the actual distflnces, in which there are uncerb,inties regarding 
the positions of the compass and the eq ltator of the magnet. The 
differences above are determined by reading tho 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: (r.) By dellecting 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 HI)' next at a second (field inten
sity H 2), and if a 1a2, d1d2 are the respective deflections and 
distances, then 

HI . dl
3 

• tan a l = H2 . d2
3 

• tan (t2' 

The calculation is simplified 

(i) if a2 = at when HI: H2 = d2" : dl
3 

(ii) if d2 = dl when HI: H2 = tan Uz : tan~, 

(II.) By determining the vibration period.-If the 
same magnet is vibrated at the two places, and tp t2 are 
the respective periods, then since M and I are constant 
HI : Hz = t22 : t/ or the field intensities are inversely pro
portional to the squares of the pe1·iods. This is an important 
and convenient method of comparing field intensities. 

Exp. 212.-00mpare field intensities by a compass needle. 

At each of the places (say in different rooms) at which 
the field inten'ilities are to be compared, (i) adjust the 
deflection magnetometer (Fig. 152) so that the scales lie 
perpendicular to the magnetic meridian. 

(ii) 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 a.deflection of about 
300

) • Note the distance (d) between the equator and the 
compass, and the deflection (a) (read ~oth 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 

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: 

Station. [Specify room, [Specify room, 
bench, etc.] bench, etc.] 

I 
Position. Reading of pointer. (1,1 I Reading of pOinter.1 (1,2 

vV. end. E. end. I'V. end. E. end. --
I 

1. (Draw small 
2. sketches as 
3. Fig. 156.) 
4. 

, 

d= mean a.1 = mean a,2 = 

I tan al = 
! 

tan a,2 = 

Hence Field at ... : Field at ... = l' ••. : 1 

Exp. 213.-001npa~e field intensities by·vibration. , 
Suspend the s[I]1le magnet at each place in turn and 

find the respective periods of fifty swings. 

\, 
I' 

il 
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GAUSS ABSOLUTE METHOD. 

177. To find the field intensity in dynes.-The formulae (~§ 170, 
171), M/ H =#1,0. tan a,and .~{.1I = 47rZIlt', 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 or time, mass, and length (Iinvolves 
mass and length), also M2=(M.H)(MJH) and H2=(M.H)-i-(MJH). 
Hence by using absolute units or the fundamental quantities, M and 
H can be expressed in absolute units (usually C.G.S.). 

Exp. 214.-Nnd the field intensity, H, at a place (in the labot·atory). 
Two experiments are necessary: (1) the determination of Mx 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 dellecting 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 
plaee i1l the labomt(Jr!l. 

Determination of H, at [bench .... ], [ .... lab.], [ ...• Institution]. 
I. Dtjlection obse,·vations. End on method. 

Position. 

1. (Show by 
2. small 
3. sketches 
4. as Fig. 156) 

Reading of pointer. 
East end. West end. 

30 29 
30'5 29'5 
28 29 
29 30 

DefiectiDn. 

29'5 
30 
28'5 
29'5 

Distance 30 cm. ]\fean 29'4° 
tan 29'4° = 0'563 

MJ H =tx30"x 0'563=7600. 
II. Vibration observation •. 

h.m. s. 
Time at start 8.56.5 
Time after 50 complete vibrations.. 9. 4.1 

Interval .. .. 7.56=476 seconds, 
;. vibration period=476j50=9'52 seconds. 

m. Deflecting magnet. 
Mass 62'5 gm., length 10'2 cm., width 1'3 em., swung with its two 

greatest dimensions horizontal round a vertic'IJ. axis through the ('entre 
of the magnet. • 

;. I = /2(10'22 + 1'32) X 62'5 = 551, • 
:. JJfTI = 39'4S x 551 (9'52)2 = 243, 

.. H = V(243j+(i600) = vO'03:W = 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 £re. In the laboratory Use 
an oven. 

Oven (Fig. 157). A piece of thin sheet iron is bent to the shape 
ABO]). Another piece bent like EF is placed inside. The base .d.G 
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 ABO. Ebonite, sulphur, sealing-wax, glass 
insulating stands, tumblers, etc., are placed on the tablA near but llot 
directly underneath the oven. Care must be taken not to overh()at 
them. 

A D C 

l!'ig. 157. 

Electroscope.-Paper balls (Fig. 159), made as below, 
are very satisfactory for simple experiments. 

• • 
Fold a piece of tissue paper about three iuches square into halves, 

theu into quarters, fii1ally into eighths. Cut with sharp scissors a cir<m
lar arc BO (Fig. 158), then as shown by the intermediate arcs. Open 

269 
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o.ut 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, 

B and set aside to. dry: Dr (a better plan) 
fix two. discs together at the edges by 

A 
four Dr five very small pieces o.f stamp
paper. Pass a length (two or three feet) 
o.f silk twist, knDtted at one end, through 
a pinhole in a small piece Df paper, then 
thrDugh a hale at the centre A. Faur 

A 
of these balls are requhed. (It is useful 

. C to. make the pairs af papers of different 
Fig. 158. colours.) Hang them in pahs from a gas-

pendant, a stretched string or a stick: 
they should be at least two 0.1' three feet fram a wall. 

""Exp. 216.-Elect1·ification by friction. 1. Rub a glass 
tumblert with silk.t Bring the glass near the paper balls, 
observe that they are attracted, then, after touching the 
glass, are (i) repelled from the glass, and (ii) repel each 
other. Also (iii) 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. 

EXPLANATION. 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 similm'ly electrified bodies. Lay 
two strips (8/1 by 2/1) 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 attmction 
between the electrification of the paper and the induced 
charge on the table. Lift the strips from the table, one by 
the right, the other by the left hand, hold the top edges in 
contact, observe t"ltat the strips do noif hang vertically, but 
at an angle with one another. 

t Must be warm and dry. 
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179. DEFINITION. 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.) 

REMEJIIBER 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 simila1·Zy electrified bodies repel one 
another, dissimilar attract. (1) 'l'ouch a pair of suspended 
paper balls with electrified paper t (rubbed by hand). 
Each 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) j the balls are attracted. 

(4) Bring the + ly electrified glass 
near the -ly electrified balls «1) 
above); too balls are attracted. 

(5) Bring in turn a piece of sulphur, 
resin, charcoal, metal, stoneware, or 
china, etc., near the paper balls. Ob. 
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. N ote whether the + ly or -1 y charged balls are 
repelled. If the former then the electrification of the body 
is +, if the latter -_ The charcoal and metal will attract , ) 

each pair of balls . 
. J 

t Must be warm and dry. 
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180. To test whether a body is electrified or not present 
it first to a +ly 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 is the sure proof of electt'ification 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 +ly 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 etc. 

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. Each 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 
-ly 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 t}.e inducing electrifi
cation is of the opposite kind to the inducing, while on the 
further conductor it is of the same kind:" 

t Test before and after drying. 
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*Exp. 221.-Make a paper electrophorus. 1. Group four 
, tumblers (mouth upwards) on the table in order to sup
I port and insulate a metal tray (bottom upwards), put a 
i 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. 

3. 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 or 
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-electrijied 
by rubbing with the hand as in (1). (When this fails 
substitute a freshly warmed piece and rub it by the hand.) 

EXPLANATION. The friction with the hand or brush 
electrifies the paper -ly. The tray is charged by induc
tion; the bound-charge being +, 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 electr03cope in which there are twot 
gold-leaves (g,g) 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 

t A single gold-l~af resting against a vertical strip of metal is 
freq uently used. 

PRo PRY. 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 
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 t 
to the gas-pipes by a wire. The 
tinfoil coating is then earth-con
nected. 

Sometimes calcium chloride or sulphuric 
acid is put inside the case so that the air 
inside the flask may be kept dry. This is 
unimportant. The upper parts oi 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 paraffin wax gives excellent 
insu1ation. Provided the plug insulates well it is an advantage for 
the glass surface to he damp and therefore conducting. VlThen the 
plug does not insulate well Bubstitute a better one. A dirty wax plug 
may be cleaned by scraping. 

To 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 is 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. "-'he electro
scope takes some of the charge from the ball. 

CAu'froN.-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 eledroscopewnen 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 ch~\:rge. Also that the 
leaves of a charge a electroscope diverge more widely if an 
electrification of the same kind is broug~lt near, but. less 
widely for one of the opposite kind. Also that a slight 
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closing occurs when an earth-connected body (the hand, 
say) is put near the disc. Increased divergence is the Sll1'e 

test of electrification on a body brought near the electro
scope. These facts are demonstrated in the experiments 
below. 

Exp. 222.-0harge an elecl1'oscope by induction. (i) 
Hold an electrified bocly near the electroscope and wllile 
there (ii) touch the cap with the finger for a moment, 
(iii) remove the electrified body-the leaves diverge. 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, but less 
widely for one +ly excited. Also that the leaves collapse 
slightly if the hand is placed parallel with and close to the 
cusc, but reopen on removing the hand. Finn,lly that the 
leaves close completely and remain so if the disc is touched 
for a moment by the finger. 

II. Use -ly electrified ebonite (rubbed with fur, on 
the coat, etc.). Show that after operating as above the 
leaves diverge more widely if a + charge is brought near, 
but less widely when tIle electrification is -. Also the 
effects with the hand and the finger are the same as in the 
previous case. 

Exp. 223.-0bserve the phenomena of induction. I. 
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. 

EXPLANATION.-As the inducing charge gets nearer 
each of the induced charges increases in amount: the 
divergence widens because the quantity of free + gets 
greater. Oollapse occurs because the induced + and -
charges are exactly equivalent and neutralise one another 
when the inducing charge is removed. 

~ 1 

II. (1) Place the +ly electrified rod, say, three inches 
from the disc: t~e leaves diverge (+ electrification). (2) 
Touch the disc for a moment with the finger: the leaves 
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col1apse. (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 diyergence 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. (5) Quickly withdraw the 
rod to a distance, the leaves momentarily collapse, reopen, 
and remain divergent (negative electrification). 

EXPLANATION.-The tabular statement below shows the 
variations in the several quantities involved in the pre
ceding experiment, II. Let the inducing charge = Q. 

Case. I Bound charge. 
Free Surplus Potential (seo l182) of 

charge. charge. electroscope. 
I 
I 
I 

1 -q, <Q +q, none + { Becallse + tenUs to flow I 
to earth. , 

2 -q (>q, none -q 0 That of earth. I 
l:~! 3 - - -q - - tends to flow to earth. i 

4 - >q + -q + + tellds to flow to earth. i 

I 5 none -q -q - - tends to flow to earth. I 

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 +. The potential 
is therefore not necessarily that of the surplus electrifica
tion of the conductor. 

182. Potential.-The potential 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. 

DEFINITIONS.-(i) If two conductors, 11, B, are so re
lated that + electricity tends to How from A to B, then A 
is said to be at a, higher potential thq_n B, and B at a 
lower potential than A. (1i) Two conductors are said to 
be at the same or equal potentials when ele~tricity does not 
tend to flow from one to the other .. (iii) The locus of an 
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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. 

OONvENTIONs.-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.t Its action depends on induction. It 
generally consists of an ebonite .. 
or resinous cake or slab, E, 
usua,lly resting on a metal base 
or sole, and a metal cover or 
plute, B, provided with an in
sulating handle (ghss rod). 
To 'work tlle 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 FIg. 161. 
cover from the cake by the 
handle. (The handle should be warm and dry, and 
held near the top end.) The cover is now +ly charged. 
On placing it in contact with insulated conductors (knob 
of Leyden jar (§ 185), etc.) 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 be +ly 
charged. (6) Repeat several times, then excite the cake 
again. J • 

If there was no loss of electrification by contact, leakage, 
etc., from the c~ke, the cover could be charged an indefinite 

t Compare with the "paper electrophorus," Exp. 221. 
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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 eSRential part of the instrument: it frequently 
consists of a disc of tinfoil stuck to the under side of the ebonite. To 
ayoid touching the cover with the finger it is convenient to have a metal 
pin fixed to the Bole and passing through the cake until its point is 
practically flush with the upper surface. The free induced negative 
charge on the plate spal'ks across to the pin and passes to earth. 

The theory of the action of the electrophorus is described in text
books of Electricity. The paper electrophorus (Exp. 221) works 
similarly. In it, however, the cake (electrified paper) is lifted from 
the cover (tray). . 

Exp. 224.-Use an eZect'roplwrus to charge a Leydenjar, or 
an insulated conductor. 

Exp. 225.-Show that (i) The cake is -ly excited, (ii) the 
cover before being touched gives - electricity if kept on 
t.he cake. and nothing if lifted from it, (iii) the cover, after 
being touched, gives nothing if left on the cake, but + if 
lifted from it. 

Use paper balls (§ 178). Charge a pair +ly, another 
-Iy. 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 hQrizontal 
diameters of the phLtes. 'rhe prime conductors are not con
nected with one a:,other. When the machine is at work 
one becomes +1y, the other --ly electrifit)}i. 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. 

Fig. 162. 

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 to do so, rotate the 
plates, and hold an electrified conductor near one of the 
prime conduct()rs. (For the the~y of influence machines 
see the Text-Book of Electricity.J· 
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To increase the intensity of the spark the prime conductors of the 
'Vimshurst machine may be connected with Leyden jars, as 
below:-(I.) A Leyden jar hRS 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 conductor. 
(II.) Two jars are taken, the outer coat of each is earth-connected or 
joined with the uninsulated conductors of the machine; the inner coat 
01' 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 3/1) on a piece of paraffin 

wax (I). Connect the canister by a 
fine wire with the ilisc of an electro
scope. Fix a small ball (1" diam.) or 

G 

Fig. 163. 

tin (Bl 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, 
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 
position of B in the canister, provided 
it 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 (+ and -) are always produced in equal 
quantities.., " 

t Small jars connected in this way are often fitteJ1 to the frame of the 
machine. This is an examplef condensers joined in se"ies or " cascade," 
The Leyden battery is an example 01' condensers joined in pal'allel. 
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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) (i) Hold the charged body, B, in the canister, but do 
not let it touch: the leaves diverge. (ii) Touch the canister 
for a moment with the finger: the leaves completely collapse. 
(iii) 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. 227.-0btain on a canister a quantity of elec
tricity equal to that on a non-conducting e7ectrified 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 eq't1al charge, of the sar.,e kind as that on 
the rod, support a canister, A, inside, but not touching, a 
larger one, B. lI:old the electrified end of the rod inside 
but not touching, the smaller canister, A. Touch both 
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canisters simultaneously and for a moment, then remove 
the excite,l rod, Next touch momentarily the outer canis
ter, Finally withdraw the inner one. The outer canister 
is now charged as required. 

185. Condensers.-A pZa,te condenser (sometimes called 
it fulminating or Pranlclin's pane) consists of two sheets 

of tinfoil (called the coats) separated 
by a sheet of insulator, e,g. a glass plate 
(see § 283), 

A Leyden jar (Fig, 164) consists of a 
jar, llsually 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 
pipes, or hold it in the }land 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 a,n 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 knobs at 

Fig. 165. 

the other ends. They are held by a glass handle. 
Separate the knobs suffieiently. First place one in contact 
with the outer coat, then bring the other into contact 
with the inner coat. 



CHAPTER XIV . 

. ELEOTROMAGNETICS, ELEOTROLYSIS, 
ELECTROMAGNETIC INDUCTION. 

VOLTAIC CELLS. 

186. Voltaic cells.-Descriptions of common types are 
given below. For details of the chemistry of the cell a 
text-book of Electricity should be consulted. 

Fig. 166. Fig. 167. 

Daniell cell.-Portablefonn (Fig. 167). This consistri; of 
a copper outside vessel t in which a saturated solution of 
copper sulphate is placed; a porous pot in which dilute 
sulpt'mric <!;dd or <t b'BIIfi-b'11Gnmee-d sulrrtion of zinc su[
plmte is placed; a rod of zinc (amalgamated, see § 1E3S) 
held in the acid by a wooden plug that loosely fits the 
mouth of the porous pot. A terminal is fixed to the zinc, 
another to the copper. Round the inside of the coplJer 
vessel a shelf is often fitted. Crystals of copper sulphllte 
are placed on this: they serve to keep the solution 
saturate,l.·' ) 

t Sometimes the '~xternal vessel is of glass or earthenware. There 
is then a cylindrical plate of copper (Fig. 166). 

283 
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NOTE.-The constancy of a Daniell cell during an ex
periment is better ensured if it is kept short-circuited 
(§ 190) fot a. little time before it is used in the test. 

Leclanche cell (Fig. 168).-A. plate of carbon is placed 
in a porous pot and packed round with black oxide of 
manganese (MnO.) and pieces of carbon. This is put in 

+ 

Fig. 168. Fig. 169. 

an outer glass vessel, which also holds an amalgamated 
zinc rod and solution of sal-ammoniac (NH.Cl). Fig. 177 
shows four Leclanche cells joined in parallel. 

Leclanche agglomerate form (Fig. 169). The pot and 
packing are replaced by porous blocks composed of carbon, 

Zmc 

-Carbon 
A8Siomerate 

black oxide of manganese, 
with a little shellac, and 
potassium sulphate. The 
pieces are kept together 
by rubber bands. A zinc 
cylinder is sometimes used 
instead of a rod (Fig. 
170). 

Dry cells. These are 
:Fig. 170. modifications of the 

• Lecl:!mchC, moist pastes 
being used instead of liquid. 'I.'he E.C.C. or Burnley 
form, shown in section in Fig. 171, is typii!al. A carbon rod, 
0, is surrounded by a black paste, B, of manganese dioxide, 
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carbon, zinc chloride, and sal-ammoniac. Olitside this is 
an enveloping layer, W, of a white paste of plaster of Paris. 
flour, zinc chloride, and amlllonium 
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 Zn '. - Zn 
tu be passes ( this permits gas to 
escape i.rom the cell). I I 

187. Bunsen cell (Fig. 172).-The 
carbon stick, 0, with clamp terminal, 
stands in a porous pot containing 
strong nitric acid. An amalgamated 
zinc cylinder, Zn, rests in the outside Fig. 171. 
earthenware jar which contains dilute 
sulphuric acid. Frequently the cell is flat, like Fig. 173, 
a thin plate of carbon being placed in the inner porous 

Fig:. 173. 
,) 

pot, and the plaw .. of zinc, Z, is U-shaped. (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) tlLkes 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 
amalgamlLted 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, etc., 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 sulphuric acid 
(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 coll when carefully made according 
to a definite specification has an E.l\I.F. of 1'434 volts at 15°0. It is 
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-(l) ClelJ;n by a file 
and emery paper the parts of the clamps and binding screws 
against which plates or wires are to be fixed. 

(2) A1nalgamate the zinc plate. Nearly fill a jar with 
battery sulphuric acid, and immerse the zinc plate in it 
until effervescence begins, then remove it and lay it in the 
dish of amalgamation mixture. Pour the mercury over the 
zinc with a wooden spoon and rub until the zinc acquires a 
bright appearance. Then hold the zinc a little above the 

t Bottles of "Battery Nitric" (Sp. Gr. 1'38), of "Battery Sul
phuric" (one of acid t.p ten of water, by volllll1e), and a gla,s dish 
containing" amalgamation mixture" (waste mercury and dilute sul
phuric acid) should be provided. 'When the "Battery l'\itric" hae 
acquired a greenish-blue colour it should be replaced by fresh acid. 
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dish, tap it gently with the spoon, ::Lnd let the mercury 
thoroughly drain off. Amalg,tmation should not be done 
often, it tends to make the zinc rotten. 

(3) Put together the jar, porous pot, 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 zinc with dilute 
battery sulphuric acid. Fix 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 nitric 
acid back into the bottle labelled "Battery Nitric," and 
throwaway 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 leBs 
oxidised, dipping in dilute sul
phuric acid. The positive (of 
which the outside lug 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 ' Le 
obtained from manuiactlll'ers. A 
simple form suitalJle for many labora, 
tory requirements CRn be made by 
placing a pair of plates (6" X 2Y', 
" chloride" + and - : these may be 
bought) in a jar. Their lower ellds 
Bre kept BpRrt by a piece of wood 
(prism-shaped) well soaked in paraf-
fin-wax. The projecting Jead lugs . 
at the upper ends pass through rOllnd FIg. 175. . . 
holes in the wooden ~soaked in paraf- . . 
fin) lid of the jar. The terminals consist ot a bCrew-stem WIth fly-nut~. 
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Dilute sulphuric acid (Sp. G., 1'215; one part 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 I> battery of secondary cells 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: 
e.g. assuming the maximum E.l't1.F. of a secondary cell to be 2'4 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-haH that which is specified 
as 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 reol<idising the negative 
and positive plates respectively, and during discharge the positives 
are deoxidised, the negatives oxidised. When charging is complete 
the E.l\1.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 ne'·er be allowed to get lower than 1· 7 volts. The positive 
plate of a secondary cell, when fully 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 1'21, when 
sutIiciently discharged about 1·15. 

190. Nomenclature, etc.-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 + 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-., • 

t It is instructive to charge one Or two secondary cells by a Bunsen 
battery; use two Bunsens to charge one secone.ry, 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 
cousiderecl to be :1ssociated with au elect1'ic cun'ent or flow 
of electricity. The current is considered to pass round a 
circuit of which two parts are distinguished, (1) the 
external Ci1'cuit, consisting of the apparatus, wires, etc., 
joined to the terminals of the cell; (2) the internal ci1'Cllit, 
consisting of the plates and liquids of the cell or battery 
of cells. Th~ direction or + sense of the current is along 
the external circuit from the positive pole to tIle 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 negat.ive. 

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 resistance, 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 connected that t.he current. in one part 
does not pass t.hrough any of the others (see §§ 192, 218). 

191. Behaviour, etc., of cells.t-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 larger.; and, for the same. cell, the resistance 
is diminished if the plates are increased in size, or brought 

• t This section will be better understood when experiments on resist· 
ance and E.]\f.F. have been done. 

PR, PRY. 19 
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closer together, and conversely. The resistance vades 
considerably with the degree of dilution of the liquids 
in the cell. Broadly speaking, it is increased when the 
proportion of water is increased. 

For cells of the same kind the E.M.F. of all sizes is the 
same. The E.]\'[.F. varies a little with the degree of dilution 
of the liquids. 

Both E.M.F. and resistance alter with temperature. 

A pll'licular cell sllOuld have specified (i) its E.]\f.F. ill volts, (E) its 
resistance in ohms at ordinary temperatures. A type of cell may be 
specified by its approximate E.J\I.F. in volts, and its resistance by a Qe
scriptive term. It is only when cells are made very carefully by It 
detaileu 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 men_ 
tioned. The value then gi ven is that of the mll.'ciIJlIlJn current obtained 
by short·circuiting the cell (§ 190). This datum is-not of much advQn_ 
tage, for the current produced depends not only on the cell but also 
upon the resistance of the external circuit (§ 221). 

The value of a cell is judgeu with reference to-
(1) Its initial electrical E.]\f.F. and resistance (§ 221). 
(2) Its freedom from" polarisation," that is, the constancy of 

its E.lILF. and resistance. 
[2) IrE Bl>iUfy lo .J'l'!'.!)Yl'r iYiUlJ polarisajjo.J), 
(4) Its ability to withstand deterioration if set aside. 
(5) The emission of corrosive gases; smell; trouble in preparh:l'" 

it for, and keeping it at work. '" 
(6) The cost and durability of its parts, both to begin with Rnd 

to replace. 
(7) Its portability. 
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192. Combinations of cells.t-Cells, usually of the same 
Rind, are joined together to form batteries, the object beiuO' 
to attain higher E.M.Fs. or greater currents. t:> 

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 nega. 
tive of last are the free terminals to which the exterItal 

Fig. 176. 

cuit is joined. The E.M.F. of tke battery is the sum of 
~ E.M.Fs. of the constituent cells. The l'esistance of the 

battery is the sum of the 1'esistances of the constituent 
cells. 

II. 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 negatives . 

. The external circuit has one 
end connected with the positive 
group, the other end with the Fig. 177. 
negative. The E .M.F. of the 

. battery is the sa'1l.e as that of one cell, The l'esistance of 

t To ·understand this section the student sho~ld be familiar with 
Ohm's law (§ 216). 
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the battery is equal to the resistanee of one eell divided by 
the number of cells. 

n Cells each of the I sallie E.Jl.LF., E, and In so!'ies. In parallel. 
resistance, B. 

Battery E.lI1.F. n.E E 
Battery resistance n.B B+1I 
Current from buttery Current through n X (Current through 

one cell one cell) 

, III. Cells joined pal·fly in series, partly in parallel. Let the cells, 
each of E.Jl.1.F., E, and resistance, B, be divided into a number, y, of 
groups, each group consisting of x cells. Let the cells of each group be 
joined in series, the groups themselves in parallel. Of each group the 
E.M:.F. =x.E, the resistance=x.B. Therefore of the whole battery the 
E.M. F. =x.E and the resistance =x.B/y. '£he 
cnrrent from the whole battery=y x (current 
through one cell). 

Fig. 178 shows 12 cells, in 3 groups each of 
4 in series. E.M.F. of battery=4E, resistance 
of battery=4B/3. 

To obtain the maximum current through a 
given resistance (E) from a certain number of 
cells, they should be joined so that the internal 
resistance, x.B/y, equals the external resistance, 

Fig. 178. 

E, as nearly as possible. . 
When E is high compared to B, join the cells in series, when low 

join them in parallel. For intermediate vlllues adopt a mixed arrange
ment. Calculate from x.B/y=E and x.y=numbel' 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. 
It is usual to express the degree of obstruction offered by 
conductoTs to the flow of electricity by. speaking of their 
greater or less resistance, For wires the resistance in
creases as the ll!ngth 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 croBs-section:-

Sih'er ..•••..... 1. :Mercury .......•.•.•..•....... 64, 
Copper .......... 1'04. Bismuth .....•••.•.•..•....... 73. 
Iron ............ 6'6. Carbon .............. about 3,000. 
German siher .... 13 to 20. ·Water .•.. " .. more than 1,000,000. 
Platinoid .•. -..... about23. ·Wood (dry) .. morethan 10,000,000. 
J\fanganin .....• about 29. Glass (cold) ., .. more than a billion. 

194. Rheostats, etc.-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 rheostat or regulating resistance is 
a conductor so arranged that the 
amount of it through which the 
current flows can be readily altered. 
Resistance boxes (§ 219) are rheostats 
in which definite amounts of resist
ance may be introduced or withdrawn 
as desired. 

Va1'ley'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, 

• t.he 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. I 

Liquid rheostats are satisfactory. In these plates of 
copper are immersed in a solution of copper sulphate, or 
plates of zinc in a solution of zinc sulphate. 
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Fig. 180 shows a conyenient arrang'cment: A wood strip, A (soaked 
in paraffin), rests on a glass yessel. The central part of the wood is cut 
away. Two terminals at B are fixed to a copper strip: similarly a 
pair at C. Each copper plate is supported by a stout wire which 
passes through 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 be increased by increasing their distance 
from each other, or diminishing the del,th 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. 

Fig. 180. 

195. Accessories, etc. -1. Connecting wires. Stout 
copper wire covered with cotton or insulating material: 
e.g. bell-wire; gauge 18 (0'048 inch diam., 0'0018 sq. in. 
section) is a useful size; this will carry five amperes 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 l"ell10ved (by scraping with a blunt knife) from 
the ends of wires over a length of about i inch. The bare 
metal ends are clamped by binding screws, etc. 

2. Binding and connecting screws (Fig, 181). These are 
of various shapes and sizes: a is 
more suitable for joining thin wires _ t-'. . to instruments, b for thick (the hole 

,_ <.:- I I --- prevents slipping): Fig. 182 shows 
, a connector for two wires. 

Fig. 181. 

a 3. Pap or Press key (Fig. 183). 
The terminals, P, P', are screwed 
to metal strips, .It B', of which B is 
"springy." The base, C, is of wood 

or ebonite. (FAlonite is used when high insulation is 
re<)_uired.) 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. 

H 

,ST 5¥8·'ST; 
D' 

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. 

b~ 
~ 

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, .A, B, C, D, separated 
r;r'\ \ from one another, are fixed to 

an ebonite or wooden base. 
Each plate carries a terminal. 
There are two plugs, P, that 
can be pushed into the gaps 
between the .plates. . Fig. 186 

Fig. 186. illustrates a second form. A 
thick piece of "wood has four 

1I.oles, A, E, C, D, bored half-way through it. 'fhill 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 A is connected with B, and 
o with D, or (n) A with 0, 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 
I. the adjacent plates or holes 

S~B '\.a C D , n 
Fig. 187· 

A, 0 and B, D are joined, in II. A, Band 0, D. The 
directions of the current in the battery section are the 
same in both cases, in the galvanometer section they are 
opposite. 

ELECTROMAGNETIC EXPERIl\1ENTS. 

Exp. 228,-Arrange a Leclanche cell,press-key, and electrio 
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. 

" • 
The essential parts of an electric bell are the gong, the electro-

magnet, the keepeI"of the magnet to which the striker is attached, and 
the arrangement called a make and break for starting and stopping the 
cl).rrent. 
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Exp. 229.t-Relation between the sense or direction of 
a current and the deflection of a magnet produced by it. 
(Ampiwe's rule.) Join the terminals of a cell (LeclancM 
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 

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 -end of compass 
deflected. 

Above the compass .. North to south 
Below the compass North to south 
Level with the compass\. North to south on the east side § j 
Level on the west side § North to south 
Above the compass ,. South to north 
Below the compass South to north 
Level ()n the east side § South to north 
Level on the west side § South to north 

I 

t Note that Exp. 229 gives methods of determining direction of 
current. 

t Or join a long wjre to one terminal of "~he 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 c~refuUy fl(~-
iusted 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 agtlinst Current 
I 

N -end of compass 
deflected. 

N -end of compass " up wire \ S-cnd of compass " " ,I 
N-end of compass ., down wire \ 
S-cnd of compass " " 

, 

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 head, 
and to face the N pole of the compass needle; then the 
N pole tends to be defl~ctecl 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 applying 
Ampere's and Maxwell's rules to each case. 

Exp. 230.-(1) Identify the paTts of cells provided. Build 
from them the complete cells. (2) Determine the + pole of 
each cell. (1) See §§ 186, 187, 189. (2) Arrange cell, 
compass needle, wire, etc., in one 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 Ampere's 01' Maxwell's rule. Remember that in 
the external circuit the current flows from the + pole. 

For example, if when the compass is placed abo.e the wire its N 
pole is deflected east, then the man lies on his back with his head 
northwards: the ellrl'fnt flows from heel to h<;;~d. 

Exp. 231.-P1·epare a Bm1sen Battery. (Two celli! irt 
series.) See § 188. 
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Exp. 232.-Test the polarity oj a solenoid.t (1) Wind a 
piece of insulated copper wire (No. 18, say) round a pencil 

or a glass, brass, or cardboard tube 
...... /(r;,_ (half-inch diameter, six inches 

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, S. It is con
venient to introduce a commutator, 
J{, 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 hy testing the ends of the 

suspended solenoid with the poles of a hal' 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 RULE: If when looking 

t A ,olenoid is an elect·rical term for the spiral -obtained by winding a 
wire round a cylinder: it may be right-handed (Fig. 189) or left
handed (Fig. 196). The threads of common screWf 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, (ii) 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.-Excite an electro-magnet. Join a Bunsen or 
secondary battery of two or more cells with the terminals 
of a horse-shoe electro-magnet. Include 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 current, 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 keeper 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, h~wever, disappears when the keeper is pulled off. 
(n) When there ijl a thin gap (the thickness of a sheet of 
paper) between the keeper and polar sfIrfaces, the residual 
magnetisation i.s much less than when the keeper is in 
metallic contact with the poles. 
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Exp. 235.-Map tlLe magnetic field th1'ough a cir~'ular 
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 magnetio 
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 pn,per for that used in 1. 
Join the terminals of the hoop to a voltaic cell (Dtwiell or 
secondary) ane1 rheostat. Adjust the resistance so that a 
compass needle placed at the centre of·the hoop is deflected 
40° or 50° from the meridian. '1'hen lllap the field 
thoroughly. 

EXPLANATION. The lllap 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, etc., in the laboratory. 

The map obtained ill the second C,Lse 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 (ii) the Earth, '1'he 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. 

EXPERIlIIENTS ON ELEOTROLYSIS. 

, Exp.236.-Elecl1·olyse copper s1tlplwte sol1ttion.t A glass 
containing copper sulphate solution is required. Join a 
stout copper wire t:o each terminal 0& a Bunsen cell. 
Dip their ends (two or three inches) parallel to one another, 

t The experiment affords a means of determining the direction of a 
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 
zinc of the cell). 

196. NOTE O:l' NO.YENCLHURE.-Elect,·olysis is the chemical decom
p(Jsition of a li'[llid by the electric current; the electrolyte is the liquid 
that undergoes decomposition; the ,voltameter is the vessel containing 
it. The elect.'odes are the plates by which the current enters or leaves 
the voltameter, the positive (+ ) or anoile being that by which it enters, 
and the negative (- ) or !cathode being that by which it lea"es; thus 
the anode and + pole of baLtery are connected together, also tho 
kathodo and - polo of battery. The iOlls are the products of the 
decomposition. HydJ:ogen and metallic ions are often called electro-

. positive radicals, they appear at the kathode; Oxygen, acid radicals, 
and the halogens aro electronegative and appear at the anode. (Note 
that a volta1l1ete,' is a measurer of quantity of electricity, sometimes of 
current (Exp. 239); a voitmciel' (~ 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
tional to the quantity of electricity that has passed through 
it. Hence if a mass, 1n, of a metal (say silver, or copper) 
is deposited in a voltameter, the quantity q£ electricity 

q oc m, 
or m = 1IJ.q 
where w is a constant. If a constant current, 0, is main
tained for t seconds, the quantity of electricity q = C.t. 

Hence m = C.w.t. 
The constant, w, is called the electro-chemical eq1~ivalent 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 tP.eir respective chemical equivalents. 
Hence, if one is known, others may be dMuced 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. 

Sub~tance. Silver. Hydrogen. Copper. Zinc. 

Chemical equivalent 107'94 1 H63'44) !(65'38) 
Electro-chemiCal} 
equivalent ingnns. 0'001118 0'00001035 0'0003286 0'0003386 
per coulomb 

When a current of 1 ampere is maintained a coulomb of 
electricity flows past any section of the circuit pel' second. 
Therefore 1 ampe1'e deposits 0'0003286 gmmme of copper 
per second from a solution of copper sulphate. 

Hence 

(
Mass in grammes) (current) (Time in seCOndS) 

of copper = 0'0003286 x in X during which . 
deposited amperes the current flows 

Then if a constant current is passed tlu'ough a solution 
of copper sulphate for a definite time (t sees), and a mass 
(m gyms.) of copper is deposited on the kathode, then 

C = m/O'0003286 x t ampl'1·es. 

If the electrolyte is silver nitrate, then 
C = 111/0'001118 x t amperes. 

A current of one ampere when passed through dilute sul
phuric acid decomposes 0'00009326 grms. of liquid per 
second, and Zibeyates 0'1733 cu. cm. at N.T.P. of mixed 
hydrogen and oxygen. When the temperature is tOC. and 
the barometric height H. nUll., then the volume in cu. cm. of 
mixed hydrogen and oxygen is 

O'1733x 760x (273+t)/Hx 273 per ampere per second. 

198. To arrange a voltameter for the electrolysis of 
water.-l. The electrolyte. Ordinary water is a very poor 
conductor of electricity, hence it electrolyses Tery slowly. 
If it is acidulated with sulphuric acid the result of the 
electrolysis is the flame 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 it Hofmann voltameter: The three 
vertical tubes join at the bottom. The electrolyte is 
poured into the bulb, B; on slightly openinO' the taps at 
S, S, it rises in the tubes, T, '1'. '" 
When these are full the taps are 
closed. E, F are two platinum 
electrodes, each joined to a ter
minal, t. On connecting these to 
the plates 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 - electyode. 
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 opene,l, 
while the oxygen rekindles a glow
illJ splinter of wood held simi
letrly. 

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 have these graduated into parts 
of equal volume), is separately filled 

$ I 

, 

II 
11 

8 

with the liquid. The open end, Fig. 190. 

'\ 

closed by the thumb, is immersed 
in the liquid t in V, adjusted, the thumb being removed, 
over the electrode, ,E, and held in pljtce by the cross-
piece, O. The terminals, t, t, are joined to the battery. 

... l' The acid, if sufficiently dilute, will do no real harm to the skin. 
PRo 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 ohort delivery tube 
(shown dotted) through the fourth. There are two marks, 

T T 

Fig. 191. Fig. 192. . 

x, Y, one above, the other below, the bulb of the pipetw. 
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 electl'ode (two required) take a strip of platinum (1" by f') 
and weld (see Appendix) it to a piece of platinum wire 11" long). Fuse 
the wire through a piece of glass quill tubing 80 that t 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 anei simple modification of"a common form. The 
mercury connections 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 one eI\d to dip ill 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). Show that if a 
constant current is maintained through a water voltameter 
the volume of hydrogen or 
oxygen produced is pro· SOH 
portional to the time during 
which the ·current flows. 
Join in series a Bunsen or 
secondary battery (2 cells), - V 
S (Fig. 193), a water· 
voltameter, V, having grad. 
uated (say in cu. cm.) Fig. 193. 
collecting tubes, a carbon 
rheostat, PR,.and plug-key, K (plug out).t 

(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. cm. 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, 30, 35, 40 cu. cm. of hydrogen have been collected, 
and 6, 8, 11, 13, 16, 18, 21 cu. cm. of oxygen·t 

Tabulatc (i) volumes of hydrogen, (ii) time in seconds; 
(iii) volumes of oxygen, (iv) time in seconds. Plot on 
the same sheet (1) volumes of hydrogen with regard to 

t Note that the dir~ction of current through. the circuit may be 
inferred by identifying the gas liberated at either electrode. 

t The readings itr 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 ordinaU:l 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 cond1wtors. 1. Join in series 
two Bunsen or secondary cells, a watel'-voltamewr, 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 graduawd tube may be used.) 
Fill the voltamewr 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 definiw 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, voltamewr, etc. Again observe 
the time taken to collect the same amount of hydrogen as 
before. 

3, etc. Repeat with wires of equal lengths and diameters 
of platinoid, manganin, etc. 

'rhe 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. 239.-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 
tlte same volume of hydrogen or of ml'xed gases, when 
various lengths of Ihe wire are respectively in ~ircuit: viz. 
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(i) the whole wire, (ii) 0·8 of the length, (iii) 0·6, (iv) 0·4, 
(v) 0·2, (vi) 0·1, (vii) none. 

Tabulate (i) lengths of wire, (ii) times. flot the latter 
as ordinates to the former as abscissae. The graph is a 
straight line (it does not pass through the origin). 

EXPLANATION. The intercept on the axis of abscissae 
is the length of wil·e 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 are 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 secondm·y cell. The lower ends of 
two strips of lead are immersed in dilute sulphuric acid j 
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 tne current for some time, 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 dllring charging is in the opposite sense to 
that applied by the battery, i. l. it is a counte1·- or back
E.M.F. 
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199. Copper voltameter (see 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, A, A', 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, 0, 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, T, so that K is 
supported between A and A'. (In the lower figure A' is only partly 
drawn in order to show the position of K.) 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 eoppet· plates.-(i) 
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), 
lift out and immerse in a jug 
of tap water, finally rinse in 
distilled water. Do not touch 
the plates with the fingers; 
always interpose a doubled 
strip of paper when it is 
necessary to handle them. 

Fig. 194. Lift thDm by the attached 
wire, or by a copper hook in

troduced into the hole in the projecting lug. (ii) When the kathode 
is removed from the copper sulphate solution, plunge it at once into 
water very slightly acidulated 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 it 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 elect?'olyte is prepared by adding one per cent. by volume of 
strong sulphuric acid to a solution of density 1'18 (about) of re
crystallised copper sulphate in tap water. 

t Unless well cleanc"l the copper deposit wirl not adhere. There 
should be no trace of brown oxide on either side . 

• 
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ELECTROMAGNETIC INDUOTION. 

Exp. 241. On Electromagnetic Incluction. 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 negntive 
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.t 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 nea.rly half the length of the magnet ( 
into the coil: note whether the index moves to the right or 
left.t 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 opposite 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 i'jstance, the prelimi~ary test (3) shows 
that the index moves to the right when current leaves the 

• t With an indicator like that of the galvanometer shown in Fig. 205 
describe the detlection as clockwise or counter-clockwise. 
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galvanometer at the left-hand terminal, and the observa
tions of I. show tlw,t 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. '1'herefore the induced polarity is 
north. Hence there is repulsion between the coil and 
the approaching N-pole. Record as in the table below. 

I 

Operation. Deflection. Polarity of face I 
~ 

1 
2 
3 
4 

-

N -end approaching .. 
N -end receding .. 
S-end approaching .. 
S-end receding .. 

Magnet approaching Coil 

E'ig. 195. 

of coil. 

" .. (right or left) (north or south) 
" 

" 

Pnmary current rncrefMi1t!} 

Fig. 196. 

II. Join one or two cells (Bunsen or secondary) in series 
with a plug key (plug out) and a solenoid t (spirals, 
~-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 def:l.ection: also on withdrawing. 
Repeat, using the other end of the primary. Also when 
the solenoid has an"iron core. In each 'bse determine the 

t The solenoid joined with the battery is calle'll the p,'ima,.y, 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. 

I Operation with primary. Deflection. I Polarity of face 
of secondary coil. 

1 N-end pushed in .. .. 
2 N -end pulled out .. .. (right or left) (north or south) 3 D-enli pushed in .. .. 
4 D-end pulled out .. .. 

-

5 [When the primary has an iron core the deftections lire the 
etc, salle in direction as above, but are of much greater magnitude.] 

I 

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 nearer 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. 

2 

3 

4 

Operation with primary. 

Current made so that the end, 
A, of primary is an N-pole 

End, A, of primary an N -pole 
(current broken) .. . . 

Current made so that the end, 
A, of primary is an S-pole I 

End, A, of trimary an S-pole I 
(current roken) •• •• , 

Deflection. Polarii y of face 
of secondary. 

(right or left) (north or south) 

-
Hence in an induction coil (§ 202) the induced currents 

are alternately in tlpposite senses as too primary circuit is 
made and broken. 'When, however, the coil is provided 
with a condens~', only the induced current at break dis-

• 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 III. 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. 

Operation with primary. 1_ Deflection. 

a. Current flowing so that the I 
endof primary is an N -pole 

1 Iron core introduced. . • . 
2 Iron core withdrawn .. (right or left) 
f3 End of primary an S-pole .. 
3 Iron core introduced .. 
4 Iron core withdrawn ../ .. 

'r! Polarity of face 
of secondary. 

I 
(north or south) 

200. EXPLANATION. The experiments show that the in
duced current flows one way (sometimes called the inverse 
induced cttrrent) 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,1- (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 ~f a North pole is 'lLpproaching, 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. 
III. 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 ofthe 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 .A 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- PI"imary magnetisation de-
C1·easillg. creasing. 

Primary End B, an S-pole. . . . End B, an S-pole .... 
End A, an N-pole. End A, an N-pole. 

Secondary End n, an N-pole. . .. End n, an S-pole .. " 
End C, an S-pole. End C, an N-pole. 

Polarity 
Total mag
netisation 

Unlike poles adjacent. Like poles adjacent. 
Less than the magnetisa- Greater than the magnetisa-

tion or primary. Uon or 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 
electromotive force to 
which the induced current 
is due is dependent on the 
change per unit time in the 
flux through the circuit. 

The fluX is the number of 
magnetic lines of force. The 
magnitude of the induced 
E.l\I.F. also depends on the 

P S 
Flux increasing 

Fig. 197. 

number of convolutions of the solenoid. 

p s 
Fluor decreasing 

Fig. 198. 

The direction of the induced current is such that the 
magnetic field a'isociated with it afts in conjunction 

t When a curre~t is made or broke~ in a circuit it does n~t re3;ch i!s 
maximum strengtli nJr become zero mstantaneously: a finIte tIme 18 
required to effect the change, and it is during this short interval that 
the induced E.l\I.Fs are de,-eloped. 
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(Fig. 198) with the inducing field when the latter is 
diminishing in intensity, in opposition (Fig. 197) to tlie 
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 ind1wed in S, then the direction of this 
induced current is such that it tends, by its electromagnetic 
action on P, to oppose the relative motion of the circuits. 

NOTE.-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 Ruhmkorft' COil.-Fig. 199 shows 
a common form. The cylinder, AB, consists of a core of soft
iron wires, round this a primary solenoid of thick copp~r wire 
is coiled. The secondary solenoid 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 tqe coil is at work sparks pass betweE:ln 
the points if their distance apart is not too great. 

The function of the "make and break" 1s to magnetise 
and demagnetise the primary rapidly and regularly. The 
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stiff metal pillar, c, 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, 0, can be adjusted into contact with the flexible strip, 
d, bv turning the head. 

Fig. 19(\. 

The function of the commutator is t{) reverse the direction 'of th~ 
current through the primary when desired. It is also usually IIrrnnged " 
to set or stop the apparatus working. In the commutator shown at D 
(Fig. 199) two brass plates, insulated from one another, are fixed to an 
ivory or ebonite cylinder. By turning the screwhead,"', so that the 
plates come into contact with the springs, p, q, the circuit is completed', 
Rotating the cylinder through two right angles reveraes, the direction 
in which the current flows through the primary. Rotati\1g- it throngh 
one right angle breaks the circuit. 

To set the coil working.-(l) See that the commutatOl,' i~ 
off, so that the circuit is broken. (2) Connect two or thteq 
Bunsen or secondary cells with the terminals, a, b. (3) Mal):q 
the length of the spark gap small. (4) Adjust the head, C" 
so that the screw end touches the spring, d. Longer spark~ 
may be obtained by screwing more tightly. (5) TUlll th~ 
commutator so that the circuit is completed. Remember 
that the immedi1j.te neighbourMod ~f t~le spark gap i~: 
dangerous; do not touch the metal mountmgs or any p:nf 
of the apparatus, except the handle of the cOlllmutaWl', 
while the coil is working. 



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 coil 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-cnlled electro-dynamometers the wire through which the 
current is passed is wound in two coils, one fixed, the other mo\'able : 
there is no permanent magnet. In hot-wi"e 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 galvanomete1' 
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 
(a) 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. Jj' '. 

t The part that undergoes deflection, whether co/npasB 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 qllantity of 
electricity discharged from a condenser. Such a needle will prac
tically not move from its initial position during the short period of 
discharge, and hence receiYes 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 lfLW connecting deflection and current is simple are 
spoken of as galvanomete1's, 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 calibmtion. To effect 
this, currents of known value or ratio are passed through it, 
and the resulting ~ositions of the poiJlter on the scale of 
the instrument noted. The observations are plotted, cur
rents as ordinat'8s, scale readings as abscissae. The graph 
obtained is called the calibration curve. By means of the 
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curve the instrument may be made di1'ect-reading, that is 
have its scale marked to indicate a unit current, its multiples 
a.nd sub-multiples. This may be done by finding from the 
calibration curve the deflections corresponding to currents 
I, 2, 3, etc., 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 equalparts. 

Direct reading instruments often have a vertical face 
and scale (Fig. 209) and the needle turns about a hori
zontal axis. 

An ampej'e meter (or ammeter) is usually a direct-reading 
instrument whose scale divisions are numbered to indicate 
amperes or practical units of current. When the pointer 
is deflected its scale reading is the number of amperes 
passing through the instrument. Similarly a voltmeter 
(Fig. 209) is direct-reading, it is graduated so that when it 
current passes through it the scale reading of the deflected 
pointe!' is the value in volts 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 ampere-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 layers. (In Fig. 205 the bobbin lies under the 
oircular card.) Sometimes the wire is wound on two or 
more bobbins. A terminal is connected to each end of the 
wire. 

Many galYanometers are wound with two independent 
lengths of wire on the bobbin, a pair of terminals being 
supplied for each wVe. Usually one wipding, called the 
low resistance coil, consists of comparatively few turns ()f 
thicker wire, the other, called the high rellistance coil, of 
many turns of, fine wire. 
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IJifferential Galvanometer. In this there are two independent wind
ings, of equal length, of the same size or wire, wound side by side, 
and so arranged that when equal cOl'l'ents 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 t]1e 
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. Pivotecl magnets aJ'e 
used in the less sensitive instruments, especially in diJ:ect
reading ones. In the more sensitive galvanometers the 
magnet is suspended by a sill;: fibre. 

The advantage of silk fibre is that, when twisted, it has little tendency 
to untwist. To minimise what there is tho fibre should be long and 
fine. Fibres, however, are easily broken. 

Single needle galvanometeT (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
side th.e bobbin, over a 
circular scale. By wind-
ing the bobbin with a Fig. 200. 
large number of turns 
of fine wire a sensitive and useful galvanometer can be 

nstructed. 
Reflecting single needle galvanometers are shown in 

Figs. 201, 202. The bobbin, R, sUl'rounds a mirror, m 
(t inch diameter), a~ the back of which iii placed a short 
magnet. The mirror is suspended by a silk fibre. The 
optical arrangem~nts and adjustments are described in 
§§ 37,38. The large magnet NS is the control magnet; its 

PRo PRY. 21 
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IJijferential 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 arc 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 
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 little tendency 
to untwist. To minimise what there is the fibre 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 wOlmd. 
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 th.e bobbin, over a 
circular scale. Eywind-
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 galvanomet€rs are shown III 

Figs. 201, 202. The bobbin, R, surrounds a mirror, m 
(! inch diameter), a~ the back of which ill placed a short 
magnet. The mirror is suspended by a silk fibre. The 
optical arrangemi.-!nts and adjustments are described in 
§§ 37, 38. The large magnet NS is the control magnet; its 
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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 galvanometers. 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 nmtral equilibrium, wd would therefore 
not Bet itself along any particular lme. This ideal can 
only be roughly realised. One methoc! 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 galvanometers. 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 n .. utral equilibrium, a:nd 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 

Ii 

Fig. 203. Fig. 204. 

the S-end of the other pointing III the same direction 
(Fig. 203). The 
combination, after 
30nstruction, will set 
ltself along a definite 
line, the direction of 
which varies with 
lifferent needles . It 
may, by judicious 
;wisting of the wire 
;hat holQ_s the needles 
Lpart, be made to set 
)ractically at right 
mgles to or in the 
neridian. 

An astatic galva
lOme tel' may have one 
}obbin surrounding 
me needle (say the 
.0wer(Fig. 204)), 01' a 
}obbin surrounding 
~achneedle (Fig. 203) 
: often adopted in re
lecting astatic gal
ranometers) . Note 
. hat in these cases tl€ 
'orces due to the 

\ . 
Fig.2Ci5! 

:urrent in the portions of the bobbins above and below the 
Leedles· all tend to deflect the combination the same way. 
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the S-end of the other pointing III the same direction 
(Fig. 203). 'r'he 
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 the needles 
apart, be made to set 
practically at right 
angles to or in the 
meridian . 

.An astatic galva
nometermay have one 
bobbin surrounding 
one needle (say the 
lower (Fig. 204)), or a 
bobbin surrounding 
each needle (Fig. 203) 
( often adopted in re
flecting astatic gal
vanometers) . Note 
that in these cases tLe 
forces due to the 

~ 
Fig.2CIH 

current in the pottions 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 lengthenecl by a light piece of wire) 
moves over a graduated circle. }<'requently the bobbins 
are mounted so that they can be turllecl independently of 
the base. It is then possi1lc to adjust the plane of the 
bobbins parallel to the needles without cli!:!tmbing the whole 
instrument. 

206. Moving-coil galvanometel's.-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, ]1, of a permanent magnet. The 
upper end of the rectangula.r 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, 

7ft 

Fig. 206. Fig. 207. 

w', and spring; from this a wire passes to the other terminal 
of the instrument. 'rhe mirror, m, fix.ed to the eoil serves 
in connection with lamp and scale to measW'e 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 inst.rument. 

In moving-coil galvanometers the su~pension is of fine 
metal wire or stdl-'; this is twisted when deflection occurs. 
Sometimes a bifilar suspension is adopted: that is, the coil 
is hung by two wires placed pa,rallel a~d close together 
(Fig. 207) . 
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Fig. 205 illustrates Nouili'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. l<'requently the bobbins 
are mounted so that they can be turned independently of 
the base. It is then possihle 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 meta,} strip, 
w, between the poles, ]JI, ]JI, of a permanent magnet. The 
upper end of the rectangular coil is connected with the 
suspension, w, and thence with it terminal of the in
strument. The lower end of the coil is joined to the wire, 

m 

Fig. 206. Fig. 207. 

w', and spring; from this a wire p~tsses to the other terminal 
of the instrument. The mirror, m, fixed to tIle coil serVes 
in connection with lamp and scale to measure the deflection 
produced. C is a cylinder of soft-iron helJ. within, but.de
tached from, the movable coil. Fig. 207 is an illustration 
of a moving-coil instrument. 

In moving-coil galvftnometers the suspension is of fine 
metal wire or strl,!:,; this is twisted wh611 .leflection occurs. 
Sometimes a bifilar suspension is adopted: that is, the coil 
is hung by two wires placed parallel a~d close together 
(Fig. 207). . 
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Fig. 208 shows another pa~tern 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 placecl inside a tube, which is of 
silver when the galvanometerl 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 fitt.ings . (Generally 
this form of galvanometer should be insulated 
by l'esting each levelling screw on an ebonite 
disc.) 

I ,'. 

I!!![~; 
... -~--'= .... =-..~ 

Fig. 208 . 

Fig. 209 shows a voltmeter of the moving-coil type. The ends of the 
sleel horse-shoe magnet nrc l,rovided with soft-iron pieces projecting 
inwards. The moving coil is wound on a copper frame and has a 
pointer attached to it. The frame is mounted on pivots working in 
j ewels and arrangeLl ~to turn about a horizOlltAl axis: i ts motion is 
controlled by small " hair " springs. Inside the coil and concentric 
with it there is a tlxed soft-iron cylinder , This in conjunction with 

I the soft-iron proj ections 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 phLCell 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 insulateu 
by resting each levelling screw on an ebonite 
disc.) 
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Fig. 209 shows a voltmeter of the moving-coil type. The ends of the 
sleel horse-shoe magnet are l,rovided with soft-iron pieces projecting 
inwards. The moving coil is wound on a copper frame and has a 
pointer attached to it. The frame is J1lounted on pivots working in 
jewels and arrangecl'to turn about a hOrizOh~Al axis: its motion is 
controlled by small "hair" springs. Inside the coil and concentric 
with it there is a tlxed soft-iron cylinder. This in conjunction with 

• the soft-iron projections on the poles of the horse-shoe magnet 
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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. 

Fig. 209. 

Such an instrument can also be used indirectly as an ampere
meter (§ 204) . 

201. Magnetic field due to a current flowing round II circular 
hoop.-The magnetic field produced is of neady uniform intensity [It 
and near the centre of the hoop, and along the pel'pendicular throu",h 
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, abed, is that of approximate tmiformity.) 

The i1/.tcmityof Ihe maglletic fleld at the een"'c of a hoop, 1 cm. in 
radius Ilnd carrying unit current (C.G.S.) is by definition 2". dynes. 

When the :radius is ~' cm. unit current gives :l~ the centre of the hoop 
flAil-intensity = 2 ".,./,.2 = 2 1r/1'". 

t 'rhe figure is tho field of the coil uninfiuencecf 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 CUlTents induced in the copper 
frame. 

Fig. 209. 

Such an instrument can also be used indirectly as an ampere
meter (§ 204). 

201. Magnetic field due to a current fiowing 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 great~r than one-tenth the diameter. 
(Fig. 210 shows the lines of force produced by a current in a circular 
hoop.t The space, abed, is that of approximate uniformity.) 

The intensity of the magl/etie field at the cent,'e of a hoop, 1 em. in 
radius and carrying unit current (C.G.S.) is by definition 2". dynes. 

When the l'adiuB is!' cm. unit current gives a~ the centre of the hoop 
jie!,i-intensity = 2 "'''/1'2 = 27r/t·. 

t The figure is tho field of the coil uninfluence<! by the earth. A 
resultant of coil and earth is obtained in Exp. 235. 
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The direction of the magnetic field at 
the centre is perpendicular to the plane 
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. 

Let D be the angle between the 
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Fig. 210. 

direction of the resultant 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 = 211"n. C/r ; :. C = ,·.H . tan D/211"n. 
If the current be A amperes, since 1 C.G.S. unit of current = 10 
amperes, 

: • .A. = 10 r.H . tan D/211" n. 
Now rand n depend entirely on the construction of the coil, the 

quantity r/211" n is therefore invariable. The value of its reciprocal 
211"n/,' is caUed the coil constant. 

208. The tangent galvanometer is constructed in such ~ 
it 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 
greltter than one-tenth the diameter 
of the hoop. Fixed to the magnet at 
right angles is a long light pointer of 
wire or aluminium (" lozenge "-shape, 

I like Fig. 139). 'the ends of this 
Fig. 211. move over a circle graduated in degrees, 

etc. 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 galvanometer IS 

given in § 214. 
Galvanometer constant.-It was shown (§ 20i) that 

A = 10 ,·H. tan n/2 7r n. 
When a properly adjusted tangent galmnometer is used, lJ is the 
measured deflection of the needle. 

If the galvanometer is used at one place and H is the intensity there 
of the earth's magnetic field, then the whole factor 

10" HJ2 7rn = l'5\)2"1I/n 
will be constant. The value of this is called the working constant or 
reduction/actOl' of the galvanometer. Denoting it by X, then the 

CWTent in amperes = X. tan n. 
ThuB when Xis constant, A is proportional to tan n. 

RULE OF THE TANGENT GALVANOMETER.-When the 
instrument is in adjustment the strength of the current in 
the coil is proportional to the tangent of the angle of 
deflection it prod1wes. Thus the tangent galvanometer 
affords a men,ns of comparing currents, for two currents 
will be in the same rat.io as that of the t.angents of the 
respective angles of deflection, or 

0, : O2 = tan D, : t.an Dz• 
The value of the constant (K) need not be known in making a com

parison of currents, provided that the position 0/ the galvanometer is not 
altel'cd. 

If the value of X is known, then , the strength of the current pro
ducing a deflection, n, may be caloulated, either in amperes or C.U.S. 
units, by assuming A amperes = X. tan n. 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 allll a copper (or siher) voltameter 
in series with it. Find the mass (111) of copper deposited in t seconds. 
Note the angle of defie<;,q,on (lJ) of the galmnomej;er. Then 

A = m/0'000328 t, :. X = mjO'000328 t. tan n. 
The method is not convenient if the galvanometer has a high 

resistance. 
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2. t To find the constant from the data I of the coiI.-Apply the 
expression 

K = 1'592 ,. Hln. 
Count the number (11) of turns, and measure the mean radius (r), then 
calculate 1'592 ,./n. Assume the value of H (it may be determined 
as in § 177), calculate K. 

3.t The following is called an absolute metho,d of measuring current. 
Use a well-made tangent galvanometer. Count 11, measure ,. (mean). 
Determine the value of H at a convenient place in the laboratory. Set 
up and adjust the galvanometer at that place. Pass ourrent through 
the galvanometer, note, IJ, the deflection produced. Then the 

Clt'Tent ill absolute (C.G.S.) units = r H. tan IJ/2 ?Tn. 
4. The value of H may be obtained by determining K by electro

deposition, measuring r, t and counting 11. Then 
H = K n/1'592 r. 

209. Rellecting 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 practica,lly holds. In the moving-coil type the 
angle of deflection itself is proportional to the current. 
As however the angular deflections are in either Case small, 
the displacement of the index on the scale, the angular 
deflection, and its tangent are proportional (§ 36), hence 
the rule below. 

RULE OF THE REFLECTING GALVANOllIETER.-The cur
rents th?'ough a ?'eflecting galvanometer al'e 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 w.d a controlling cou~):~, and equilibrium 

t The bobbins fnust be accurately circular, Rnd yery 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 is due to the current in the coils, the 
controlling couple to the magnetic field of the Earth or 
of the Earth and another magnet. In the latter case the 
added magnet is called the controlling 01' governing magnet. 
It may be arranged so that its field acts in conjunction 
with or in opposition to the Earth'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 Earth's field, and therefore the controlling 
forces are incre'Lsed. When the N -end of the control 
magnet points northwards it acts in opposition to the 
Earth's field. If now the control magnet is 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. REMEMBER that a 
given current prodttces (J, greater deflection when the con
trolling field is weaker. 

In the moving-coil type of galvanometer the loops of the suspended 
coil should when undcfiected lie roughly parallel to the lines of force 
between the poles of the fixeu magnet. When current flows rounu 
the coil the magnetic lines of force associated with it tend to coincide 
with those of the permanent field, anu thus deflecting forces act upon 
the coil. When deflection occurs controlling forces are called into 
play by tho twisting of the suspending wire. This is an example of a 
torsion cOJltrol. 

In many amperemeters 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 suspenued coil when no 
CUTrent is passing through it. Also when the coil is carrying current 
there is practically no effect, because the field of the pennanent lnagnet 
is SO poworful that very little change is produced in it by bringing a 
magnet close to its poles. This is an important advantage of the 
suspenueu-coil type, ~.t), the inuications are th$refor€ unaffected. by 
mngnetic changes in the neighbourhood, as, for msiance, the runmng, 
etc., of dynamos. Instruments 01 the moving-maw;'net type are yery 
susceptibJe even to small magnetic changes, and are therefore trouble
some to work with when moving machinery is near. 
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211. Methods of damping.-A freely swinging needle may be 
damped oy putting it in a narrow cell (§ 172) or attaching to it a 
small vane of mim immersed in oil, or to a larger vane exposed to the 
air. 

Electro-magnetic damping is most satisfactory, and is e:ll'ected by 
allowing the 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 sih'er tube (§ 206). Electro-magnetic damping is due to the 
induced currents (eddy currents) set up whon there is relative motion 
between a conductor and a magnetic field (§ 201). 

212. Shunts, etc.t-Suppose the resistance of the coil of 
a galvanometer to be G and that when it carries a current, 
0 1 , the index is displaced to the limit of the scale: 0 1 is 
therefore the maximum current that can be measured by 
the galvanometer. Let VI be the P.D. at the terminals of 
the instrument, then VI = 0 1 G. Since G is constant, VI 
is therefore the maximum P.D. that can be applied at the 
t.erminals. Thus if 0 1 = 1/1000 and G = 200, then VI = 1/5. 
The range of the instrument mn,y be extended by using 
(1) iL controlling magnet; (2) a shunt or resistance in 
parallel with the galvanometer coil; (3) a resistance III 

series with the galvanometer coil. 
1. The control or governing magnet (§ 210). 
2. Shunts. A. galvanometer is said to be sh1tnted when 

its terminals are joined by a wire (called the shunt). 
Fig. 212 indicates the arrangement. The 
galvanometer wire of resistance G is in M 
parallel with the shunt of resistance, S. C . /8 G 
If 0 is the Cl1rrent round the circuit, and 
CI that through the galvanometer, then 
(§ 218) cjO = S/(G + S). If G and S 
are known, then the rat.io of 0 to CI 
can be calculated. Thus if G = 200, 
8 = 40, then 0 = 6c1. Fig. 212. 

Usually a galvanomeler is provided with sevcml shunts of resis
tances G/9, G/9U, G/999, etc. ,,'ith these the main currents are 
respectively 10, 100, 1000, etc., times the galvanometer currents. If 
lhen a galvanometer jndicatcs a maximum current of 1/1000 ampere, 

t 'fo nnderstan'fi this section the student should be familiar witb 
Ohm's law, etc. 
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it will indicate currents in the main circuit up to 1/100 ampere. with a 
shunt whose resistance is Gig, up to 1/10 ampere with shunt 
G/99, and up to 1 ampere with shunt G/999. Fig. 211 shows an 

arrangement of resistances in a s"unt
box. A plttg is placed in one of the 
gaps a, b, or c, between the brass pieces. 
The numbers 1, 10, 100 indicate the 
ratio oj' the main current, C, to the gal
vanometer current. (The respective 
shunt resistances arc "', G/g, G/99.) 

Note that the combined resistance of 
galYanometcr and shunt is less than that 
of tho ga1Tanometer itself. Hence the 
main current will increase in value 

C C owing to tho diminished resistance of 
. the circuit. 'Vhen it is desired to keel) 

Fig. 213. the main curront constant, a compensat-
ing resistaNce equal to G-{GS/(G+S)} 

must be added to the main circuit. 
GRlmnomoter Resistance (G) 
Shunt Resistance (8) = I Gj9 ! G/99 I G/999 
Combined Hesisbnce = OS/ (0+8) (}/IO Ull00 G/I000 
Compensating Resist. = G-{GS/(G+S)} 9G/I0 199G/I00 9990/1000 

3. Resistance adcleu in series with the galvanometer wire. 
Fig. 214 indicates the armngeulGnt; 
the galvanometer coil of resistance, G, 
is in series with conductors of resist
ance, R. 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. If c) is 
the maximum current that the galva,. A C 
nometer can measure, v l = clG is the Fig. 214. 
greatest voltage between its terminals. 
Since 

V/v, = (G + R)jG 
if G and R are known then the l'l1tiO V/v , can be calculated. 
Thus V = 6 V1 when R = 5G. 

1£ sereml resistances' '!lG, 990, 999 G are protJded, then V = 10,·, 
or 100 Vi or 1000 Vi respectively. lIence if the maximum rending of tho 
gah'anometer is 1/10 volt it will indicate up to 1, 10~ or 100 volts Vlhen 
these resistances are respecti ,ely joinecl in cireuit. 
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213. Adjustments and tests of a galvanometer.-l. Join 
the appropriate parts of the circuit to the terminals of the 
instrument, which shoulcl he placed away froUl 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 
~he needle swings freely and the index rests over the zero of 
,he scale. (This is not always necessary.) Levelling and 
)ther screws are provided so that the adjustment may be 
~ffected. 

In moving-magnet instruments since the needle tends to 
let itself along a definite line, e.g. the magnetic meridian, 
;he coils and scale must be adjusted to the needle 
:§§ 205, 214). 

In moving-coil instruments the head to which the 
mspending wire is attached can be twisted, and thus tho 
~oil adjusted until the index is in position. (In Fig. 20 
,urn the milled edge at the tpp of the long tube.) 

When the needle is pivoted the instrument should b 
rentl!! tapped witll the tinger whenever the position 0 

,he pointer is to be observed. 
For the optical adjustment of a 1'eflecting galvanometer 

lee § 37. 

3. When an instrument is proyided with seyeral independent coils, 
he relation between the windings Hnd terminals should be examined. 
;rumber the terminals 1, 2, 3 .... from left to right. Join 1 to the 
I- pole 0:1' a cell, join 2, 3 .... in turn to the - pole; observe 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 
etlections; and so on until all have been tested. Record the results 
nd deduce the arrangement of the windings. 

4. Test whether the circ1tit external to. the galvano.meter 
ffects the needle Qf the instrument. Join bQth wires lead
tlg frQm the circuit to one Qf the terminals of the galvano-
1eter. Observe the positiQn Qf the pointer; then cQmplete 
ne circuit. If the pointer moves, the 60nnecting wires and 
'Qsitions of apparatus must be altered and the test 
epeated until there is no. effect Qn 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. 

3 and 4. See 3 and 4, § 213. 
5. Set the hoop accurately in the magnetic meridian. 

Adjust the resistance of the circuit so that the cmrent 
produces a deflection of about 45°. Read both ends 
(= Dl' Dz) of the pointer. Reverse the commutator and 
again read both ends (= D 3, D,) of the pointer. If the 
readings differ by more than 10

, 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 z) on the 
graduated circle of both ends of the pointer, then reverse 
the commutator and again read both ends of the pointer 
(D3' D.). The mean D = l CD! + D2 + D3 + D.) is the 
value of the deflection produced. 

7. In working with a tangent galvanometer the value of 
resistance in the circuit 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 300 and 600

• 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 700 these errors are relatively so 
considerable that the experimental results are unreliable. 

,,:, Jf ~). 

8. Determine the resistances R,. R, for which the deflections are 
about (i) 35°, (ii) 55°. (R, - R t ) is then equdi (roughly) to tho 
total resistance of the circuit (= Rl + battery + 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 (R2 - R J \ is of importance when a galvanometer has to 

be selected for certain tests. For the comparison of E.M.Fs (§ 228) 
the galvanometer selected mnst permit large valnes (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 
observe 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 ampere-meter, join it in series 
with the circuit, and observe the scale-reading to which 
the index is deflected. The resistance of the ampere
met~w 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 ~ffect of the control magnet of 
a galvanometer. Join in series a Daniell cell, resistance 
box, tap key, and reflecting galvanometer with control 
magnet. 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 magn:,Jt points. ". 

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 sensitiveness 

of the galvanometer may be changed by altering the 
strength of the control field. 

Exp. 243.-Find the constant of (I tangmt galvanomcte,· by ele811'0-
deposition. Join in series a constant cell (Daniell), carbon rheostat, 
copper voltameter, commutator, and tangent gaIYunometer (low 
resisiance). The galvanometer must be adjusted as in § 214, and tho 
voltameter, etc., prepared as in § 199. The method is described in 
§ 208 (1). 

First make a preliminary experiment. Join a low-reading ampere
meter in thc circuit in addition to the apparatus mentioned above. Ad
just resistances to give a deflection of about 50°, then note the current 
shown by the ampere-meter. Assuming that roughly speaking 1 
ampere deposits 1 gTm. of copper in 50 minutes, calculflte how long 
the experiment mllst continue in order that i grm. of copper may be 
deposited. If, for instance, the current is t ampere the time required 
to deposit i grm. will be i~ 50 x 3) = 38 minutes nearly. Hence run 
the experiment for 40 minutes. Remo\'e the ampere-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 thc commutator. 

Exp. 244.-Find the constant of a tangent gaimnometer f"om the data 
oj the coils, and assuming the vallie 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 
CUl'rent meaSUl'es the j'esistance (§ 193) of the conducto:t. 

NOTE ON SYMBOLS. The strength of current along a conductor is 
conveniently reprosented by C, tho resistance of tho conductor by It 
the potential-difference between its ends by V. 'fhe expressio~ 
potential-difference is abbreviated to P.D. or Pd. 'fhe term electro_ 
motive force (abbl'eviated to E,1I['},'. 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 inferenee from experimental results 
and is true after the circuit has been closed for a moment 
or two. (If the current is alternating, its magnitude does 
not generally depend only on potential difference and 
resistance.) The resi~tance of a conductor is a quantity 
that depends on its length, and area of cross section, its 
temperature, and material. As long as the values of these 
remain unaltered the resistance is constant. The resist_ 
ance is thus imlependent of the strength of the current 
through the conductor, and of the intensity of the magnetic 
field in which it lies.t The resistance of a conductor may 
hence be considered as one of its own constants, like its 

.., ,~I} 

t The resistance of selenium, however, decreases on exposure to 
light, and that of 'bismuth is considerably affected by the magnetic 
field. 

PRo PRY, 337 22 
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volume, mass, etc. It is therefore pos~ible to set apart a 
conductor as a permanent st<1lldard of re:;ista,nce, just as a 
selected rod is used as a st'111(1.ml of length or a particular 
solid body as a stallllard of 1naS8. The practical unit of 
resistance is cill1ed the ohm (see Appendix). 

Ohm's Law expressed in terms of Practical units.-Let 
the current along' a cOlllluctor be 0 amperes, the P.D. 
between its end,; 17 volt~, ilnd its resistance R ohms, then 

V=OxR 
or VoltB = Amph'es X Ohms. 
It mily also be written 

Ampcres = Volts -7- Ohms, 
and Ohms = Volts -:- Amperes. 

'1'he reciprocal (= 1 JR) of the resistance is called the 
conductance (see nl)te, § 217) of the conductor. 

Unit conductance is sometimes called the mho. A conductor having 
resistlmce R ohms has a conductance l/R mhos. 

217. Resistivity or Specific Resistance.-For conductors 
of the same materiill and at the same temperature the 
resistance (R) is directly proportional to the length (l) 
and inversely proportional to the cross-section (a) of the 
conc1uctor: that is, 

Rex. lfa or R = 8lja 
where S is a COllstctnt. ,\'hen l [Lnd a are both unity, 
R = S, that is, S represents the resistance of a piece of 
the conductor of unit length and unit cross-section. 

DEF.-The resisti'l,'ity (see note, § 217) or specific resistance 
of a substance is the resistance at 00 0. between opposite 
faces of a cube of the material when the edge of the cube 
is one centimetre long. 

NOTE that the figure specified is a cube whose edge is 1 em., this is 
rre'luently cnllccl the centiJJlcl1'c cube. To call it 11 cubic centimetre 
would be misleading, :pecaase the resistance of a cubic centimetre of 
the material would be ri~"ch greater when drawrt out into a fine wire 
than when formed into 11 thick conductor. 

The l'esistivity pel' 'inch cllbe is similarly defined, the edge of the cube 
being, however, 1 inch. 
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Resistiyity is usually CXllYCiised in microhms t pcr ,mit cube. 
'rhe rcsisti\'it~, or ('oppel' is nearly two-thirds of a luicrohm per inch

cube, or eight-fifths of a microhm per centimetre cube. 
The following relations hol<l 

( 

~esistanCe) ( ~~~::~~~tzYi;! ) "0!_'1_9t1_0n centi1l_wtres 
oj cond1wtO}' = 7. ( Cross sectiun in ) 

in ohms cen~i;:':e~1!/~1!be sqnm'c centimetres . 

>::illlCe . .' =' . n' (area of cross-section) 07854 (diameter in)2 
In square centzmetl'es cent'l11~etres 

... Resistivity of material in microhms pel' em. cube 

= (Re~ista~c~ ojwire) X 0'7854 X lDimn:__oi_.w0;_e i~~ em. )2 . 
tn l1Uclohms (Length oJ wwe tn em.) 

Nor" ON NmmNcL ITURF.. The following older terms are fre
quently used instmd of the ones in the tcxt : 

]{eu·c,·. 
Resistance. 
Resisti yity. 
Oonductance. 
Oonductiyit)'. 

Olde,.. 
Resistance. 
Specific Hesistance. 
Conductivity. 
Specific Oonductivity. 

The first part of the nowrr words indicate the qwmtity doalt ivith, 
the ending oily (-il'ity, -iiity) being usel] to express yalUI;S Xor a 
81)eeifiod volnme (e.g. one cul,ie centimetre) of tho snustanco, an(l the 
ending -anC8 being used to expl'(~ss the \ a1 no for p~rticnlar bo~ies 
without reference to their ?izo, mass, ole. Other examples of tbis 
nomenclature are pOl'lneability 
(ior specific magnetic con
ductivity), reluctance (for 
magnetic resistance), imlnot
ance (:for coefficient of seH
induction), impedance, react
ance, etc. 

218. Combinations of 
conductors. - Comluctors 
are said to be joined in 
series when ~m end of Ol1e 
is joined to an end of a 
second, the other end of 

Fig. 215. 

the second to all encl of a third, the other end of the 
third to an end of' a fourth, awl so Ol{' Hence the same 
current passes through ea,eh conductor. 

t The microhm i" onc millionth of an ohm (see Appendix). 
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Conductors are ~aid to be juined in parallel (or multiple 
a1'c) (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 seconcl point 
(terminal or strip). Thus a Cllrrent entering at one end 
divides, a part flowing along eauh conductor. 

RULES FOR COllBINATIOXS OF CONDUCTORS. 

1. When conductors are joined in series 
(i) the scone C1I1'1'ent passes thr01I!)h each; 
(ii) the total P.D. is dicidcd amongst the cond71.ctO)'s, the 

P.D. between the ends of each being proportional to the 
resistance of the conduciol',' 

(iii) the total 'J'esistance is the ctl'ithmetical sum of the 
resistances of each conductor. . 

The constancy of the current through en,ch part of a 
circuit of condnctors in series, and the drop of voltage 
along the circuit t)'re two facts of the highest importance. 

Exps. 254, 255 show that if the ends of a conductor are 
joined to two points on an electric circuit, the P.D. between 
the two points maintains a current along the conductor. 
Also th;1t if the resistance (R) of the conductor is high 
(more than a thousand times, say) compiLred with that 
between the points on the main circuit, then the P.D. 
between these points (= V) is not appreciably affected, 
and the CUl'rent throngh the conductor = ViR. If how
ever the resistance of t.he conductor is not comparatively 
large, the P.D. between the points diminishes in value (to 
VI' say). The CUl'rent round the conductor is then 
= V,/R. 

2. When condueiors are joined in paraliel 
(i) thm'e is the "ante potential diiterence between the ends 

of eo ch cond1wtol' ; 
(ii) the total w1'1'eni is divided amongst the condnctol's, 

each sharing in prQ:p_01'tion to its cOllductance; 
(iii) the total cond1wtance is the arit7imetical sum of the 

conductances of each conductor. (Hence.pote that when
ever conductors are joined in parallel, the total conductante 
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of the whole is greater than that of any mem1Jet, therefore 
the total resi~tance is less than that of an v member, there
fore the total resistance is less than that ~f the conductor 

, of smallest resistance.) 
The relations between current, potential-difference, and resistance 

are shown below. Capital letters are used in connection with tho 
series arrangement, small letters with tho parallel. The total values 
have no subscript, the indiyidual valnes for the respective conductors 
are indicated by a subscript number. 

------ ------------, 

1 _______ I ____ S_81_.i_CS_· ___ I ____ p_a~ra_I_Ie_I_. __ _ 

Total current .. 1 c 
Total potential dif-

I ference.. . .' v= 1',+ "2+ V3 
I 
I 

Division of currentl 
I 
I 

Diyision of poten_! 
tinl .. .. 

Total resistance .. 

C same througholtt 

s=~=~=c=!: 
11\ 11.. 113 11 
1I,+R,+R3 =R 
1 

Total conductance! R 

v 

r ~ =~_=_ll_=~ = 
~ 1/)', 1/"2 Ijr3 1/?' 
lCl 9'l =e~1'2=('3r3 =~'= (1' 

t· same for each 

r= 1/(total conductanee) 
1 1 1 1 
~+r;+;';=r 

219. Resistance boxes.-The resistances used in practical 

k 

" " X·og. 216. " 

work are generally 
lengths of insulated 
wire wound on bobbins 
and having their ends 
joined to terminals. 
The lengths, etc., are 
snch that the resist
ance of the wire is 
some multiple of the 
ohm. In order that 
there may be no elpptro
magnetic or self-in
ductive effect :,he length of wire is first doubled ba.ck, 
and then wound on the bobbin (Fig. 216). Resistances of 
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various values are joined up to form a 7'esistance box 
or set. 

Fig. 216 illustrates one method: a" b, c, (1, e are brass 
pieces, usually fixed to an ebonite slttb. Brass plugs, 
k, l, 'I'lL, n, slightly conic~\l in sha,pe, 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 t.wo adjacent pieces. H ence 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 nnmber expressing 
the resistance of the wire in ohms t is engraved close to 
the space between the brass pieces. Thus in Fig. 216 the 
resistance bet'ween the terminn.ls, A, E, is 5. If n is ' put 
in and k, 'In are pulled out it will be 3. 

~"",,"~ 
Fig.2l7. 

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 <tt present 
in favour are 1, 2, B, 4. In each case totals 1, 2, ...... , 
7, 8, 9, 10 are readily obtained j e.g. 

8 :=:C'o) + 2 + 1 = 4 + 3 f ' 1. 
t Manufacturers now supply intel'llaliollal ohms. .~he values in oldm 

boxes are likely to be legal ohms. For com-ersion factors Bee thE 
" __ ~_.J ~_ 
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various values are joined up to form a resistance box 
or set. 

Fig. 216 illustrates one methoel: a, b, c, d, e are brass 
pieces, usually fixed to an ebonite sloth. Bmss plugs, 
k, l, 'In, 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 
t,o 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 number expressing 
the resistance of the wire in ohms t is engraved close to 
the space between the brass pieces. 'rhus in Fig. 216 the 
resistance between the terminals, A, B, is 5. If n is' put 
in and k, 'In are pulled out it will be 3. 

~"'7 
Fig. 217. 

Linear arrangement. Fig. 217 illustrates a resistance box 
by which any integral l11..11nber 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, 2,8, 4. In each case totals 1, 2, ...... , 
7,8,9,10 are readily obtained; e.g. 

8 =.:.'-) + 2 + 1 = 4 + 3 -f' 1. 
t Manufacturers now supply international ohms. .~he values in older 

boxes are likely to be legal ohms. For conversion factol's see the 
A ~, ............ ..:I';_ 
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IJial arra.ngement. In the linear arr~ngement above many piugs are 
used. To reduce the number or to aVOld them altogether a dial ionll 
(Figs. 218, 219, 220) is adopted. In ea,ili dial ten brass pieces are 
arranged round the circuwerence 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 ohms, in the dial marked HUNDREDS 

Fig. 219. Fig. 220. 

each is of 100 ohms." Connection can be mad~ lJetween the central and 
each circumIerential brass piece in turn; either a plug (Fig. 219) or 
movable arm, A. '(Fig. 220), turned by a head, H, being employed. 
Note that in the 101'mer only one plug per dial is required. 
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IJial arrangement. In the linoar arrangement above many plugs are 
used. To reduce the number or to avoid thorn 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 ohms, in the dial marked HUNDREDS 

Fig. 219. Fig. 220. 

each is of 100 ohms." Connection can be mad~ tetween the central and 
each circumferential brass piece in turn; either a plug (Fig. 219) or 
movable arm, _A '(Fig. 220), turned by a head, H, being employed. 
Note thai in the tormer only one pIng 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 RESISTANOE BOXES. 

(1) When plugs are withdrawn from their positions 
between brass pieces they m1tst not be kept in the hand, but 
should be put in the lid of the box, or some other safe 
place. 

(2) When plugs are placed in position between brass 
pieces press them "home" gently, then twist them 
slightly. 

(3) Before commencing a test try each plug and 
terminal to make sure that the connection is sufficiently 
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-

Fig. 221. 

ance capable of taking a current of 2 or 3 amperes. 
A length of wire (manganin or German silver), of 
resistance 1 ohm, is laid zigzag on a stout varnislH'd 
board to form 10 segments of equal length and 
resistance. A binding screw is placed at each 
angular point, oue 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, 1)), joining the wire" 
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, etc., 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 t~l!'wire and the screw to ihsulate the wire from 
the screw.) The top surface of the base board is coyered with a sheet 
of yarnished paper upon which the wire rests. A s'Cale of half inches 
is marked under the wire. The inc.h divisions are numbered and 
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reckoned from one of the copper strips (II). There is a central strip 
of copper, P; this enables a Wheatstone's briage 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. 'fhis is a piece of wood, 6" x r x r ; 
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 the wood. 

221. General expression for a series circuit.-Let a 
battery (E.M.F., E, resistance, B) be in series with a gal
vanometer (resistance, G) [1nd conductors of known 
resistance, R. Let 0 be the current in the circuit, then 

O=E/(B+G+R). 

If the battery consists of n cells, each of E. ~f.F., B, and resistance, 
If, in series, then 

C=nE/(nB+ G+R). 

(i) When an ampere-meter is used, the scale reading, A, 
of the deflected pointer is the value of the current in 
amperes. Then 

A = E / (B + R + G). 
(ii) When [1 tangent galvanometer is used, the deflection, 

D, is in degrees, and 0 = k . tan DO where k is a constant. 
Hence 

k. tanDo=O=E/(B+R+ G). 
(iii) When a ?'!iflecting galvanometer is used, the rli~place

Il''lllt, el, is in scale divi~ions and is proportional to 0, or 
o = K. d where K is a constant. Hence 

K. d = 0 = E / (B + R + G). 

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 1) that when the 
circuit 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,) sncll that the deflection 'Is' the same as before 
Then 

X=R,-R!. 
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(3) Repeat (1). If the valu~es are unaltered it may be 
assumed that the cell is constant. If the values are different 
repeat the experiment with another cell. 

Any galvanomet€r that gives an adequate deflection 
can be used, provided that when X is small, the galvano
meier resistance and the value of (Rl + B) are also 
small. 

EXPLANATION.-The deflections being the same in both 
cases, the currents through the circuit are equal. Also 
the E.M.F. of the battery does not change. Hence the 
total resistan("es of the circuit in the two cases are equal; 
that is, 

x + RJ + G + B = R2 + G + B. 
Then 

X= Rz -R,. 

228. To measure resistances by means of a curve obtained from It 
galvanometer. t-Arrange the galvanometer so that the undellectcd 
index is at the zero of the scale, or in the case of a rellecting instru
ment near one end. Record its position. 

Join in series 5 or 6 known resistances (=RI), the gah-anometer, 
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, R I . 

Remoye one of the known resistances, note the Yalue, R 2, of the 
remainder, and the posItion to which the index is deflected. 

I{emoye 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 l > Ro> etc.) in circuit, (ii) Dellection or 

displacement of index (= Difference between the dellected and unde
fleeted positions). 

Plot deflections or displacements with regard to resistances as 
abscissae. 

·When a reflecting galvanometer is used, the graph obtained is 
nearly a hyperbola. 

To obtain the value of an unknown resistance X.-J oin it in series in 
the circuit. Note fir,;t 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. 

t An extension of the substitution method. If 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 experimental observations as in § 223. 

I. 'When a reflecting galvitnometer is used: tabulate 
(i) resistances (Rl' R", etc.), (ii) dispbcements of index, 
(iii) reciprocals of displacem.ents: plot the reciprocals of 
the displacements with regard to resistances as abscissae. 
The graph will be practically straight.t 

The deviation of the graph from the straight line 
indicates to what extent the assumption that the displace
ments are proportiomtl to the currents (§ 209) through the 
galvanometer is not justified. 

II. When a tangent galvanometer is used: tabulate (i) 
resistances (R" R", etc.), (ii) angular deflections, (iii) 
tangents of angular deflections, (iv) co-tangents of angular 
deflections: plot cot (angle of de./lection) with regard to 
resistances (Rl' R", etc.) as abscissae. The graph will be 
a straight line.t _ 

The graph shows that since cot D is lJroportional to tota},: 
resistance, tan D is propodional to the total conductance. 
Now by Ohm's law ell/Tent = conductance X E.M.F. Since 
the E.M.F. is constant, current is proportional to conduct
ance and therefore to tcm D. Thus the rule or law of the 
tangent galvanometer (§ 208) is demonstrated. 

III. In either C[Lse plot (i) Rl' R 2, etc., (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 constant cell (EJ\1.F., E, resistance, B) 
galvimometer (G), comlllutator (plugs out), known resis
tance, R l , [Lud unknown resistance, X. Adjust the gal
V[tnometer (§ 214). Close the circuit and obhtin the mean 
deflection, Dp of the needle. 

Alter the value of resistance, Rl' to another, R 2• Obtain 
the mean deflection, D" of the needle. 

i- ::'\ OTE.-The graph eats the resistance axis on the negative side of 
the origin. The length of the intercept on this axis is the value of 
(B+ G+resistances not induded in R l , R" etc.). 



350 RESISTANCE: OHl\I'S LAW. 

Exp. 248.-FiJUl the resistallce of an i?lco!JdeH&!It lamp when glowing. 
Non; AND CACTION.-A wired lamp-holder, and a wired wall plug 

or lamp plug are required for this experiment. Before testing, the 
connections, etc., must be examined hy fi responsible demonstrator. 

I. Join an ampere-metor in series with the lamp, and arrange to 
connect the two with the electric lighting' mains. J (Jin a voltmeter in 
parallel with the ampere-meter and lamp. Close the circuit; observe 
the volts and the amperes. Then 

"esistancc in O!<lIIS = (,'0118) -7- (ilmperes). 
The valnc of resistance obtainel] is that uf (lamp + ampere-meter). 
The resistance of an ampere-meter is generally negligible. lIenee 
the value is practical:y tho resistance of the lamp. 

II. Proceed as in I., but join the ,"oltm,ter in parallel with tho 
lamp only. Calculate (amperes) -7- (t·olt,,). The value obtained is that 
of the total conductance of (lamp + y()ltm(·tcl·). Subtract the conduct
ance of the voltmeter (previously deiermincll): the remainder is the 
conductance d the lamp. Then dcdnce its re,istamo. 

Exp. 249.-Find by the method of substitution the re
sistance of the coil of an electric beU, een electric glow lamJi, 
a coil of wire, a high resistance.t See §§ 222, 223. A 
galYunoscope is pTOvic1ed. 

Exp. 250.-Find by a tangent yall'anometer the total 
resistance of a cell and galVtH1Ol1letel'.t See § 225. 

Exp. 251.-Find by a tangent galvanometer the resistcuwe 
of a Daniell cell,t etc. See § 220. 

Exp. 252.-Investigate the 1'elation between current and 
deflectiont for (1) a reflecting, (2) a tangent galvanometer, 
(3) a ga,lvanoscope. See § 224. 

Exp. 253.-Filld by an aJlll)l're-metel' the 1'esistance of 
wires, etc., of CL Da.niell 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. Consilier any three 
points on it, mark" 'them, in order, l, 11t, n. Then since 

t For a 'constant cell '>,e a Daniell that has bl'en short-circuited o 186), Dr a srcom),n'~·. 
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electricity flows from points at higher potential to those at 
lower, the potentinl at In will be higher than at n, but lower 
than at l. Let Vmn , Rmn he, respectively, the potential 
difference and the resistance lletween mn, also Vim and Rim 

the same quantities for lrn. 
Since the current, 0, is of constant strength throughout 

the wire, 
0= Vlm/ Rim and 0= V Ii",/ RIIII/' 

Hence Vlm/ Vmn = R lm / Rmn = length lm/length mn, 
that is, when a current flows along a uniform 1cil'e the P.D. 
between any two points of the wire is proportional to the 
length of wire betu'een the points. (See Exp. 255.) 

Exp. 254.-Filld 0/1 a tcire can'ying a CIt1'1'tllt points sitch tllat the' 
dij/oj'cllce of potential (P.D.) between adjacent ones is constaut: OJ' to gmduate 
It wi1'e into parts of eqllall·esistallce. 

Join in series (Fig. 222) a constant cell, S, t plug key, P1c, and 
uniform wire, AB, str~tched over a scale (4 nO). To one of the ter
minals of a sensitive galvanometer join a wire and jockey, J, and to 
the other a resistance vox (RJI) , wire and jockey K. Oomplete the 
stretched-wire circuit through the plug' key. 

E 
M N 

(;;8 
Q-P 

Fig. 222. 

Make resistance of (R R) as high as possible, put J in contact with 
A, and K at II point distant a1J0ut one-filth the length of the wire. 
Adjust th'l resistance of (liB) tmtil an adequate deflection of the 
galvanometer needle (about half or two-thirds the scale) is pruduced. 
Note the position of the index of the needle, also of the points A, C 
where J and J{ are plessed. 

Next press J at C and K at different points until one, D, is found 
such that the deflection is the sallie as before. Note the reading of D. 

) .• .l 
t Use a Daniell (alter shmt circuiting) or a secondary. It is advis

able to intrudllce a oalvanoscopo (08) and rheostat (RAJ. Adjust (Rill 
to keep the defiection of (Os) constant during the experiment. 
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Press J at D, with X 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. 
Kote tho distances AC, CIJ, IJE, EP, etc. 
Repeat beginning at somo other point (C'). 
TUEORY.-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 K is unaltered. 
Hence the P.D. producing tho current (= current x resistance) is 
constant. But this P.D. is also that between the points of the stretched 
wire at which the jockeys arc pressed. Then if the current through 
the stretched wire is constant the points found divide tho wire into 
portions of equal rcsistance (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, etc. 

Exp. 255.-Delerm'"e tlle filii of potential alall[f a w';1"e ca1"I'yin[f a 
CUl"rent. Arrange the apparatus as in thc previous experiment. Use 
a reflecting galmnomctcr. \Vhen no cun'ent is pas,ing adjust its 
index (spot of light) to a division near one end of its scale. Make 
resistance of (EJJ) as high as possihle. Join J to A, press X on B. 
Complete the circuit through the plug key. Alter the resistance of 
(EB) until the deflection is neady the wholc 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, X, at B (the 
connection between A and the galyanometer is retained throughout 
the experiment). Note the scale reading of the defleded index and 
the length, AB. 

Press K at a point, Q, on the wirc several inches from B. Note the 
positions of the galvanometer index and of Q. 

Similarly press I( successively at points P, }", 11[, e(c. In each case 
note the respectiyc positions of the galvanometer index amI of the 
points on the wire. l!'inally break the eircuit. 

Tabulate (i) the positions on the wire of the points Q, P, H, "~[, ute., 
(ii) the corresponding readings of tho galvanomot~r index, (iii) the 
lengths of wire between A and the successive points Q, P, H, "~I, etc., 
(iv) the corresponding' displacements of the index (equal to the differ
ence between the reading~ when deiiectcd and when undeflocted). 

Plot displacements (col. i v.) with regard to lengths (col. iii.) as 
abscissae. 

Repeat, using two Daniell cells instead of one. 
EXPLAN,lTlQW.-'l'he currents throngh the galvanometer are pro

portional to the P.Ds between A and the points on the stretched wire 
at which the jockey K is pressed; the P.Ds are proportional to the 
rosistances of the res'~ti \'0 lengths of the stltetcheu wire reckoned 
from A. If the displacements of the index are proportional to the 
currents through the gal yanometer and the resistalflJes 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. 

n 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 cunents thl'ough the instrument. 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 CUlTent 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. El , resistance, B

" 
is joined in seri€ 

with resistances equal to R, and a galvanometer of resist 
ance, G, then the current C 01) round the circuit is such that 

E t = Ot CBl + G + Rr)· 
(ii) If a second cell of E.M.F. E 2, resistance, B 2, is now 

substituted for the first and the resistance altered to 
another value, R2, then the current CO,) round the circuit 
is such that 

Therefore 

E2 = 02 CB, + G + R 2). 

E, _ 01 (B t + G + R t ) 

E, _ 0, (Bz + G + Rz)' 

I. General method. If the resistance of the external 
circuit is, in each case, so high that the resistances of the 
batteries may be neglected, then 

~ = gl . ~ ++ !I, ............... n. 
2 z ~ 

II. Oonstant resistance method. If in the second case 
the resistance is not altered from the value R" then 

EJ/E 2 = 01/02' 
III. Equal deflections method. When the value of R. is 

adjusted so that the same deflection of the galvanometer 
needle is obtaine<1 in the two cases, .• ..ben 0z = 01 and 

E1_RJ+G 
E z _ R

2
+G' 

PRo PHY. 23 
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PRACTICE OF THE 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 :-

M th d G Constant Equal e o. enem. resistance. deflections. 

Relation between Must be known. galvanometer cur- Use a sensitive tangent or re- Need not be 
rent and deflec- known. 
non .. .. fleeting galvanometer. 

Galvanometer re- ~lust be Need not be Must be 
sistance .. .. known. known . known. 

--.~ 

Oircuit resistance Resistance box IHighresistance: Resistance box must be of rela- . d value need not required. tively high value reqUIre. be known. 

I I 
Cell resistance .. :l\fust be negligible . 

Preliminary test. Join in series, galvanometer, resist
ances, plug key (plug out), and one of the cells. Make 
the resistance 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). 

II. Oonstant rel~1Jtance ;method. TM cell of highest 
E.M.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 
celh; 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, (3) deflec
ted position of index, (4) displacement of index ,( equal to 
the distance between the deflected and zero positions). 

Oalculate the E.M.F. of each cell relatively to a standard 
cell (Daniell). Assume 

E.M.F. of a cell Displacement for cell 
E.M.F. 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, (3) mean 
angular deflection; (4) tan (deflection). 

Oalculate the E.M.F. of each cell relative to one (say, 
the Daniell) considered as a standard cell by assuming 

EJ~'LF. of a cell tan (deflection for cell) 
E .M.F. of standard cell tan (deflection for standard)" 

In either case (A or B) calculate the voltage of each 
cell, assuming that of the standard (Daniell, 1·1 volts). 

III. 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 
un deflected index (zero position). Ta\mlate (1) type of 
cell used, (2) zero/position of index, (;5) deflected position 
of index, (4) circuit resistance, (5) total resistance (==circuit 
+ galvanometer). 
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Calculate the E.M.F. of each ce11 rdatively to a standard 
cell (Daniell), assuming 

E.M.F. of a cell Total resistance for cell 
E.M.F. of standard cell - Total resistance for standard' 

Calculate the voltage of each cell, assuming the value of 
the standard (Daniell = 1'1 volt). 

Exp. 256.-Compare the E.M.Fs of Daniell, Leclanche, 
dry, Bunsen, and seconda1'y cells.-Work the constant 
resista,nce 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, (3) relative E.M.F. by equal de
flections method, (4) voltage by constant resistance method, 
(5) vultage 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 (E

" 
E,) 

_L 

l 
r;t,O 

are to oe compared 
are joined, as in Fig. 
223, to a tangent gal
vanometer or ampere
meter, a commutator 
(abed), and if neces
sary a resistance 

Y 
(RB). The commu-

C t:l tator is arranged so 
that the cells act, 1st, 

t in con}unciion, that 
E is, send a current in 

, the same direction 
Fig. 223. round the circuit· 

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 + G + B[ + Bo) 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[ + Ea), and 
(El - E 2) when in opposition. Hence 

E[ + Eo _ O[ _ tan D[ 
lEI :'_-E; - O

2 
- tan Da • 

• El _ tan D, + tan D, 
.. E, - tan D[ - tan Do • 

230. The requirements of three methods of measuring 
E.M.Fs are compared below;-

\Viedemann 
I 

Condenser Method. Poggendorff 

I (§ 229). (§ 237). (§ 238). 

I 

Relation between Must be Need not be 11ust be 
galvanometer known. known. Null known. 
current and method. Very 
deflection. accurato. 

Galvanometer re-
Need not be known. sistance. 

Cell resistances. Need not be known nor negligible. 

Circuit resistance. Resistance of Potentiometel 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). 

} ,"f 

Exp. 257.-00mpare the E.M.Fs of Daniell, Bunsen, and 
secondary cells' by Wiedemann's method. Use a tangent 
galvanometer or an ampere-meter. 



358 RESISTANCE: ORlI1'S LAW. 

231. Relation between the E.M.F. of a cell and the P.D. betweeI 
its terminals when a current is flowing through it.-'Vhen a ('ell i, 
on open circuit (no current flowing) the value of the voltage betweer 
its poles is called the E.M.F. of the cell. The experiment describec 
below shows that as soon as the circuit is closed, and a cnrrent flows. 
the value of the voltage between the terminals falls below that of thl 
E.M.F. of the cell, the difference between the tWQ becoming greateJ 
as 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., B, and resistance, B. Join it, 
terminals by a conductor of resistance, R. LeI 
o be the current that then flows through th, 
conductor Rnd cell, and 17 the P.D. between th' 
poles. Then by Ohm's law 

E = C(B + R) and 17 = GR, 

• V _ R 
.. If - R+B 

B- r B 
~- B+R' 

and 

Thus the fall in voltage (E - 17) is to 0" 
Fig. 224. total B.N.P. as the battery resistance to the tota, 

resistance of the circuit. 

The following values can be calculated from the above :

E - VI O'IE, O'2B, O'5E, 0'6B, O'75B, 
R 9B, 4B, B, iB, !B. 

Hence, since E and B are constant, (E - V) is increased, when R i, 
diminished (therefore the current increased). 

To obtain the battery ,·esistance. From the expression above it follow, 
that 

B = (~- I)R. 

Hence, if the ratio is obtained of E on open circuit to r when thE 
circuit is closed by a known resistance, R, then B may be calculated. 
Note that B = R when lSI V = 2. 

Experimental demollstration.-Use a constant cell (Daniell Ot 

secondary). Join (Fig. 224) a reflecting gal vanometer in series with a 
high resistance, Q (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 amperes without appreciable heating: its re
sistance should be cap'able of variation by known amounts, say from 
1/2 to 20 ohllls. A s~tched wire similar to Fi~. 221 is convenient.) 
A plug commutator (Pc) is useful. 

Observe when the R circuit is broken (value of 'R is then infinite), 
first. the deflected Dosition of the g-alva.nometer index (g-alvanometel 
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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) un deflected 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 R for which the 
displacement is one-half the maximum displacement. The battery 
resistance equals this value of R. 

Experimental proof of formilla. If y is written for EI Vand x for 1/R 
the expression EI V = (R + B) I R becomes y = 1 + Bx, the graph of 
which is a straight line. Hence if the values of EI V are taken as 
ordinates with respect to l/R as abscissae the graph should be a 
straight line. Confirm this from the observations above. 

Exp. 258.-Find the ,·esistances of IJaniell, LeciahchC, and secondary 
cells. Investigate the d,·op of voltage on open and closed ci,·cuit. 

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 (0) passes through each. If Rj> Rz, Ra ... are the resistances 
and V" V2, Va ... the respective P.Ds between their ends, then 

Vi = OR" V2 = CRz• etc. :. R i : R2 = Vi : V2, etc. 
PRAC'l'ICE.-When the constant resistance method of comparing 

E.M.Fs is adopted the circuit is arranged 
as in Fig. 225. (It is an advantage to ~ 
introduce a rheostat (Rh), and gal va- / / 
nometer, (h, in series with the resistances / Q G ,/ 
snd cell. Keep the deflection of G, con- ,I // 
stant, then the current in the circuit will./ -:; K. 
be constant.) A reflecting galvanometer c::::J' R, ,<I R2 RJ 
in series with a high resistance, Q, is ABC D 
used to measure the P.Ds. If J, K are 
the terminals of the gahanometer circuit, l-i f-

join them in turn with the ends of the S Pk Rh G 
resistances, .A.B, OIJ, etc. In each case I 

complete the main circuit throllgh the Fig. 225. 
plug key (Pk) , 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. Jf the yalue in ohms of (,ue resistance is known, 
the others may be calculated. 

Exp. 259.-Co,~pare the ,·esistances of German silver, iron, and man
(Janin wi,·es of equal lengths and diamet.,·s with a 1 ohm resistance. 



CHAPTER XVII. 

WHEATSTONE'S BRIDGE, POTENTIOMETlm, 
.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 +, and K with the - plate 
of a battery. Then current (strength, A) flows in at H, 
and divides along the two branches (strengths, AI' .A2). 

The divided current recombines at X and thence returns 
to the battery. Hence there is a difference of potential 
between the extremities, H, X, and a continuous fall of 
potential along each branch. 

Take any point, P, in HPK: there will be another point, 

p 

Fig. 226. 

Q 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 Q, 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 Q and H, the galvanometer needle is de
flected, because current flows through the instrument from 
T to P (T is at a hig2J.er potential than Q,..therefore higher 
than P); if J is pressed at a point, U, between Q and X, 
the galvanometer needle is deflected, but "in the reverse 
way to the preceding, because current flows through it from 

360 
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P to 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 
nearer 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) 

Also 

Since 

VllP=A1 • RliP ' Vpx=Aj' Rpx' 

V HpjVpx=RHP/Rpx' 

VHQ =Az .RHQ , VQX=A2·RQX' 

:. V HQIV Q [( =R HQ! R QK · 

potential at P = potential at Q, 

VHP = ~HQ and VPK = VQx, 

:. RHP/RpK = RHQ/RQK• 

\ 

Thus Q divides the branch, HQK, into two parts who~\ 
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, H, K may be 
called opposite joints, or corners, 
so also P and Q: any other pair 
may be called adjacent. Then 
note that the battery terminals 
are connected wi+,h either pair 
CH, K) of opposite joints, the 
galvanometer ,~ith the other. 

p 

Q 

Fig. 227. 

Finally, when on closing the circuit 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 = Z: Y or W. Y = X . Z, 
that is the pt'oduct of one pair of opposite 1'esistances 
equals the product of the other pait·. 

In the practical application of the Wheatstone's net
work two plans are adopt€d. In the slide-wire or metre 
bridge (§ 234) the branch, HQK, is a wire, uniform in cr08S
section, etc., Wa known resistance, X an unknown resistance. 
The ratio between X and TV is then directly measured as 
the ratio of the lengths of the two segments into which 
the wire is divided by the point Q (determined as in 
§ 234). In the P.O. Bom (§ 236) various known resis
tances are used for lV, 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 l'csistanco may be made by the Wheat
stone's network with very great facility and accuracy'. As it is a nullt 
method a very sensitive gah'anometer may be used. There need be 
no heating of the conductors, due to prolonged flow of current. The 
test is independent of vari"tions of E.M.F. of the cells: if change 
occurs the several resistances share proportionally. 

234. To measure resistance by a slide-wire bridge 
(Fig. 228).-ApPARATUS. A uniform wire is stretched 
over a scale of equal parts on a base board, the ends of the 

\. 

Fig. 22R. 

wire are attached ~\l copper strips, H, K.. to each of which 
two terminals are fixed. rrhere is also a copper strip, P, 

t A null method is one in which the adjustments 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. 

Fig. 229. 

CONNECTIONs.-Join (FillS. 228, 229) a Lec1;wcM cell, with 
a tap key in its circuit, to H, K. Connect one tel'IDinal of the 
galvanometer to P, the other to a jockey. ('1'he end of the 
wire itself IDay 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 H, K, and there is no tap key 
in its circuit. 'rhis 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 HQ = length HQ i' 

X 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. 

t RULE.-p,.ess ddo!! the tap key in the batol}}y circuit b~fore placing 
the jockey in contae( ,,·ith the wire. 

t 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 diagntmmatic view of this apparatus. There 
are five stout strips of copper fixed in line on a hLse- 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 fixed. 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. 

Fig. 231. 

Fig. 231 shows the metre IJridge joined for Carey Foster's 
method (see Higher Text-Book of Electricity, § 150). 
For the ordinary t&,it, copper straps are.placed across the 
two outside gaps instead of the resistances, R, S. 

The metre bridge is really designed for the Caley Foster test and 
serves 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 imperfcct adjustment 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.-Demonstrate the rule 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. In each case find and note the position 
of J when balance is obtained. Tabulate values of (1) W, 
(2) X, (3) HQ, (4) QK, (5) W/X, (6) HQ/QK. '1'he 
numbers in (6) should be equal to those in (5). 

Repeat the experiment with another value of X. 

Exp. 261.-Mea.surements 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 em.) 
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 tbeir diameters. 

3. (a) Measure in ohms the resistance of a wire, its 
diameter in centimetres by tbe 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. Cttlculate (§ 217) the resistivity per inch 
cube of the materiaL 

4. Three wires are provided. Find the resistance III 

ohms of (i) each separately, (ii) the"ihree in series, (iii) 
each pair in ser)es (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 eletails 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 p1'oportional arms, QK 
the rheostat arm, I)~ K the gap for t11t:l 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 rt'sults. 

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, lJip K the gap for tl~ 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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USE OF TIlE P.O. BOX. 

(1) See general rules for resistance boxes, § 219. 
(2) Oonnect the galvanometer, and the ullknown resis

tance, X, to the proper parts of the box. If the box is not 
provided with tap keys, one should be introduced in the 
cell connections and another into the galvanometer con
nections. 

/'-----------------0-----------'\ 
r ~~~~~~~~~~~~~~~~~~~ 
: _ _ H __ ':"'q!.'l.L. 
: IN!" 000 100 10 TTO 10Q 1000 LINE 

i ~/-2-J\-.,-1O-..20 : r--:-_ .... _ _.. 
: IN!" '>00 ~o 100 40 JO 
I&...._ _ \_ _ --e!:.!.~
: .,00 fOOO 2000 JOoo WOO KBAT 

\ _____ l!~f~j \:"*;--..§_/i!L._ 
Fig. 233. 

--, , 
==,J 

I ::: -,-
I __ I 

The connections are generally indicated on the box. The words 
T,INE at P and J,]NE or lURTH at K ha\'e been adopted becan8\' L1w ' 
apparatns was originally designed for testing telegraphic lines, etc. 

(3) The galnnometer 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 r~eclanchC 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 itimoves the same wa~'1rJas it does now it 
!lignifies that the resistance of the rheostat arm is too 
much, and whe~ 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. 

'l'hese tests show whether the apparatus is working 
correctly. If deflections are not obtained the connections, 
battery, etc., must be carefully examined and the fault 
rectified. 

(7) Keep the resistance of each ratio arm = 1000. Alter 
the resistance of the rheost.at arm systematically (see 
example below) and note what value (= n) gives a small 
deflection one way, and a reverse deflection when increased 
by one ohm. Then 

X lies between nand (n + I) ohms. 
(8) Remove the shunt from the galvanometer. Make 

ratio ann, PH= lOO, HQ = 1000 (then PH: HQ= 1: 10), 
rheostat arm, QK = IOn. The previous test shows that bal
ance should occur between the values 10 nand lO(n + 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 nl/lO and (nl + 1) 110. 
(9) Make the ratio arm, PH = 10, HQ = 1000 (then 

PH: HQ = 1 : 100), rheostat arm, QK = 10 nl' and pro
ceed similarlyt to (8). If n2 is the balancing value of the 
rheostat arm, then 

X=~/lOO. 

(10) When the null value cannot be obtained exactly by adjusting 
the resistances. it may be determined by obserl'ing the final small deflec
tions obtained in (9). t Having adj listed 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 scale divisions is the differ
ence in the readings of the index. Alter the resistance of the rheostat 
arm by one ohm so as to get a deflection the opposite way. Deduce as 
before the value of the deflection in scale divisions. If, for the smaller 
resistance of the rheost~rm the deflection is z, f~ the larger, '!I, then 

t Two or three Leclanche cells in series may nov. be added to th~ 
battery circuit. 
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z+y is the deflection due to a change of 1 ohm in the rheostat arm. 
Then 1/(z+y) ohm would produce a defl ection of 1 scale division. 
Therefore for z seale divisions the increment in resistance=z/ (x+y). 
Hence if x /( x+yl ohm is added to the resistance of the rheostat arm 
that gives the deflection x, then the deflection would be reduced to 
zero (see exam pIe below). 

Fig. 234.t 

(11) The range of resistance of the rheostat arm is generally from 
o to 1l,1l0. Thus any resistance up to Ill'IO can be measured to two 
decimal places, and estimated to three. If the value is les8 than one 

t Fig. 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 fi~'e rows, of which the ref[.~cti\'e units Are 0'1, 1, 
10, 100, 1000 ohms, and the multiples, 1, 2, 3, 5. The unknown is 
introduced at x. cane finger works uoth keys: the upper closes the 
battery circuit, the lower closcs the glllnl.nometer circuit. 

PR. PHY. 24 
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x+y is the deflection due to a change of 1 ohm in the rheostat arrn. 
Then l/(x+y) ohm would produce a deflection of 1 scale division. 
Therefore for x scale divisions tho increment in resistance=x/ (x+y). 
Hence if x/(x+!J) ohm is added to the resistance of the rheostat arm 
that gives the deflection x, then the deflection would be reduced to 
zero (see example below). 

Fig. 2340.t 

(11) The range of resistance of the rheostat arm is generally £1'0111 
o to Il,IlO. Thus any resistance up to 111'10 can be measured to two 
decimal places, and estimated to three. If the value is less than olle 

t Fig. 2340 shows another arrangement of the P.O. box. The top 
and right-hand rows aro the ratio arms. The resistances of tbe 
rheostat arm are in fire rows, of which the rep[~cti"e units are 0'1, 1, 
10, 100, 1000 ohms, and the multiples, 1, 2, 3, 5. The unknown is 
introduced at x. c;Jne finger works both keys: the upper clos8s tbe 
battery circuit, the lower closcs the gah'anometer circuit. 

PRo 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 ba closer 
than 10 ohms. Resistances from 110,000 to I,ll 0,000 can be measured 
by making the ratio arms, HP= 1000, HQ= 10. The measurement, 
however, would not be closer than 100 ohms. 

EXAMPLE.-A resistance measured by the P.O. box proved to be 
67'123 ohms. This value was obtained by the following obser
vations:-

Ratio. Resistance'of Rheostat Arm Deflection. Inference. 

-
1000/1000 00 to right too large 

=1 0 to left too small 
1000 to right too large 

X=Y 100 to right too large 
10 to left too small 
various -- --
10+20+30+4+3=67 to left too small 
10+20+30+4+3+1 =68 to right too large 

1000/100 670+4=674 to right too large 
=10 670+3=073 to right too large 

X=l1."Y 670+2=672 to right too large 

I 

670+ 1 =671 to left too small 

1000/10 6710+1=67ll to left too small 
=100 6710+2=6712 to left too small 

X=TloY 6710+3=6713 to right too large 

6713 9 divs. left 6712'3 i8 the 
6712 4 divs. right value for zero 

deflectiont 

. . X=67·123 . 

t Difference of 1 ohn~"n rheostat arm gives defil!ction of 13 divisions. 
,', deflection of 1 division is equivalent 1/13 ohm in rheostat arm, 
,'. deflection of 4 divisions is equivalent 4/13 ohII1!'l = 0'3, 
,', 0'3 added to 6712 should make the de:Bection zero. 



WHEATSTONE'S BRIDGE AND POTENTIOMETER. 371 

Exp. 262.-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 ,'esistanee (1) of a moving-magnet galvanometer, 
(2) of a moving-coil galvanometer (cont.·ot the latter by m.thod (ii) below) t 
by its own deflection (Lord Kelvin's method). Join up the circuit in 
the uSllal 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 to a terminal of a 
tap key lno galvanometer is now required in this part). t Also put a 
plug key (plug out) in the battery connection in,tead of a tap key. 
Use a constant cell (Daniell). 

Operate as in the ordinary method of comparing resistances by the 
Wheatstone's bridge. 

Ttst.- 'Vhen 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; t when it is at rest, press the jockey or tap 
key, J, if there is a change in the deflection or the galvanometer needle 
the resistances are not balanced. Headjust their values, and repeat the 
test until there is no change in the a.ell.ection. The resisbnces are then 
related as in § 233. 

EXPLANATION.-See § 233, Fig. 226. The galvanometer being 
placed between P and K, its needle is deflected by tho current that flows 
in PK. When Jis pressed at Tor U or Q, the CUl-rent along PKis re
spectively greater or les~ than or equal to A" Hence the galvanometer 
carries the same current after J is pressed nt Q as before, and there is 
therefore no change in its deflection. Thus the point Q on the branch 
HQK having the same potential as P on HPK, can be discovered by 
adjusting until there is 110 change in the current in a branch, this being 
indicated by no chango in the deflection of a galvanometer needle 
placed in the branch. 

237. Comparison of potential-differences: Poggendorlf's method.
Suppose a current, C, to flow along a uniform wire, HK (Fig. 235). 
Between a point, H, ana. any other point, Q, on the wire there is a 
P.D., the value of which is proportional to the length, HQ, between 
the points. If the P.D. between HK is, say, 2 volts, then that 

t In Fig. 229, join P to a jockey, J, or tflP key by a wire; connect 
the galvanometer between PK; substitute a plug key for the tap 
key, B. 

t If the control m!l.gnet is not strong enough, (i) adjust a bar 
magnet close to the galvanometer: or (ii) introduce a rough resistance 
box in the battery >S)onnection, between th€.<lJlug key and a terminal 
of the cell (generally a better plan). 'Vhen the box resistance is, 
say ~OO, the workllig P.D. between HK is small. Reducing the box 
resistance increases the working P.D. 
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between llQ is less than 2, also that between lITis less, and H17 
greater than HQ. 

o Suppose a cell, S, of E.M.F., 
H )C T QUE, has its + pole joined to H. 

y~
i/ ~ J,., K Then the + pole and H will be 

+ ! ",,_/ _j ~t the same potentiaL The 
S .••• ,/ Jockey, J, and galnnometer 

G' cOli wdl have th8 same potentml 
Fig, 235. as. the - pole of the cell, and 

WIll therefore be E yolts below 
H (the c;rcuit of the cell being open). 

Suppose the point, (2, on the conductor, IlK, to be at such a distance 
from Hthat the P.D. between HQ=R ,'olis. Then the potential at 
Q equals that of J. Hence on placing J in contact with Q 110 electl'icity 
flows, the galyanometer needle is not disturbed. If, however, J is 
pressed at a point l' between Hand Q, then since the P.D. between 
HI' (=v1, say) is less than that between HQ, :. VI is less than E. 
Hence round the circuit, HTGII, the acting E.M.F. =E-t'p and 
current flows in the direction, 1'GH. Similarly, if J is pressed at 17, 
beyond Q, so that the P.D. between JI17 (=v" say) is greater than E, 
then round the circuit, H[,'GH, the acting E.M.F. =1'2 - E, and current 
flows in the direction, JIG Cr

, reyerse 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 nu deflection of the gahanometer 
needle. This is the required point. Note that on either side of it the 
deflections are reverse, also that the amonnt of deflection cets less as 
the point touched is nearer the required point. L 

The preceding highly important principle was first applied by 
Poggendorff to compare the KJ\I.lcs 
of cells. The cells are, in turn, 
substituted for S, and the respecti ye 
lengths of wire that" balance" the 
cell determined. If for E.J\f.Fs, 
EIo E z, Es . . • the lengths are 
HQI' HQ2' HQ3 ••• then 

E J : E, : E3 = HQ I : HQ, : IIQ3' etc. 

The advantages of the method are 
(il it is a null method (a yery 
sensiti,'e galYanometer may thcre- FiO'. 236. 

J 

fore be used) ; (iil the compflrison is eo 
realised when no current is passing, hence the cells are practically on 
open circuit, and the relations obtained are independent of their resist· 
ances; (iii) the comparison is also independent of tho actual strength 
of current in the poteotiometer wire provided it remains constant 
during the test. .... . 

Potentiometer.-This consists of a uniform wire stretched over a 
scale of equal parts, and is suitable for determinatiQlls like the above. 
(See Figs. 228, 229.) 
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PRACTICE.-The battery (88) joined to the ends of the potentio
meter WIre must be of practically comtant E.]\I.F. The voltage 
betwenn 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, R 
(10,000 ohms or more) in series with the galvanometer; keep it in 
circuit until the several bal"ncing points are nearly found, then remove 
it and find the balancing points for each cell as exactly as possible. 

The P.Ds betweeu the ends of resistances, etc., may be compared in 
a similar manner, and hence the ratio of the resistances deduced 
(compare Exp. 232). 

Exp. 264.-Colilpare the B .. tI.Fs qf ])(lIIiell, leclanche, and Bunsen 
cells b!l means of the potentiometer. Fig. 236 shows the arrangement of 
the circuit: potentiometer wire (HIl) , jockey (J), tap key (B), 
secondary cell (8S), galvanometer (0), high resistance (R), 3-way 
switch (Sw). Record the lengths (HQ!, etc.) of the stretched wire 
as determined. Express the E.lH.Fs relati"ely to the Daniell or, if 
provided, a Clark or other standard cell. 

THE COXDENSER. 

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. Each set 
forms a coat or annat",.e of the con
denser. Each set is joined to a 
terminal on the outside of the [JOX 

(wood or metal), into which the con
denser is put. Fig. 237 shows a 
standard condenser. 'l'he box is 
circular, made of brass, and has an 
ebonite top. The terminals are fixed 
each to a brass piece. A plug fits 
between these pieces. 'When the Fig. 237. 
plug is withdrawn the coats are in-
sulated from one another, when it is pushed in the toats are con
nected. 

Fig. 238 shows a cheaper, but efficient, form. The box is of wood, 
rectangnlar in shape. The terminals are fixed to an ebonite plate. 
There is no plug. 

EXPL.\NATION.-Suppose a bod)", Jr, to be J,ept at a higher potential 
than another, N: fo'r instance, J1[ and Nma:V~e the poles of a battery 
or two positions ~n a circuit round which an electric current flows. 
1,et one coat of a condenser he joined with ,1E. the other with N. 
]~lectricity 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 rtxll"'l)tively 
connected. 

Fig. 238. 

Capacity. The ratio of the quantity of electricity (Q) in the con
denser to the P.D. between its coats (V) is constant in value: or 

Q=F.V, 
where F is constant. The .,alue of F is called the capacity of the 
condenser. If V = 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/a"ad, 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 coltlombs = (F /at'ads) X (V volt.). 
In practice the standard condenser is 1 micro-farad (on e millionth 

farad). The condensers used for experimental work are generally 
fractions of the micro-farad: c.g. ~, L l:!c", etc. 

PRA.CTICE.-The following experiments with n 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 r est in its original position. 
The extent oj' the ji"st di splacement or tlwow of the needle is measured 
by the scale of the iug!:!. ument. If the galvan~meter is a reflecting 
one the first displacement of the index is proportional to the quantity 
of electricity discharged. To mcasrl1"C the tlwow n<fte (1) the zero or 
initial position of the image, (2) the position roughly to which it is 



374 CONDENSER. 

coats are equal to tboBe of the points with which they are ~I)tivel~ 
connected. 

Fig. 238. 

Capacity. The ratio of the quantity of electricity (Q) in the con
denser to the P.D. between its coats (V) is constant in value: or 

Q=F.V, 
where F is constant. The value of F is called the capacit?! of the 
condenser. If V = 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 fa"ad, 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 cOlllombs=(F farads) X (V volt,). 

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: e.g. ~, L }o, etc. 

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 fi"st displacement or throw of the needle is measured 
by the scale of the ingtl ument. If the galvantmeter is a reflecting 
one the first displacement of the index is proportional to the quantity 
of electricity discharged. 1'0 measure the th,'ow nct~e (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 condenser, and (4) while look. 
ing at the part of the scale to which the image was thwwn 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 sf'parate tap keys are, however, 
dangerous, because they are liable to be pressed down simultaneously 
Hnd thus to connect the galvanometer and battery directly. A Morse 
ktey (Fig. 239) makes a good chnrge and diRcharge key, but does not 
permit the condenser to be insulated {>:om the circuit. Ka is a stiff 

K 

Fig. 239. 

ll\et!ll rod, carrying metallic contact points a, c. Wires irom the circuit 
are joined to d, f, b, the battery and condenser between Land R, the 
condenser and galvanometer bet ween Land P (Fig. 240). The spring 
f. keeps a in contact with b; therefore the condenser is kept chll.rged~ 
Pressing K separates a, b, and then brings c, d into conta('t, the COll
denser then discharges. When K is not pressed the spring, J, breaks 
contact at c, d and restores it at a, O. 

The circuit m"y be a"ranged as in Fig. 240: condenser. F. charge and 
discharge key, KA, reflecting galvanometer (ballistic), BG, and con
stant cell E. 

K 
Exp. 265.-Compare the E.M.Fs of ~ 

cells by mean. of a condense,'. Compare ~ 
secondary, Leclanche, and Daniell cells. L 
Use a condenser of large capacity. (I) E 
Arrange as in Fig. 240, with one of the sa 
cells to be tested at E. Charge the con- ~ 
denser by connecting it through the key' F 
with the cell, then discharge it through 
the galvanometer. \) Note the magnitude , .• co • 
of the throw produced. (2) SubHtitute FIg. 240. 
each cell in turn ~t E and repeat (1). 

The E.l\I.Fs of tIle ceHs 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" 
phcement. 

The charging and discharging is done in II 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 simultaneonsly 
and thus to connect the galvanometer and battery directly. A Morse 
key (Fig. 239) makes II good chnrge and discharge key, but does not 
permit the condenser to be insulated b:om the circuit .. Ka is a. stiff 

K ~ 

\ \ '\ 
\ \ 

Fig. 239. 

ll\e~(I1 rod, carrying metallic contact points a, c. Wires :from the circuit 
are joined to d, f, b, the battery and condenser between Land E, the 
condenser and galvanometer between Land P (Fig. 240). The spring, 
f, keeps a in contact with h; there:fore the condenser is kept charged. 
Pressing X separates a, b, and then brings c, d into contact, the con" 
denser then discharges. When X is not pressed the spring, f, breaks 
contact at c, d and restores it at a, b. 

The circuit may be a"ranged as in Fig. 240: condenser, F, charge and 
discharge key, XLi, reflecting galvanometer (ballistic), BG, a.nd con" 
stant cell E. 

K 
Exp. 265.-Compare the E.M.Fa of ~ 

cells by means of a condense>·. Compare ~ 
secondary, Leclanche, and Daniell cells. L 
Use a condenser of large capacity. (1) E 
Arrange as in Fig. 240, with one of the Ba 
cells to be tested at E. ChHrge the con" ~ 
denser by connecting it through the key F 
with the cell, then discharge it through 
the galvanometer. \) Note the magnitude ".1 • 

of the throw produced. (2) Substitute Flg. 240. 
each cell in turn ftt E and repeat (1). 

The E.l\1.Fs of the cells are proportional to the respective throws. 
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THEORY.-If El! E z, E3 are the E.l\I.Fs of the cells and F the 
capacity of the condenser, then the respective quantities of electricity 
are 

Q,=FEll Q2=FE" Q3=FE3' 

:. E,: E2 : E3 = Q, : Q, : Q3' 

When these quantities are discharged through the galvanometer the 
respecti ye throws are proportional to them, and therefore to the 
respective E.l\1.Fs. 

Exp. 266.-Compa>·e the capacities of condellse1's.-Arrange as in 
Fig. 240. Use at E, it necessary, seyeral Leclanche cells in series. 
(I) 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 (I). 

The capacities are proportional to the respective throws. 
THEORY.-Let E be the voltage of the battery, FH F" the capaci

ties of the condensers. 'Vhen charged by the battery the quantities 
of electricity in them are 

Q, =F,E, Q2=F,E, 

:. F,: F2 =Q,: Q2' 
The quantities are proportional to the throws, therefore the capacities 
are proportional to the throws. 



APPENDIX, 

PRACTICAL DETAILS.-TABLES OF FOUR-FIGURE LOGARITHMS, 
ANTILOGARITHMS AND TlUGONOMETRICAL FUNCTIONS.-'l'ABLE 
OF ABSOLUTE UNITS.-l'tIENSUl\,lTION.--BRITISH AND METRIC 
WEIGHTS AND lHEASURES.-CONVERSroX FACTORS.-MRCHANICAL 
DATA AND UNITs.-DATA AND UNITS IN HEAT, SOUND AND LIGHT.
DATA AND UNITS IN ELECTRICITY AND l\IAGN~;TIS~L 

Apparatus for home experiments.-The following pieces of appa-
ratus are required in addition to those mentioned on p. 9 : 

(15) Glass prism. Cost, 6d. 
(16) Glass slab. Cost, Is. Od, 
(17) Lead ball. Cost, Zd, 
(18) Spring. Cost,6d. 
(J9) Rubber cord. Cost, ld. 
(20) Thermometer. Cost, Is. 6d. 
(21) Bunsen burner, tnbing and tripod. Cost, 28. 6d, 
(22) Hor,eshoe magnet lind keeper. Cost, 4d. 
(23) Iron filings. Cost, 2d. 
(24) Piece of mirror, mounted. Cost, Gd. 
(25) Note-book (pag~s squared). Cost, Gd. 
The cost of the whole, if items 5, 9, 10, 11, 12, 13 and 21 are ex

cluded, is practically 7s. 6d. 

Mercury tray.-'Vhen mercury is employed in an experiment, the 
apparatus shonld be phlced in a large shallow tray; the spilt mercury 
is then prel'cntcd from spreading and damaging other apparatus; it 
can also be recoYAred. The tray lIlay be made of cardboard, or, better, 
wood, say it thick. A tray 2 ft. squHre by 3 ins. deep is useful. 

To clean and dry bottles, etc.-'Vell rinse the bottles with (i) hot, 
(iil distilled waler: jerk O{lt liS much of the water as possible. Hold 
the bottle by the neck and keep it moving in the wlirm air aboye the 
flame of a Bunsen burner. Remove it when it feels hot. Introduce 
into the bottle the end of a piece of glass quill tllbing and slowly 
suck air through it; continue duing this until the bottle is cold. 

To dilute Sulphuric Aeid,-'Vhen 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 portions to the water and stir thoroughly. Allow the mixture 
to stand nntil cool. 

To weld P1atinum.-I'ieces of platinum at a white heat can be 
readily welded, To weld l)latinnm wire to II piece {If foil, lay the foil 
on a smooth thick illm plate resting on a h,;~k. Lay the end of the 
wire on the foil, direct the flame of a foot blowpipe on the foil and 
end of wire, and \'l'hen these are white hot hammer them together with 
a small hammer. 
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66 8195 8202 '8209 -8215 -82:l2 "':2' -823511824118248[82-54112"31-3 4 5 5 6 
67 8261 8:lti7 8274 8280 8287 b2')3 8299 8106 8312 ~319 1 1 2 3 3 4 5 5 6 
68 8325 8331 8338 8:H4 83;1 0357 8863 837018376 8382 1 I 2 3 3 4 4 5 6 
69 8388 8395 8401 8407 8414 8420 842618432 843918445 1 1 2 2 3 4 '" 5 6 

70 8451 8457 ,8463 8470 -8476 8;82 848818494: 8500 8506 1 1 2 2 lsi '" 4 5 6 

71 8513 85191 8525 IB5:il 8537 8543 85491 8555 i 8561 8567 1 1 2 2 I 3 4 4 5 5 

~~ ~m ~~~~ I ~g~~ ~~;t ~g;~ ~~~~ ~~g~ I ~m 1 ~~~i ~~~~ i i ~ ~ I ~ ! ! g g 
74 8692 SG98 8704 sno 8716 8722 8727. 8733! 8739 3745 1 1 2 2 3 4 4 5 5 

- ------ - -------------- ----
75 _~ !756/!762i_8768 8774 8779 878518791 i 3797_1~ __:__:___:_:_ 3 3 4 5 5 

76 880S 8814 8820 8825 8831 8837 8842 188481 88M 188'09 1 1 2 2 313 4 5 5 
TI 8865 8a71 8876 88S~ 8887 8893 8899 8904 8910 8915 1 1 2 2 3 3 4 4 5 
78 SUil 8927 8932 ,938

1

89"3 8949 8954 8960 8965 I 8971 1 1 2 2 3 3 4 4 5 
79 8976 8982 8987 8993 8998 9004 9009 90151 9020 1 9025 1 1 2 2 3 3 4 4 5 

80 9031 9036 9042 900'-9053 9058 9003 -;)0-69 9074' 9079 1 1 2 2 3 1'344"5 
81 9085 9090 90961-9101 9106 9112 9117 9122 9128 -;i33 -1-1-2"3 3' '3475 
82 9138 9143 9149 91.04 915\) !l165 9170 917--, 9180 n~6 1 1 2 2 3 3 4 4 5 
83 9101 9196 9201 9206 92U 9217 9222 9227 9232 9238 1 1 2 2 3 3 4 1 5 
84 9243 9248 9253 9258 92ij3 9269 927419279 9284 9289 1 1 2 2 3 3 '" ! 5 

--1---1----.--1-- --1----1-----1-- ----
85 9294 9299 9304 9309 9315 9320 9325 9330 \ 9335 9340 1 1 2 2 3 3 ! ! 5 

1m ~ 1)350 9355 9360 9365 ~i370 9375 "3S0,' ,1385 9390 1122 3 3 ! 4 5 
87 \)395 9400 9405 9410 941:, 9420 9,125' 94: 0 9435 9140 0 1 1 2 2 3 3 !I 4 
88 9-145 0450 9455 94GO U4Gf, 04\)9 947 41 ~n919484 \)489 0 1 1 2 2 3 3 4 4 
83 9494 9499 9504 ~509 0513 9518 9523 9528 I 9533 \)538 0 1 1 2 2 R 3 4 4 

-- ----- - 1-- --------------

;; ~;;; ~ ;;;; ;;;; I ;~~~ ;;~; E ;;;; I ;;;; ;;;; ~ iii iii;; 
93 96B5 9689 9694 9699 970B 9708 9713 9717 9722 9727 0 1 1 2 2 S S 4 4 
9-1 9731 9736 i 974119745,,9750 9754 9759 976319768 ,r;3 0 1 1 2 2 S 8 4 4 

1---:----'-- 1---1--'-- '-'-+----1--:-------1 
95 9777 978219786 9791 9795 9800 9S05 \ 9609 9814 9818 0 1 1 2 2 II__:___:_~ 

196 982" -;lS271'~ -9ts'6 -\)841 9845 9850 I~ 9859 9863 0 1 1 2 2 3 3 4 4 
97 986S \1872 9877 9881 9886 9890 9894 9'99 990:3 9908 0 1 1 2 2 S 3 4 4 

~ ~g;~ ~~k{ I ~~~; ~~~~ ~~~~ ~&~~ ~~;~ ~~~~ ~~~ :~~ g l ~ i ~ t ~ ~ ~ ! 
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o 1 2 34 5 617 Sl9 1234516789 

-:00 1000 1002 1005 1007 1009 IOU 1014 1016_ 1019 I· 1021 () 0 1 1 1 1 2 2 2 

-01 1023 1026 1028 1030 1033 1035 103S' 1040 1042 1045 0 0 I 1 1 1 2 2 2 
-02 1047 1050 10:)2 1054 1057 1059 101)211064 1067 10"O 0 0 1 1 1 1 2 2 2 
-03 1072 1074 1076 1079 1081 1084 lOS(j 11080 lOVI lO'Q 0 0 1 1 1 1 2 2 2 
-04 1096 1099 1102 1104 1107 ]109 1112 1114 1117 1119 0 1 1 1 1 2 2 ~ 2 

-05 ])22 1125- 1127 rna us:! 1135 illslilia llisloo 01-1-1- 1 2 2 2 2 
f-- --~---- --~.- ----

-06 1148 1151 1153 1150 11W 116] ]164 ]16711169i1172 0 1 1 I 1 2 2 2 2 
-L7 1175 1178118011183 118(; 1189 1191 1194 11[17·]]91) 0 1 1 1 1 2 2 2 2 
-08 1202 ]205 1208,1211 1213 121U 1219 1222 U25 i 1227 0 1 1 1 1 2 2 2 3 
-09 1230 123~ 123011239. 1242 1245 1247 ~~ 1253112;(; 0 1 1 I 1 2 2 2 3 

-10 1259 U62 12tl5!12D8 1271 1274 1276 1279 128211280 0 1 1 I 1 1 2 2 2 3 

-n 1288 1291 1294 12971300 1303l306i1309m2i1315 01-1-1-22228 
-12 13]8 1~21 1~24 13~7 lE30 )334 ]3371 )34°11343 1-14!) 0 1 1 1 2 2 2 2 S 
-13 134~) 1:152 135511358 13ul 136[, ):l0S 1371 ]374

1

11377 0 1 1 1 2 2 2 3 3 
-14 13S0 1384 1387 1390 1393 13% 1400 1403 1406 l401l 0 1 1 1 2 2 2 3 3 

f-- --,------ ------1--------1----1 
-15 1413 141611419 1422 142G 1429 1432 1435 1439)1442 0 1 1 1 2 2 2 3 3 

C:i6 IH5 1449

1

11452 1455 1459 'i.6i H6G 146911472 i 1476 01-11-22233 
-17 1479 14'3 148{j 1489 1493 HO<i J500 J50:1 150711510 0 1 1 1 2 2 2 S 3 
-18 ]5]4 1517 J521 15241152S 153] ]535 15_18115421154,> 0 1 1 1 2 2 2 3 3 
-19 1549 ]552 1506 1560 1563 1567 1570 1574 1578

1
1581 0 1 1 1 2 2 3 3 3 

r- -------- ------.-------------
-20 1585 158911592(1596 1600 1603 )60', 1611,1614:1618 0 1 1 1 2 2 3 3 3 

-21 1622 162f~1 162911633-11637 16411614- ""l64s11052 11656 0112 -2- 2 3 3 3 
-22 WHO lGG31 J6G71lG7j, J6,5 167!' 1683 168711690 16"4 () 1 1 2 2 2 S 3 3 
-23 1<198 17()21170611710 1714 ]718 172".' 172°117:;011734 0 1 1 2 2 2 3 3 4 
-24 1738 1742[1746 1750 1754 )758 17G~ 176011770,1774 0 1 1 2 2 2 3 3 4 

~ ~~'rn2117S~ 1791 179~ 1791) lS0~ 1807~1~1181~ _()___l_.2....:_ ~ 2 3 3 4 

-26 1820 1824)1828 1832 1837 18-11 1845 1~49 11854 1858 0 1 1 2 I 2 3 3 3 4 
-27 1862 IBM 1']S71 1875 187\) 1884 )888 IS92

1
1SV7 I 1\)01 0 1 1 21 2 3 3 3 4 

-28 ]905 1910 ]914 1919 1923 1928 1\132 1936 IBH· 19-]:) 0 1 1 2 2 S :; 4 4 
-29 1950 J95~ 1959 19a~ 1968 1972 1977 19821 19S6 , 1 lI'J 1 _()___l_.2....:_~ ~_:_ 

-3D 1995 2000 2004 2009 20]4 2018 2023 202812032 i 2037 0 1 1 2 ) 2 3 3 4 4 

'31 2042 204612051.12056-12061 2065 2070 207512080 i 2081 0 1 1 2 2 3374 
-S2 2089 2094 2099 (210412101) 2113 2118 2123[2128, 2133 0 1 1 2 2 3 3 4 4 
-33 2138 2143 214S i 2103 i 2158 2163 2168 2173 '12178 )'. 2183 0 1 1 2 2 3 3 4 4 
-34 2188 2193 2198

1

220312208 2213 2218 2223 2228 2234 1 1 2 2 S 3 4 4 5 

-25 2239 2244 2249 2254 2259 2265 2270 227.5
1 

2280 12286 11~ 3 3445 
------- - -------- -------)----; 

-36 2291 2296 23011 2307 2312 2311 23c3 232812333)2339 1 1 2 2 3 3 4 4 5 
-37 2344 2350 2355[2360 23"6 2371 c377 23821 2388\2390 1 1 2 2 3 3 4 4 5 
-38 2399 2404 2410 2415 24,,1 242, ,,432' 243812443 2449 1 1 2 2 3 3 4 4 5 
-39 2455 2460 2466 2472 2477 24b3 24'912495 2500 2506 1 1 2 2 3 3 4 5 5 

1--1---1---- ----- ----1---- -----)--1-----1 
-40 2512 2518 2523 2529 2535 2541 2547 25531255912564 1 1 2 2 3 4 4 5 b 

~ 2570 2576 2582 2588 2594 2000 -;00 2612\261812624 1122 3 4 4 5 5 
-42 26:lO 2636 2642, 2f,49 26,,5 2%1 com 2673. 2679 2G8[, 1 1 2 2 3 4 4 5 6 
-43 2692 2698 2704 27]0 2716 2723 2729 2735; 2742 27{8 1 1 2:1 3 4 4 5 6 
-44 2754 2761 27ti7 2073 27~O ~8" !7as 2799 , 2805 2S12 II 1 2 3 3 4 4 5 6 
I-----~ ----------------

-45 2818 2825 283\ 2838 2844 2851 2R58 2864 2,71 2877 1 ~ 2 3 3 4 5 5 6 

~ 2884 2891/'2897 200412911 21l]7 211242:<i3I 2938 2944 -1-1-23\-3-14556 
-47 2~51 2958 2965[2972 2979 2g85 !()92\2!lg9 3006 3013 1 1 2 3 3 4 5 5 6 
-48 3020 30n 3034 3041 30-18 3055 3062 8069 307613083 1 1 2 3 4 4 5 6 6 
-49 3090 3097 3105 3112 3119 3126 3133 8141 3148 3155 1 1 2 3 4 1 4 5 6 6 
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01\23456/7891234 i 5:6789 

'50 31"Z 3170 13177 3184 3102- 119(, 3206 3214 3"21 -;;; 'll2--sf4"\-;5tl7 
'51 32.16 32-131' 3:)51- 3258- 3266- 3273- 3~81: 328n- 32[16 ,3D! 122"31-'-15567 
'52 3311 3319 3327 3334 3M2 3.150 31j7 3365\333 3:)81 1 2 2 3 4 5 5 6 7 
'53 33"8 3396 3,04 3·lIZ ' 3420 342' 3436 34~313451 :H~Q 1 Z 2 3 4 5 \) \) 7 
'54 3407 3475 3.)83 1~13499 W,OS 3516 352~1 353~ 3,40 _I_:) 2 _!_ _:... ~~ 
~ ~~ 355613565 357~i35S1_ 358[1 3;;97 360613614 3.>22 _l__! _ _:__::_I_:"'I_~~ 

'56 3631 363913048 36j613664 3673 3liSl 3,;90 3ti9S 3707 I 2 3 31 415 6 7 8 
'57 3715 37:24 3733 3741 3750 3758 3767 3776 3784 371).) I 2 3 3 4 5 6 7 8 
'58 3802 3811)3819 3828 3837 3$46 3,55 3864 3873 3~82 1 2 3 4 4 5 6 7 8 
'59 3890 3899 3008 3917 3926 3936 3!145 3954 3963 3972 1 2 3 4 1 5 5 6 7 8 

·sa 39S1 3990"13909-\4009 4018 4027 4036~ 4046 4055 4064 1"-2 3 4 5 1- 6 6 7 8 

'61 4074 4083 ' 4093 4102 41l! 4121 ·11:10 4140 4150 4159 1 2 3 4 51 6 7 8 9 
'62 41l)\) 4178 I 4188 4108 4207 4217 4:l:l7 4231) 4:240 42>tJ 1 2 3 4 5 6 7 8 9 
-63 t2\1() 4276 I 4285 42\)5 43U5 43] 5 1325 433Fl 4345 43f>5 1 2 8 4 5 6 7 8 9 
-64 43u5 4375

1

4385 4395 4400 44 Hi 4426 4436 4446 44,,7 1 2 3 4 5 6 7 8 9 

~ 4167 4477 448~ 4498 450~ 45Ui 4529 45:19

1

4550 4.\601234516789 
'66 4'm 4581 1 4j9" I 4(\03 461:1 4624 46341 4u4514656 46bi 1 2 3 4 51 6 7 9 10 
'67 4077 468814r,~'l14710 14721 4,:\2 ')7421475~ 14'64 4775 1 2 3 4 5 7 8 910 
'68 47SG 47\), I 480S 481914831 4842 ,)8'03 4'64 4875 4887 1 2 3 4 6 7 8 910 
"69 4898 490!i 492014932,4943 49j;; 49,;6! 4977 4989 5000 1 2 3 5 6 7 8 910 

'70 5012 502~150351504iI5058 5070 508215093: 5105- 5117 l~[' 6(789ll 

f':7l 5129 5140 515215164- 5176~ 5188 ,,2001521215224- 52.1,; 12-;-5\'61781011 
'72 0248 5260 527215"284 [&2\l7 ;)30H ~32115333' 53.,1UI53;)~ 1 2 4 b " 6 7!) 10 11 
'73 5370 5383 ',395 5408 54:':0 5433 [;445 545S '5470 5483 I 3 4 5 i \ 6 8 D 10 11 
'74 5405 55 as 5521 5534 5546 555~\ 5572 5585(5598 5610 1 3 4 5)' 13 8 Ii 10 12 

'75 5623 5636 5649 i 5662- 5675 r;;;sg- 570215715 i 5728 5741-134517189 1012 

r;,a 5754 5768 1578115794 580'- ';;s;rr 5834158481 5861 587'~ 13~17189 11 12 
'77 5888 5!102 5!116 1 5929 5943 W57 597015984 5998 1i012 1 3 4 5 7 S 10 II 12 
'78 6026 603916053i6111i7 6081 6095 6109' 6124 6138 ',152 1 3 4 6 7 81011 13 
'79 6166 6180 619416209 6223 623, 6252 1 6266 6281 6295 I 3 4 Ii 7 9 10 II 13 

'80 6310 6324 6339
1

6353 6368 6383 639716412 6427 6442 1340'--if910 1213 

'81 W,7 Mil 6486 \ 6501 6516 6531 6'.46 656116577 6 922"3-:::-6 sl---;;]1 1214 
'82 6607 6622 6637 i 60.>3 6668 6683 6699 6714167:W (i745 2 3 c, 6 , 9 11 12 14 
'83 6761 6776 67112

1
6808 68i3 6839 6855 6S71 6887 6D02 2 3 5 /; 81 911 1314 

'64 6918 6934 6950

1

6966 6982 699' 7015 7031 70-17 70G3 2 3 5 6 8 10 II 13 15 

'85 7079 7096 7U2 7i29 7i45 17i6l 7178 7l94i72ii- 7228- 2:157 silO 12 13 15 

~ 7244 7261 7278 (7295i7311 732' 7345 \ 7362- 7379 73(16- 2857 SilO 12 13 15 
'S7 7413 7430 7447, 74(H 7482 74g9 7516·753, 75[,1 7568 2 3 5 7 9 10121416 
'S8 7580 7603 7621.' 7<508 760G 7674 769117709 7727 774" 2 4 5 7; 9 II 12 1416 
·S' 776:! ~ 7798! 781~1~ 7852 7870 I' 788: 7907 792~ _:_~....2_ 9 11 1314 16 

"90 7943 7962 7980/7998 8017 8035 8054
1

8072 8091 8110 2 4 6 7 9 II 13 15 17 

r:;n 8128 8147 8166,8l85 8204 8222 8241 8260 8279 82g9 ~68 -glil31517 
'92 8318 ~337 8356: 8375 8395 8414 8433 I! H5:l '472 8492 2 4 6 8 10 12 14 15 17 
'93 8.111 8531 855118570 R,\90 8610 8630 ,650 8670 "r)l 2 4 6 8 10 12141618 
-94 8710 8730 875018770 S'r90 8810 8831 8851 8872 80'92 2 4 6 8 10 1214 1618 

':9$ 8913 8933 8954 8974- 8995 '~ 9036190571':0781' 9099- 2 4 6 8 10 (l2i5l7l9 
'96 9120914119162918319204 9226 9247\9268 (12909311 2 4 6 8 lli13151719 
"97 93:13 9354 9376 9397 9HD 94n 9462/9484 95061952R 2 4 7 9 11 13 15 17 20 

:: ~~~g ~~~; ~m ~~~g 1 ~~~~ ~~~~ ~~g~ ~b~{ I ~~?,~ I ~~~~ ~ ~ ~ ~ g i! i~ i~ ;g 
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TRIGONO~l~TRICAL j<'UNCTIO"'''' 

Angle, __ I_ 
:e~~. Radian8. 

Chord. Sine. TaDgent. Co-tangent . Cosine. 

~--

---
O· 0 0 0 0 00 1 1'414 1'5708 90' 

I--------------------------

I '0175 '017 '0175 '0175 57'2900 "9998 1'402 1,,533 89 

2 '0349 '035 '0349 '0349 28'u303 '9994 1'389 1'53[19 88 

S ·Of.J24 '052 '0523 'Oj24 19'0811 ·g~)SG l'S77 1'5184 87 

4 '0698 '070 '0698 '00\)0 14'0007 '9976 1'364 1'5010 86 

I-------------------------

5 '0873 '087 '0872 '0875 11'4301 '9962 1'351 1'4835 85 

------------_---------------
6 '1047 '105 '1045 '1051 9'5144 '9945 1'338 1'4661 84 

7 '1222 '122 '1219 '1228 8'1443 '91125 1'325 1'4,186 83 

8 '1396 '140 '1392 '1<105 7'1154 '\1903 1'312 1'4312 82 

9 '1571 '157 '1564 '1584 6'3138 'U877 1'299 1'4137 81 

I--------------------------

10 '1745 '174 '1736 '1763 5'6713 '9848 1'286 1'3963 80 

----------------------------

11 '1920 '192 '1008 '1944 5'1446 '9816 1'272 1'3788 79 

12 '2094 '209 '2079 '2126 4'7046 '9781 1'259 1'3614 78 

13 '2269 '226 '2250 '2309 4'3315 '9744 1'245 1'3439 77 

14 '2443 '244 '2419 '2493 4'0108 '0703 1'231 1'3265 76 

-----_,-----:-2679 -13'7321-
_,----------

15 '2618 '261 '2588 
'9659 1'218 1'3090 75 

I-------------------------
16 '2793 '278 '2756 '2867 3'4874 '9613 1'204 1'2915 74 

17 '2967 '206 '2924 '3057 3'2709 '9;)63 1'190 1'2741 73 

18 '3142 '313 '3090 '32,19 3'0777 '9!Jl1 1'176 1'2506 72 

19 '3316 '330 '3256 '3H3 2'9042 '9455 1'161 1'23(12 71 

---------------------_ ----

20 '3401 '347 '3420 '3610 2'7475 \ '9397 1'147 1'2217 70 

---------
21 '3665 '364 '3584 '3839 2'6001 '9336 1'133 1'2043 69 

22 '3840 '382 '3746 '4010 2'4751 \ '0272 
1'118 1'1868 6S 

23 '4014 '309 '3907 '4'2""'.5 2'35~9 -9205 1'10,1 l'lG94 67 

24 '4189 '416 '4067 '445'l 2'2460 '9135 l'OS9 1'1519 66 

I-
--------- --

25 '4363 '433 '4226 ~663 _1__:'1445_ ~~ 
1-075 1'1345 65 

26 '4538 '450 '4384 '4877 

\ 

2'0503 '8908 l'OGO 1'1170 64 

27 '4712 '41;7 '4540 '5095 1'0026 '8910 1'0"" 1'09"6 63 

28 '4887 '484 '4695 '5317 1'8801 '8829 1'030 l'OS" fi2 

29 '5061 '501 '41i48 '0543 1'8040 '8746 l'OIG 1'0647 61 

--------------~--'--------
30 '5236 '518 '5000 '5774 1'7321 '8660 1'000 1'0472 60 

------------------------
31 '5411 '534 '5150 '6009 1'6643 '8572 '985 1'0297 59 

32 '5il85 '551 '6299 '6249 1'6003 '8480 '970 1'0123 58 

33 '5760 '568 '5446 '6494 1'5399 '8387 '954 '9048 57 

3! '5934 '585 '5592 '6745 1'4826 '8290 '939 '9774 56 

-------- --- ---I-
35 '6109 "601 '5736 '7002 1'4281 '8192 '923 '9099 55 

I--- -----------------------I-

36 '6283 '618 '5878 '7265 1'3764 'P090 '908 '9425 54 

37 '6458 '635 '6018 '75:36 1'3270 '7986 '892 '9250 53 

38 '6632 '651 '6157 '7813 1'2799 '7880 'S77 '9076 52 

39 '6807 '668 '6293 '809~ 1'2349 '7771 'S61 '8901 51 

------------------------I-
40 '6981 '684 '6428 '8391 1'1918 -7660 '845 '8727 60 

I------
---

__ -
41 '7156 '700 '6561 '8693 1'1504 '7547 '829 '8552 49 

42 '7330 '717 '6u9!. " '9004 
1'1106 :~m· 

'813 'S,78 48 

43 '7505 '733 '6820 '9325 1'0724 '7U7 '8203 47 

44 '7679 '749 '6947 '9657 1'0355 '7193 '7S1 '8029 46 

----- --- ~071-+-:765 '78~ ITW 
45' '7854 '765 '7071 1'0000 1'0000 

I-
_--- ____ \_1-

Cosine, Co· tangent. Tangent. 
Sina. Chord. Radians. Degrees. 

Angle. 
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APPEND1X. 385 
i 

.4.11.tae-ear in pages 385-394 whid are marked otl _ ~k ,"ould 
be committed to memm·y. 

MENSURATION, ETC. 

Base of hyperbolic logarithms, e = 2'7183. 
Hyp. Jog X == 2'3026 (loglo X). 

"II" = 3'1416'(= 3'14" or 22/7* roughly): 
log 71" = 0'497 15: 

hypo log 7r = 1'1447. 
71"2 = 9'870, 

1/71" = 0'3183, 
';11" = 1'772. 

TRIANGLE. Area = -! X base X height." 

CreCLE, Oircumference = 71" x diameter. " 

Area = 7r(radius)2* = _.!_ (circumf.)'. 
471" 

ELLIPSE, semiaxes, a, b, Area == 71", a. O. 

SPHERE. Surface = 41r(radius)2* == 12'57 (radius)'. 
Volume = t7l"(radius)3* = 4'19 (radius)3. 

RIGHT CYLINDER or PRISM, Volume == (Area base) X (height).

RIGHT CONE or PYRA.MID. Volume = t (Area base) X (hei~ht)." 

MEASURES OF TIME. 
1 mean Bolar day" 

= 24 hours (Ars.) = 1440 minutes (m.) = 864 00 seconds ( •. ). 
1 sidereal day = 86 164'1 mean Bolar seconds (8.). 

MEASURES OF ANGLE. 

A revolution" == 4 right angles = 360 degrees {oJ = 271" radians. 
1 right angle = 90 degrees'" = 5400 minutes = 324 000 seconds. 
1 degree (0)" = 60 minutes (') = 3600 seconds (U). 
1 minute ('l" = 60 seconds ("). 

OOtW8"sion factors for tlircular measur# (radiam). 

1 right aIigle == 1'5708 radians. ,0. 
1° = 0'01745 radian. 
t radian> = 57'3°* = 3437'7: = 206265". 

PR.PHY. 25 



886 APPENDIX. 

BRITISH MEASURES OF LENGTH. 

I yard· (yd.) = 3 feet (ft.) = 36 inches (ins.). 
I inch (in.) = 0'0833 feet. 
A mil is one-thousandth of an inch. 

The halfpenny is an inch in diameter." 

METRIC MEASURES DF LENGTH. 
1 metre* (m.) 

= 10 decimetres (dm.) = 100 centimetres (em.) 
= 1000 millimetres (111m.). 

A micron (.u) is one-thousandth of a millimetre. 
A millimicron or micromillimetre (.u.u) is one-millionth of a milli

metre. 
An angstrom or tenth-metre = 1 (}-,. metre = 0'000 000 01 em. 

Conversion facial's. 

1 inch = 2'54 centimetres. * 
1 foot = 30 '48 centimetres. 

1 centimetre = 0'3937 inch = 0'0328 ft. 
1 metre = 39'37 inches.· 

One-fiftieth of an inch is very nearly half a millimetre." 
One foot is nearly thirty centimetres.· 

BRITISH MEASURES OF MASS. 

1 pound (lb.) avoirdupois· = 15 ounces (oz.) = 7000 grains (grs.). 
0'0625 lb. = 1 ounce = 437'5 grains. 
10 pounds is practically the mass of a gallon of water.· 
An ounce is practically the mass of one-thousandth of a cll.bic 

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. 

l\IETIUO MEAS URES OF MASS. 

I kilogramme* (kgm., kilog., kg.) = 1000 grammes (gm.). 

1 gramme* (gm.) 
= 10 decigrammes (dgm.) = 100 centigrammes (cgm.) 
= 1000 milligrammes (lJlgm.). 

One gramme is the mass of a cubic centimetre of water.* 

Co/it''''sion factors. 

1 grain = 0'0648 gramme. 1 gramme = 15'432 grains. 
1 oz. avoirdupois = 2~'!I:l5 grammes. 1 gramn~ = 0'0353 ounce. 
1 lb. avoirdupois = 453'6 grammes. * 1 kilogra~me = 2'205 Ibs. * 



APPENDIX. 

BRITISH MEASURES OF AHEA OR SURFAOli). 

1 square foot- (sq. ft.) = 144 square inches (sq. in.). " 
1 square inch = 0'006 94{ square feet. 

387 
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METRIC MEASURES OF AREA OR SURFAOa 

1 square centimetre* (sq. cm., cm.2) = 100 square millimetre. ~ (sq. mm., mm.2). 

C01lt'cl'sion factol'a. 
1 square inch = 6'451 sq. elil. 1 sq. elil. = 0'155 aq. in. 
1 square foot = 929 sq. cm. 1 sq. elll, = 0'001 076 sq. ft. 

BRITISH MEASURES OF VOLUME OR CAPACITY. 

1 cubic foot (eb. ft., ft. 3) = 1728 cubic inches* = 6'228 gallons. 
1 cubic inch (eb. in., in. 3

) = 0'000 578 7 cb. ft. = 0'003 604 gallon. 
1 gallon = 0'1606 cubic foot = 2/i'5 cubic inches. 
1 fluid Ounce (fl. oz.) = 0'006 25 gallon = 0'001 0035 eb.ft. 

METRIC MEASUUES OF VOLUME OU CAPACITY. 

1 litre" (t.) or 1 cubic decimetre (eb. dm., dm.3) = 1000 cubic centimetres (eb.e., c.cm., e.c., em. 3). 

Com'cl'sion factors. 

1 cubic inch = 16'39 cb. em. 1 cubic centimetre = 0'061 eb. in. 
1 cubic foot = 28317 cb. em. 1 litre = 0'03532 cb. ft. 

1 gallon = 4541 eb. em. 1 litre = 1'76 pints = 0'2202 gallon. 
1 fluidounce = 28'4 eb. em. 1 litre holds akilog. (2'2 Ibs.) of water. 

DENSITY, ETC. 

1 gramme per cubic centimetre = 62'43 pounds per cubic foot 
= 0'0362 pound per cubic inch. 

1 pound per cubic foot = 0'016 02 gramme per cubic centimetre. 
1 pound per cubic inch = 27'65 grammes per cubic centimetre. 
I cb. ft. water at 62° F. weighs 62'32 Ibs. = 997'1 ozs. = 28269 grammes. 

I cb. in. water at 62° F. weighs 0'036 lb. = 0'5i66 oz. = 16'3;; grammes. 

I cubic centimetre of water at 4' O. weighs 1'000013 grammes. 
I pound of water at 62° F. occupies 0'016 cb. ft. * = 27'67 cb. in. 

= 453'6 cubic centiu'JJtres. ,,' 

I cb. cm. of lllercury weighs at 0° O. 13'596 gms. [13'6*]: at ,5°0., 13'56 gramnt'es. 
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1 cubic foot of air at N. T.P.::; weighs 0'0807 pound. 
1 litre of air at N. T.P.! weighs 1'293 grammes. * 
1 gramme of air at N. T.P.! occupies 773'3 cubic centimetres. 
1 litre of hydrogen at N. T.P.::; weighs 0'090 01 gramme [0'09*]. 
SP~:CIFIC GRAVITY (Sp. G.). For the distinction between specific 

gravity lind density see H 62, 6.~. 

(
llfass of\ _ (Volume of) (SP' G. of its) ( Mass of IInit ) * 
a body ) - the body X material X t'olll1ne of water 

TABLE OF SPECIFIC GRAVITIES. 

alcohol •............... O'S iron, cast ... , ..... , , • 7'2 
aluminium .. , , .. , .. , , . , ,2'6 "steel ","" .. ," 7'7 
brass .................. 8'3 lead.................. 11'3 
coal .................... 1'3 marble ............... , 2'7 
copper. . . . . . . . . . . . . . . . . • 8'7 mercury ... , . . . . . . . . . . 13'6 
German silver "'~""'" 8'5 petroleum. . . . . . . . . . . . 0'8 
glass .... , ......... ,.,. 2'5 sulphur ......... , .... 2'0 

" flint .............. 3'1 sulphuric acid ........ 1'8 
glycerine .... ,......... 1·3 turpentine ......... , .. 0'9 
gold coinage ............ 17'49 wax (bees) ............ 0'9 
gold, pure ...... ,. " " .. 19'3 wood., " ...... " , •.. 0'5 to 1 
granite ................ 2'7 ebony.. .. . .. ..... 1'1 

:l'I1ean density of the Earth, 5'53, 

FOROE, WORK, ETO. 

VELOCITY. 1 foot second == 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, Bec. == 981 em. sec. sec. 

ACCELERATION OF GRAVITATION, fl, in cm. sec. sec., at an altitude 
of h cm., and in latitude, </>. fl == 980'62 - 2'6 cos 2</> - h(330 000. 

Greenwich (lat. 5HO). g == 32'191 ft. sec. sec. == 981'17 cm. sec. 
sec. Length of seconds pendulum == 99'413 cm. 

Latitude 45°, g = 980'6 cm. sec. sec, Length of seconds pendulum 
== 99'356 em. 

MOMENTUM. 1 ft. lb. sec. = 138 25 cm. gm. sec. 
1 cm. gm. sec. == 0'000 072 33 ft. lb. sec. 

FORCE. 1 poundal == 138 25 dynes. 1 dyne = 0'000 072 33 
poundals. A mega dyne is a million dynes. 

WEIGHT. The weight of a body at any place is the force with 
which the earth attra~~ it at that place. 

(Weight of body) = (Mass of body) X (...d.cceleratron of fl,·avitation).* 

t N.T.P. ,.,; normal temperature and pressure." The normaL tem
perature is 0° O. For the normal pressure see p, 389. 
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GRA VlTATION UNITS OF FORCE.-The weights of unit masses. (The 
variation in the value of g is neglected.) 

The British unit, viz. the weig'ht of a pound of matter, is eallecL 
It force of one pound, or one pound-weight.· 

1 pound weight = 32'2 poundatst· = 445 000 dynes.-
1 gramme weight = 981'2 dynest· = 0'71 poundalst. 

STRESS (Pressure, tension, shear). 
dynes per sq. eID. 1bs. wt. per sq. in. 
1 .•........•• I 0'0672 poundals per sq. ft .......•....• 
14'88 ........ 11 pouudal per sq. ft ................. .. 
68971. . . . . . . . 4636'S poundals per sq. ft ............ . 
479.. .. . . ...• lIb. wt. per sq. {t.t ................. . 
1'545 x 10'. . . . 1 ton wt. per sq. incht ......••...... 
33880. . . . . • . . 1 inch mercury column at 0° C.t ..... . 
1016300 .... 30" (= 76'2 em.) dittot"* ......•• 
13338. . . . . . . • 1 centimetre dittot ......... . 

1 
0'00694'1 
2240 

1013800 .... 76 cm. (= 29'922") dittot"*.. ....•• 14'7 
1000 000 .... {74'96 cm. (= 29'513") ditto ......... . 

(megadyne) A proposed standard atmosphere ..... . 

WORK 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 quantity 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.· 

(
Kinetic enm'gy or accumulated). _ 1. mass of body in lbs. (speed i12)2. 

work in foot-pounds - " 32'2 ft. see. 

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. * 

( ~o"k done) = 33000 X (II.F. Of) X (Time in). 
tn ft. lbs. agent ",mutes 

In Electrical Engineering other units are also used (definitions, 
p. 394). viz.:-

FOR ENERGY OR WORK: the joule and kilowatt-hour (B.T.U.). 
FOIt POWER OR ACTIVITY: the watt and kilowatt. 
In thermal work energy is expressed in calories or British thermal 

units (definitions, p. 390) . 

•• "Normal" atmospherio pressure; alsJ ~alled an atmospner6. 
t Approximatovalues for Euglish lIfidlands: g = 98 1'3 cm. sec. sec. 

or 32'2 ft. sec. sec. 
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8rg3. 
4'214 X 106 

1 ........ 
1'356 X 107 

10'· .... 
3'6 X 1013 • 

4'2x 107 •• 

1'06 X 1010 

et'gs p.,. sec. 

1 ........ 1 107 •••••• 

10 10 ••• , .. 

7'46x 10". 

APPENDIX. 

Work or Energy,' ConvCI'sion factor3. 

1 foot poundal 

1 Joule = 0'24 calorie ............... . 
1 Kilowatt-hour (B. T. U.) = 3600 Joules 
1 Calorie or therm (J.) = 4'2 Joules· .. 

{
I British thermal unit (B.Th. U.) is about 

250 calories ........••........•..... 

foot -pound,. t 
0'03106 
7'375 x 10-8 

1 
0'7375 
2'655 x 106 

3'1 X 10-1 

775 

ft.-pds. p.,. mitl. t 

i "V~tt' ~~ 'j;~l~'p~; ~~~: ~ O"OOi34 ·H.p.1 !~443·4~'.~gXg 10-
6 

1 Kilowatt = 1000 Watts = 1'34 H.P ... 
1 Horse power (H.P.) = 746 ·Watts· .. 

HEAT, SOUND, AND LIGHT. 

TEMPERATURE.-Measured in (i) degrees Centigrade, or (ii) degrees 
Fahrenheit. 

A degree Centigrade is Tao of the range of temperature between ice
point and steam-point; a degree Fahrenheit, T}" of this range.* 

'rhe 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).· 

UNITS OF HEAT.-A quantity of heat is measmed in terms of the 
amount absorbed or emitted when unit mass of a standard substance 
rises or falls one degree in temperature. Two heat-units are common. 

(i) The calorie (or the,.,n).n The quantity of heat required to 
raise the temperature of 1 gramme of water by lOCentigrade.* 

(ii) The British thermal unit (B.Th.U.). The quantity of heat 
required to raise the temperature of one pound of water by 10 

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. The calorie is then regarded as a. 
derived unit. The calorie is practically equal to 4'2 X 101 ergs or 
4'2 Joules. (For conye"'~n factors see above.) _ 

t g = 32'2. Heuce these are correct for the MidlJtnds of England. 
tt The therm is sometimes defined more exactly, \'iz. as the quantity 

of heat equiyalent to 42 000 000 pr!!'R. 
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THERl£AL DATA..-

Melting- Boiling- Specific Coefficient 
point: point: Heat. Cubical 

°G. °c. Expansion. 

_-~,-_--' 

Alcohol (ethyl) .. - 78'3 0'61 0'001 08 
Benzene .. .. - 80'8 0'45 0'001 38 
Brass .. .. 1040 - 0'094 o 000 057 
Carbon bisulphide .. - 48 0'22 0'001 47 
Chloroform .. .. - 61'2 0'23 0'001 4 
Copper .. .. 1080 - 0'095 0'00005 
Ether (ethyl) .. -- 35'5 0'517 0'002 1 
Glass .. .. - - 0'2 0'00002+ 
Glycerine .. -.. 290 0'58 0'000 53 
Ice .. .. .. 0 - 0'5 0'000 16 
Iron .. " .. 1500 - 0'112 0'000 035 
Lead .. .. .. 325 - 0,031 0'000 084 
Marble .. .. - - 0'2 -
lIIercury .. .. -39'5 350 0'033 0'000 180 2 
Paraffin .. .. - 370 0'68 -
Sulphur .. .. 114'5 444 0'23 -
Sulphuric Acid .. - 3:l6 0'33 0'00049 
Tmpentine .. " - 156 0'47 0'001 
'Vater .. " - 100 1 0'00021 (20°) 

AIR.-Specific heat at constant volume, 0·lG84. 
" "pressure, 0'2375. 

Coefficient of expansion at constant volume or pressure 
"" 0'003 665 approx. = "h- approx.* 

ALCOHOL: V.!.POUR PRESSURE. 

! Temp. °C. 

I I Dynes per sq. em. 

~ __ 0 __ I_O __ 2_0_1 __ 30_ 

4455 16940 32320 593101104800 I 

ETHER: VAPOUR PRESSURE. 

1 __ T_e_m_p_._o_o_. _-. _-_2_0_1 __ 
0 
__ 1, __ 1_~_,_1 __ 20_1 30 I 

246 000 1382 600 1577 200 1846 800 I Dynes per sq. dn. 91900 

I 
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MERCURY: VAPOUR PRESSURE. 
.-;-

Temp. 00. 0 I 50 100 I 200 I 300 ' 

-I~'--
V.P. mm. Mere. negligible I 0'012 0'28 I 1 j'81 I 246'S 

i 

W ATER.-Latent heat of fusion .. 
" " vaporisation at 1000 O. 

80 approx.* 
540 approx. * 
3·98Q O. Temperature of maximum density 

STEAM.-Specific heat at constant volume.. 0'37 
" pressure. 0'48. 

PRESSURE OF AQUEOUS VAPOUR (also see p. 125). 

I Temp. °c. V.P. mm. Merc. Temp.oC. V.P. in Atmospheres. 

I 
I 

I 
I 

-10 2'1 100 1 
-5 3'1 150 4'7 

See cols. 1, 2, pi1ge 13:~. 

r 

200 15'4 

50 

I 
92 

75 289 

I 100 760 

DIATONIC SCALE and Standard Pitch: see pp. 160, 16l. 

VELOCITY OF SOUND. 
Air at 00 C.'" = ) 091 ft. sec. = 33200 cm. aec. (see p. 164). 
Various wood~ .. 300000 to 600000 em. sec. 
Glass 400 000 to 500 000 em. 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 (see p. 176). 

VELOCITY of light in vacuo = 3 X 10 10 cm. sec. = 186000 miles sec. 

VIBRATIONS PER SEC~,· of waves correspondrng to .Faunhofer 
lines: A (red), 3'945 x IOU; D (orange), 5'092 x 1014 • F, 6'172 X 101<; 
G, 6'965 X 101'; H (violet), 7'6 x 10 14 • 
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ELECTRICAL UNITS, ETC. 

These arE' related to C.G.S. units. The so-called practical units" 
ftre indicated below by §. 

1. PRIMARY UNITS. 

RESISTANCE. (1) Unit called the international ohm ( = 109 C.G.S. 
units).§- The resistance of a cylinder of mercury, temperature 0° 0" 
length, 106'3 cm. ; mass, 14'4521 grm. (Cross section, 1 sq. mm.) , 

The megohm is one million ohms. The microhm is one-millionth 
of an ohm. 

(2) Unit called the legal ohm§ ( = 109 C.G.s. approx.). Cylinder of 
mercury, 0° C.; 106 em.; 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.). 

C01H'e1'sion facto!·s. 
1 International ohm = 1'0028 legal ohms = 1'0136 B.A. units 
0'9972 = 1 = 1'0108 

0'9866 = 0 '9893 " = 1 " 
CURRENT.-Unit called the ampere§- ( = 1'0" C.G.S. unit). The 

electriv current of constant strength which when pasBed through It 
solution of silver nitrate deposits silver at the mte of O'OOllIS 
grm. per sec. (p. 304). 

II. DERIVED UNITS OF ELE<J1'RWAL QUANTITIES. 

ELECTROMOTlVE FORCE (E.IILF.i, DIFFERENCE OF POTENTIAL Olt 
ELECTRIC PRESSURE (P.D.). Unit called the volq- (= 108 C.G.S, 
units). The potential difference that produces a constant current ot 
1 ampere in a conductor of 1 ohm resistance. 

:. rolts = Amperes x ollms.-

QUANTITY OF ELECTRICITY or CHARGE. (1) Unit called the 
(loulomb*§ or ampere-second (= 116 C.G.S. unit). The quantity o~ 
electricity that flows per second aCl:oss any section of the circuit when 
a constant current of one ampere is maintained. 

:. coulombs = ampe.·es X seconas.-
The ampere-hour ( = 3600 coulombs). In the definition of the cou

lomb substitute per hour for per second. 
:. ampere-llOw's '" amperes X hours. 

CAPACITY.-Unit called the f&l'ad§- (= 10-9 C.G.S. unit). The 
('apacityof a condenser which when charged with 1 coulomb has & 
P.D. between its CO,1I:8 of 1 volt. ..'. 

The microfarad~ is a capacity of one-millionth of a farad, 
:. lamds = co1tlomZ,s-'o-t'olts." 
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III. DERIVED UNITS OF ?!'[ECHANICAL QUANTITIES. 

POWER or ACTIVITY.-Unit called the watt§* (= 10' ergs per sec., or 
1 joule per sec.). The power supplied when a current of 1 ampere and 
a P.D. of 1 volt are maintained in a circuit, 

:. watts = ampb'esXt'o!ts = (amperes)2 X ohmB = (t'olts)2+ohms. 1 
The kilowatt is II power of one thousand watts. 
ENERGY or WORK.-(l) Unit called the joule or wati-second§* 

(= 10' ergs). The energy absorbed per second by lin 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. 

Joules = ampl"'es X volts X time in seconds. * 
Kilowatt-hol!!"s = ntolS amptwes X volts X time in hourI. 

ELECTRICAL AND l\IAGNETIC DATA, ETC. 
ELECTROCH~MrCAL EQUIVALENTS. (See p. 304.) 
ELECT1WMOTIVE FORCES of cells. (See p. 291.) 
MAG~ETIC ELEMENTS for 1910. 

Place. Veciilla-
1;0)/. I Dip. 

I 

Horizontal in- I 
tensity of. C. G.8. 

nmtB. 
i (-.~-- ·----~-i 

London 
Exeter 
Manchester .. . 
Edinburgh ...... . 

16°0'W. 
17 15 
17 20 
18 40 

RELATIVE RESISTANCES. (See p. 294.) 

67° 0' 
66 iiO 
68 :,0 
1m 55 

0'18 
0'17 
0'17 
0'18 

RESISTANCE of a metal generally increases as the temperature ri~e8. 
For small changes of temperature, 

R t '= Rd1+a.(t'-t)}, 

a. is called the temperature coefficient. For pure metals a. 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. 
~opper " . . . . . . . . 1'63 I man.ga,;,in .. . . . . . . . . . . .. about 
Iron.. .......... 9'0 ... platmOld ........... f.. " 
mer?ury ........ 94'071 carbon (arc l~mps) ...... .. 
platmum ....... , 10'90 saturated CuS04 ......... " 

eureka ...... about 40 " ZnSO, ....... . 
German silver " 30 H,SO, (specific gravity 1'2) " 

44 
40 

3500 
29 X 10. 
34x 10' 

1'24 X 106 
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ABSOLUTE expansion of a 
liquid, 137. 

Absolute temperature, HI. 
" units, 4. 

Acti vity, 144. 
Ammeter or ampere meter, 320, 

335. 
Ampere'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, 88. 
Area, To measure, 20, 80. 

BALANCE, 16,57. 
" , ratio of arms, 64. 

, resting point, 59, 
60. 

, rulestoobserve,62. 
, sensibility curve, 

65. 
" ' zero point, 59, 60. 

Bar magnets, 2H. 
Barometer, 107. 

, corrections, 110, 111. 
, rules to observe, 1l0. 

" , vernier, 39. 
Beats, 170. 
Beckman's thermometer, 116. 
Bichromate cell, 286. 
Boiling points, 127. 

" " of water (Table), 
125. .. 

Boyle's law, 112 .• 
Broadside on, 260. 
Bulb, To fill a, 135, 139. 
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Bunsen cell, 285, 286. 
" photometer, 192. 

Buoyancy, 88. 
" correction, 60. 

Burette, 82. 

CALIBRATION of gal vallO
meter, 319. 

Calipers, 28. 
" micrometer, 42. 
" vel'nier, 37. 

Candle-f()ot, 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. 
Oomparison prism, 188, 233. 
Compensation method, 150. 
Concave, 196, 197. 
Condenser, 225, 282, 373. 
Connecting wires, 295. 
Oonstant, 18, 21, 328. 
Oontrol magnet, 321, 329, 335. 
Oonverging lenses, 207. 
Convex, 196, 197. 
Cooling curve, 119. 

" ;.,;Method of, 151. 
Copper voltameter, 310. 
Oritical angle, 176. 
Cross wires, 49, 226, 234. 
Cubical expansion, 135. 
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Curved lines, 30. 
Cylindrical surf~es, 196. 

DANIELL cell, 283. 
" hygromater, 13L 

Day, 3. 
Density, 85. 

" and expansion, 13.5. 
" bottle, 86. 

Derived units, 4. 
Dew l'oint, 130, 132. 
Diagonal scale, 32. 
Dilatometer, Volum~, 136. 
Dip circle or needle, 251. 
Dispersive power, 242. 
Distance piece, 206. 
Diverging lenses, 219. 
Dry cell, 284. 

ELECTRIFICATION, posi
'.oj tive, etc., 211. 

Electrodes, 303. 
Electrolysis, Laws of, 303. 
Electrolyte, 303, 304, 310. 
Electromagnet, 30l. 
Electromagnetic induction, Laws 

of, 315. 
Electrophorus, 277. 

" paper, 273. 
Electroscope, 269, 273. 
End on, 260. 
External circuit, 289. 
Eye estimation, 27, 32. 

FARADAY'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. 

" oi magnetic lines, ';\15. 
Focal length, 209, 212, 215. 
Foci, Conjugate, 209, 217. 
Focussed for infinity or parallel 

rays,227. .._ . 
Fortin barometer, 109. 
Fraction of saturation, 130, 133. 

Frequency, 160, 173. 
Fundamental units, 4. 

GALVANOMETERS, Aper
iodic, 319. 

Galvanometers, Astatic, 322. 

" 

, Ballistic, 319. 
, Constant, 328, 

336. 
, Damped, 319. 
, Differential, 321, 
, Moving coil, 318, 

324. 
, Thfoving magnet, 

318, 320. 
" ',I, Periodic, 319. 

, Pivoted, 318. 
" 
" 

, Pointer, 318. 
,Reflecting, 318, 

321, 329. 
, Suspended needle, 

318. 
" ,Tangent, 322,327, 

Gas, Mass of, 95. 
" , Volume of, 94. 

Gauss' absolute method, 268. 
" positions, 260. 

Girth, 31. 
Graduation of thermometers, 122. 
Gravitation; g by Atwood's ma-

chine, 98. 
" "pendulum, 78. 

Gravity, Centre of, 96. 
Grease-spot photometer, 192. 
Grove cell, 286. 

HAIR di viders, 28. 
Head scale, 41. 

Horizontal intensity, 258, 268. 
Hydrometer, Common, 24, 92. 

" , Nicholson, 24, 91. 
H~'i''<IISUl.'''t'''1', l~~. 

I CE, Latent heat of, 158. 
" pail experiment, 280. 
" point, Pl5, 123. 

Index of refraction, 177. 
Indiarubber cor~, 101. 
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Induction, 272, 275. 
" coil, 316. 

Inertia, Moments of (table), 103. 
Inside measurements, 28, 38. 
Internal circuit, 289. 

K ATHETOMETER, 49. 
Key, Morse, 375. 

Key, Plug, 296. 
" , Tap, 295. 

Kundt tube, 174. 

L ABORATORY rules, 8. 
Lamina or thin slab, 46, 

187. 
Latent heat, 155. 
Leclanche cell, 284. 
Lens holders, etc., 204. 
Lense8, 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. 

MAGNETIC FIELDS, 254, 
326. 

Mngnetic fields, To map, 302. 
Magnetic meridian or reference 

line, 250. 
Magnetic moments, 259, 263. 
Magnetometers, 261. 

" , Vibration, 262. 
Mngnification, 202, 208, 214. 
Magnifying power, 227. 
Mason's hygrometer, 132. 

" " ,Table for, 
133. 

:l\faximuIU thermometer, 116. 
Maxwell's rule, 299. 
Measuring vessels, 82. 
Melting points, III!;. 
Mercury, Sp. Gr,. of, 87. 
Meter Bridge, 364. 

Metronome, 73. 
Micrometer scale, 228. 
Microscope, Compound, 223. 

" , Simple, 222. 
.." , T~avelling, 48. 

Mmnnum deVIation, 235, 241. 
" distance, 208. 
" thermometer, 117. 

Mirrors, Formulae, 202. 
Mixture, Method of, 146. 
Moments, Principle of, 14. 
Monochord, 169. 
Monochromatic light, 238. 

NEWTON'S LAW OF COOL
ING,153. 

OBJECT, etc., directly viewed, 
177, 186, 187, 199. 

Ohm's law, 308, 337. 
Open circuit, 289. 
Opera glasses, 224. 
Optical bench, 20G. 

" lantern (magic), 225. 
Orgau pipe, 168. 

PARAFFIN WAX PHOTO
METER,193. 

Parallax, 178. 
" ,l\lethod of, 184, 213, 

216,217. 
Parallel, 289, 292, MO. 
Period, To measure, 76. 
Pipette, 82. 
Pitch of note, 160. 

scale, 41. 
" ,Standard, 161. 

Plucker's tube, 237, 238. 
Poggendorff's method: deflec

tions, 359. 
Poggendorff's method: E.M.Fs., 

371. 
Poles, naming, 247. 
Post-office box, 344, 366. 
Potential, 276. 
Poten~~meter, 372. 
Prism, 177. 
Pyknometer, 86. 
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RADIATIONCORREOTION, 
151-

Radius of curvature, 217, 218. 

m~ter, 47. 
by sphero-

Rays, To track, 180, 200. 
Htlal imllge, 201, 208, 215. 
Hectangular blocks, 29. 
Hefractive index, 242. 
Regnault's hygrometer 132. 
Relative humidity, 130: 133. 
Resistance, 293, 309, 338. 

" boxes, 341. 
Resistivity, 338. 
Resonance, 166. 
Rheostat, 294. 
Rider, \Veighing by, 61. 
Humford's (shadow) photometer, 

19L 

SCALE, lIlIRROR ETC., 
methods, 54. ' 

Screw gauge, 40. 
Second, 3. 
Secondary cell, 287, 309. 
Series, 289, 292, :339, 345. 
£b.wJ"w p1w.tJl.m£'S8.l', 292. 
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 oI, 163. 
Specification of a quantity 2. 
Specific gravity, 18, 85, 89, 100. 

" " bottle, 86. 
" " ,Forruulaefor,90. 

Specific heat, 143. 
Spectra, 229. 

, Flame, 236, 238. 
, Rpark, 236, 238. 
, Vacuum tube, 236, 238. 

" ,To map. 239. It 
8pe<-o-(roUftXt;r-, 233. It 

verniel~, 40. 

Spectroscope, 231. 
Spectrum, Solar, 229. 
Sphere, Diameter of, etc., 29. 
Spherical surfaces, 195. 

of,"195. 
, Identificatic 

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 (Balanc~), 

17,68. 
Substitution method (Galvano_ 

meter), 345. 
Sympathetic vibration. 170. 
Syphon baromeier, lOS. 

TABLE OF BOILING_ 
points of water, 125. 

Table for wet and dry bulb hy_ 
grometer, 133. 

" oj ~1ome.D±8011))/).l'j;ja-, JD3. 
Tangent relation, 259. 
Tape, 25. 
Telescope, Astronomical (Read_ 

ing), 223, 226. 
,Astronomical, 'fo 

iOCllS, 226. 
" ,Galileo's, 224. 

Thermal capacity, 113. 
Time, 3. 

" , l'IIeasurement of, 72. 
Torsion, 102, 263. 

" pendulum, 102, 104. 
Transverse waves, 161, 165. 
Tuning fork, 161. 

strings, etc., 169. 

V APOUR PRESSURE, 128. 
Yernier, 33. 

Ycrnier, To examine, 36. 
Vibrating magnet, 260. 
Yida82 imag-e, ~Ol, 21fi. 
Voltameter, 303,.305, 306. 
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Yoltmeter, 320, 325, 335. 
Volume, Measurement of, 21, 81. 

pl~cement, 84. 
, by dis-

""l-XT ARMING CURVE, 120. 
VV 'Vater equivalent, 143,149. 

'Yater voltameter, 305, 306. 
Waye length, 166. 
Weighing, 57. 

" 

curve, 65. 
, Gauss method, 6S. 

by rider, 61. 
by substitution, 17, 

68. 

y,' eig-hing by vibration, 66. 
Weights and Measures; British, 2. 

." ,,\i , :Metric, 3. 
Weights, Set of, 57,"60. 
"'eight thermometer, 138. 
'Vet and dry bulb hygrometer, 

130, 132. 
Wet and dry bulb hygrometer, 

Table for, 133. 
vVheatstone's bridge, 363. 
'Vimshurst machine, 278. 
'Wire, To find diamc~er of, 93. 

YOUKG'S 1I1ODULB'S OF 
elasti~ity, 101, 174. 

l'~t~'l'lm AT TIlE BI:ULINti'l'ON PRE8S, CAMBRIDGE. 
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