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PREFACE.

THIS volume is intended for students who, having obtained

an elementary knowledge of experimental work in Physics,
desire to become acquainted with the principles and methods
of accurate measurement. The large and increasing number
of students, who have to be taught stmultaneously 1n a Physical
Laboratory, renders 1t necessary that the mstructions supphed
should be fairly complete, and that the exercises should be of
such a nature as to enable the teachers easily to check the
accuracy of the results obtained The exercises described 1n
this volume have been worked through by several hundred
students of this University who were preparing for the ordinary
degre¢ of B.Sc., and the experience thus gained has been
utilised to improve the descriptions and methods adopted. It
is hoped therefore that the volume will also prove useful
other laboratories.

We have not aimed at completeness, being convinced that
a student learns more by carefully working through a few
selected and typical exercises, than by hurrymng through a
large number, which are often but shght modifications of
each other.

The gwiding principle we have adopted in our teaching has
been to attach greater importance to neat and accurate work,
properly recorded, than to the number of experiments which
a student performs, All Note-books are carefully kept, no
slovenly work is allowed to pass, and each exercise is repeated
until satistactory results have been obtained.
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A student will naturally devote the greater portion of the
time spent 1n the laboratory to measurements and quantitative
work, but qualhtative experiments should not be excluded. Tn
certain parts of the subject, as for instance 1 Physical Optacs,
the educational value of setting up the apparatus and observing
the general character of the effects produced 1s consideiable,
and such observations form a very useful complement to the
quantitative exercises given i this book.

We have endeavoured to confine the apparatus required to
that commonly found in laboratories It 18 not necessary that
the mstruments used should be identical with those described.
Students should be able to introduce the shight modifications
n the manipulation rendered necessary by some small differences
1n the apparatus. Where the differences are likely to be
material, detailed descriptions have usually been omtted, and
m such cases a wntten explanation should be suppled to
the student with the instrument to be used.

ARTHUR SCHUSTER.
CHARLLES H. LEES.

MANCHESTER,
August, 1905,
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BOOK T.

PRELIMINARY.

SECTION I
ERRORS OF OBSERVATION.

Our senses and judgment may be trusted up to certain
limits, beyond which they begin to be subject to errors Thus
1t we wish to measure a length of say 5 centimetres by means
of a milhimetre scale, no one will feel any dufficulty 1n obtaining
a result accurate to a millimetre or to half that quantity But
as soon as we wish to push the accuracy much further, even the
most experienced observer will find the estimation difficult, and
his measurement may be wrong by a quantity which 1s called
an “error of observation” If he repeats the observations a great
many times he will obtain a number of different results, which
will group themselves round their average or mean value 1n a
manner which will always shew a certain regulanty, if the
number of observations 1s sufficiently large The study of the
law of distribution of errors 1s of importance because 1t allows
us to form an estimate of the accuracy with which under given
conditions the measurements can be made. If there 1s no bias,
which will cause the observation to err more often in one
duzection than in the other, common sense 18 sufficient to tell
us that the arithmetical mean of a number of observations
will give us the most probable result. And common sense will

8. P, 1
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also allow us to form a rough estimate as to the limits within
which the result may be trusted to be right. Suppose for
instance a certain observation three times repeated has given
the numbeis 31, 83, 34, and i1n another case the three ob-
servations have been 11,15, 72, In both instances the most
probable value, being the arithmetical mean, 1s the same, viz
8 27, but 1n the first case the observer may conclude with some
confidence that his result 18 right to within ten per cent, ve
the actual value will lie between 3 and 3 5, while 1n the second
case he will attach lttle value to the mean obtamned from such
discordant measurements

Common sense like the sense of sight or of hearing may be
trusted up to certain limits, and Just as we can 1increase the
efficiency of our ordinary senses by suitable instruments, so
may we ncrease the efficiency of this common sense by an
mstrument which 1 this case 1s the theory of probability
To apply that theory we must in the first instance study the
laws of grouping of errors, and this 1s best done by a graphical
method. Let the cuived line in Fig 1 have the property that if

- i 0 HK L a
Fig 1. Normal Probability Curve.

N rcpresents the number of observations supposed to be very
large, the area EFHK will be a measure of the ratio n/N, where
n 18 the number of observations which shew an error greater
than OH and smaller than OK It follows of course that the
unit of length chosen 18 such that the total area included
between the curve and the line PQ is umty

It 18 found that 1n all cases which 1t 18 necessary to consider
here, the curve has the same shape and may be represented
analytically by the equation

_L ~h' 28
y= ;e
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where « is the “error,” 1¢ the deviation of an observation from
the anthmetical mean It 18 seen that different cases can only
differ owing to a difference i the value of A, and Fig 2 gives

i
Fig. 2. Normal Probability Curves.

the curves for three different values of h. Inspection of these
curves shews that the greater the value of A, the steeper the
curve 1 the neighbourhood of the central ordinate 04, and
this means that the observations are grouped more closely
round their average value. We might therefore take A to be
the measure of the precision of our observations, but 1t 18 usual
to choose for this purpose another quantity which we proceed
to define In Fig. 1 draw two lines LM and L'M’ at equal
distances from OA such that the area included between these
lines, the curve and the horizontal axis is equal to half unit
area This secures that half the total observations have errors
numerically smaller than OL The quantity OL 18 called the
“mean " error, since errors larger and smaller than that quantity
occur equally often. The mean error m may be calculated 1n
terms of h from the equation to the curves and is found to be
given by

hm =-4769 (Dale’s Mathematical Tables, p 84)

The mean error varies therefore inveisely as h, and the
smaller the mean error the more confidence may we have 1n
our result

The quantity which interests us most, however, 18 not the
mean error of an observation but the mean error of the result
which 18 obtained by taking the mean of all the observations
Assuming the curve which hag been given to represent correctly

1-—-2
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the distribution of errors, the mean error of the mean of N
observations can be proved to be m/v/N 1t m 18 the mean error
of a single observation This result 13 1mportant, for 1t shews
that we may by repeating the observations and taking the mean
easily double or even treble the rehiability of the result, but that
a very large number of obseivations have to be taken if we aim
at a matenally greater improvement.

The curve which gives the distribution of errors 1n a series
of figures which do not represent single observations, but each
of which alieady 1epresents the mean of a certain number
of them, has the same form as that already described for the
single observations. The mean erior of the final mean agamn
represents an eiror such that smaller and greater errors occur
equally often By finding the total area which les on the
right-hand side of such an ordinate as FK (Fig 1) we find the
probability of an error greater than OK, or i other words, we
find the 1atio n/N, where N 1s the total number and = the
number of errors greater than OK. It may be proved in this
way that an error equal or greater than 2m, ¢ double the mnean
error, will happen on the average 1n one out of every five cases,
and may therefore be said to occur frequently. An error
exceeding 3m will only occur once 1n 23 cases on the average,
while an ertor of 5m or more will only occz once 1 1300 cases.
We may say that we have a reasonable sccurity though no
absolute ceitainty that the result will not be atfected by an
error greater than four times the magnitude of the mean error,
the chance of greater error being 1n that case less than one per
cent It follows that one must take the mean of 16 observations
in order to be reasonably certain that the error of the result
shall not exceed the mean error of a single obseivation.

Let ,,z; ..x, represent the errors, 7 e. the ditterence between
the individual observations and their mean value. Then if

Se=al+a’+... 42,

the “mean” m and the “ piobable” error » of a single obser-
vation are given by

m_Jn_l, r= 6745,/ =
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and the mean M and the probable error R of their mean by

M= N/ =4, wd = 6745,\/(

n being the number of observations.

A shoiter method of dealing with the observations when a
less accurate 1esult 1s sufficient, 1s to arrange them 1n order of
magnitude and take the middle one or the mean of the two
middle ones as the result This 18 known as the “median”
To get the mean error find 1 the same way the middle
observation of each series above and below the median
respectively  These are known as the upper and lower
“quartiles” Half the difference between the two quartiles 1s
the probable erior and one and a half times this the mean
ertor  Consult a work on the Theory of Statistics for proot,
eg, Yule’s Statstics, pp 306—311

Sometimes the quantity to be determined by an experiment
18 not that which 1s directly measured, but 1s deduced by
calculation fiom the measurcment, We must then calculate
the error produced 1n the result by a certamn error in the
measutement A simple case of this kind occurs it we wish
to determine the area of a circle by measuring its diameter.
If the diameter 1s D the area A 1s known to be 17 D? but if an
error of observation d has been committed so that the measured
diameter was found to be D+ d, the calculated arca would be
{mr (D+d)y or

A+a=47rD’< +2$+$2),
where a 18 the error 1n the measured area

If d 18 small so that the square of d/D may be neglected,

we find
a 2d

=7
If an error d has been committed in a measurement D, 1t

is usual to call the quantity 100d/0) the percentage error. We
may sumilarly call d/D the “per umt error” or better, the
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“fractional error.” The fractional error of the calculated area
is therefore twice the fractional error of the measured diameter.

More generally 1f # be a measured quantity and y = 2", the
fractional error of y will be » times the fractional error of .
Hence the importance in such determinations as the coefficient
of viscosity (Section XVI) of measuring as accurately as possible
the radius of the tube, the fourth power of which enters into
the calculation.

As a further example we may take the measurement of an
electric current by a tangent galvanometer. If the angle of
deflection 1s @ and the current C, the theory of the instrument
gives the relation

C=«ktané,
where « is the constant of the instrument.

If an error & 18 committed 1n the measurement of 8, and ¢
be the resulting error in the calculated value of C, we should
have

C+c=«tan(0 +6)
— tan 6 4 tan &
~"1-—tanftané’

Since tand is small we may neglect its square and sub-
stitute & for 1ts tangent, the above expression then transforms
easily into

C+c=xtan 8+ «d sec? 6,
.~ ¢ = kdsec? .

c_ 28
C smn20°

The fractional error of the calculated current will therefore
always be larger than twice the fractional error of the measured
angle because sin 20 will always be less than one. The error
will be smallest when 6=45°, hence there 1s an advantage
when measuring a current by a tangent galvanometer 1n select-
ing the 1nstrument so that the angle of deflection 18 nearly 45°,

More difficult still are the cases in which there are two
or more unknown quantities, connected by known relations. A
simple case of this kind occurs when we wish to measure the
time of vibration of a magnet, for instance by observing the

Hence
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times of passage through the position of equilibrium If 7 is
the time of first passage and we only observe passages in the
same direction, the successive recurrences of the event take
place at times 7, 7+ 1, 7+ 27T, & The observed times are
t, 6o, &, &c., and 1if the errors are a,, a;, 25, &c. we have the
following equations

h—a,=rm,

t,—a,=1+T,

t,—ar,=74+2T,

ti—op=74+m-1)T.

“"These equations contain the two unknown quantities = and
T and the n unknown values of the eirors. There aie therefore
two more unknown quantities than equations Any assumed
value of T and T might be made to fit mnto the equations if
there 18 no limitation to the magnitude of the error The most
probable of all possible values of 7 and 7' are those which give
that distribution of errors z which we have discussed and repre-
sented by the curve in Fig 1. The theory of probability shews
that this 18 equivalent to saying that the most probable values
of 7 and T are those which give the smallest values for 2a? where

S =xtt a4+ 4wk

The method of calculation which allows us to determine the
unknown quantities under the condition that 3a® shall be a
minimum 18 called the “Method of least squares” As there
will be no occasion to reduce any of the observations described
1 this volume by this method, we need not enter into a fuller
discussion, but students interested in the subject are referred
to Mernman’s Method of Least Squares, or Yule’s Statistics

Errors of observation which may be eliminated by taking
a large number of measurements, are comparatively easy to deal
with, but the expenmentalist has also to guard against the
more serrous danger of being misled by “systematic errors” or
errors which always affect the result in the same direction,
These errors may be due to a faulty arrangement of the experi-
ment, to defective instruments and also to a bias of yjudgment
which causes the observer to commit errors which all tend to
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lie on the same side of the correct value If observations are
subject to errors of the last kind they are said to be affected
by a “personal equation.” For instance, if a star 1s observed
as 1t traverses the field of view of a transit instrument, and an
observer 1s asked to make some sign at the moment the star
passes behind a wire fixed 1n the instrument, 1t has been ascer-
tained that most observers will signal the passage before 1t has
actually occurred With practised observers the difference in
time between the actual and observed transit 18 always nearly
the same, and 1s called the personal equation of the observer
Personal equations of small amount probably exist 1 many
kinds of observation, such as the reading of a Vermer It
would follow that in such cases the symmetrical curve of Fig 1
only represents approximately the distribution of errors But
personal equations need only be taken into account in cases of
extreme refinement of measurement and are only mentioned
here 1n oider to point out the existence of errors of observation
which are not ehminated by the usual method of multiplying
measurements.



SECTION IL
MEASUREMENT OF LENGTH

THE simplest method of measuring a length consists
the direct comparison of the length to be measured with a
scale which serves as a standard, and which 1s subdivided into
mtervals of say 1 mm. If the length to be measured 18 not
exactly a multiple of a millimetre, 1t becomes necessary in
some way to measure or otherwise to estimate the fraction of
a subdivision.

The application of a “ Vernier” to this purpose 18 explained
i elementary books (see also Schuster and Lees’s Intermediate
Physics); the Vernier can however often be dispensed with and
the subdivision estimated with sufficient accuracy by the eye.

The following hints as to estimation will be found of use,
but the student will only obtain confidence 1 his judgment by
constant practice He should not attempt to estimate more
closely than to a tenth of a divisior, though an experienced
observer will under favourable circumstances estimate correctly
to a fiftieth.

The eye subdivides easily an interval mto two equal parts,
and 1if the pomnt to be measured 1s, eg, at
C (Fig. 3), between the scale divisions 2 c

W —

marked 2 and 3, even an unpractised ob- Fig. 8.

server will put 1t down at once as 25.

Should th t 01 Fig 4 he | 1+t ot
ou e pon 1e as mm Fig e s ¢ & &3

will in his mind fix a pomnt C’ at the
same distance from ¢ as that point is from
the nearest scale division, then a pomnt C” again at the same
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distance from C’. By this means he will see at once that (' is
less than a third but more than a fourth part of the way from
the division 2 towards the division 3, hence he will read
between 225 and 233 and there 1s no difficulty mn putting
1t down as 23

In Fig. 5 an observer would see if he divided the interval
between 2 and 3 into two equal parts at B, and 1 |
the firs half again nto equal parts at B, that g cB'B 3
the point C was rather nearer to 2 than to B
and he would put 1t down as 2 2.

The greatest hability to error occurs when the pomnt C
lies between 1 and ‘2 of an 1nteival, and there will probably
be a tendency to over-estimate the distance from the nearest
division.

In order to increase the power of judgment in this case, it
18 advisable for the student to draw two
lines A and B and a third C, so that 4C | 4 |
18 the tenth part of 4B (Fig. 6). This AC 8
should be done with AB varymg Fig. 6.
length between 5 and 3 cms.

If a student once has got a good idea of a subdivision into
ten patts, the estimation of subdivisions in general will not
present much difficulty.

Ezercise Estimate the distances of the middle lines from
the left-hand lines in terms of the distance between the end
lines taken as unity, in the cases shewn on the card provided.
When these estimaives have been entered in the note-book,
measure the distances on a millimetre scale and check your
estimates.

When in the following exercises no special directions are
given as to the method to be used in determining a length,
a scale graduated in cms, and mms. should be apphed to the
length to be measured, adjusted to read an integral number of
cms at one end of the length, and the pont on the scale corre-
sponding to the other end, read. If this end coincides with a
mm division of the scale, the distance 18 read off immediately.
If not, its position between two consecutive divisions must be
estimated as explained above.

Fig 5.
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When the length to be measured 1s small, a microscope
provided with a divided transparent scale in the focal plane of
the eye-piece 18 used If, as for instance 1n the viscosity exercise
(Section XVI), the radius of a narrow tube 18 to be measured, the
tube 1s placed vertical under the microscope and the diameter
read off directly mn terms of divisions of the eye-piece The
value of the scale division must be determined by placing a
transparent millimetre scale under the microscope, focussing
and comparing 1t with the eye-piece scale

The divided scale of the eye-piece may be replaced by a
“ Micrometer,” .e. & cross wire which can be moved sideways
by means of a fine screw the turns of which are read off on the
screw head  Or the whole microscope may be “traversed ” in a
direction at right angles to 1ts optic axis by a micrometer screw
with a graduated head.
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SECTION TIIL

MEASUREMENT OF INTERVALS OF TIME

ALL time measurements 1 a Physical Laboratory are re-
ferted to some standard clock, watch, or chronometer, the
error of which must be known in the few instances 1 which
absolute time 1s required In the great majority of cases
mtervals of time only are measured, and the rate only of the
clock 1s required.

A clock or watch is generally available which goes correctly
to within a minute a day, 2e¢ one minute in 1440

Such an mstrument would therefore allow us to determine
intervals of time to within less than one part in a thousand,
an accuracy sufficient for many purposes When greater accu-
racy 18 aimed at, or when the error of the timepiece 18 too
great, the rate must be determined by comparison with some
better instrument or by direct observations of the sun or a star
with a sextant or transit instrument

The method to be adopted 1n measuring an interval of time
varies with the nature of the interval, but in most cases which
occur 1n the laboratory the interval 1s that between two con-
secutive occurrences of some periodic event, eg. the passage of
a pendulum through 1ts position of equilibrium The simplest
course to pursue 18 then to count the number of occurrences
In a given time, say one or two or more ranutes, according to
the accuracy required The number of occurrences divided by
the time elapsed between the first and last gives the required
interval

If the occurrences follow each other rapidly, as eg. when
they take place four times a second, 1t requires a httle practice



11 MEASUREMENT OF TIME 13

to count them. This 18 most easily accomplished by taking
them in groups of four, counting thus one-two-three-four,
one-two-three—four, etc, stress being laid on the four i pro-
nouncing, and a mark being made simultaneously with a pencil
on a sheet of paper. Four times the number of marks made
on the paper 1n a given time 1s the number of occurrences
during the time.

If the periodic time exceeds ten seconds, the total time
required for a given number of occurrences 1s great, and the
accuracy of the determination of the interval may be mcreased
without unnecessarily increasing the time occupied, by ob-
serving sepaiately the times of a number of occurrences In
this case a watch or clock beating seconds or half-seconds 1s
required The observer begins a few seconds before the occur-
rence to count seconds 1n time with the clock, while he watches
for the occurrence, the counting being done thus —twenty-one,
twenty-two, twenty-three, the twenty being spoken hghtly, and
stress being laid on the two, three, etc, each of which should
be pronounced i comcidence with the tick of the clock By
exercising a little care the twenty may be pronounced just at
the half-second, and the exact time of the occurrence fixed to
less than half a second The times of consecutive occurrences
numbered 1, 2, 8, 4, 5 etc are found 1n this way, and written
down.

To shew how the observations are reduced we take as
example the determination ot a time of oscillation, 12 successive
passages for 1nstance of a galvanometer needle through its
position of equilibrium 1n the same durection being observed
Let the observed times be —

Eﬁ‘:‘t Time Elgznt Time
1 11 23m 38 7 11 24m s
2 12 8 11
3 22 9 20
4 32 10 30
b 41 11 39
6 b1 12 49
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If we only make use of the first and last observations we
should find the interval of time for 11 oscillations to have been
1= 46°, and therefore the time of a single oscillation to have
been 9%64

The 1ntermediate observations are not made use of in this
method of calculation, and there 1s therefore some loss of accu-
racy mn the final result. To discover the method of reduction
which, without too much numerical labour, should give the
best result, we notice 1n the first instance that the probable
error 1n the measurement of a time interval will be the same,
whether that interval be large or small If e 1s that probable
error, and 1f the measured interval includes n complete oscilla-
tions, the probable error of the periodic time calculated from
the n intervals will be e/n.

If mstead of observing the time of n oscillations we had
observed the time of a single oscillation, and repeated the ob-
servation n times, the mean of the results so obtained would
have given a probable error e/y/n (Section I). As e/n 18 smaller
than e/y/n m the ratio of ¥n : 1,1t follows that a better result
1s obtained if only two observations are taken, viz one at the
beginning and one at the end of n consecutive intervals, than
if n separate single 1ntervals 1mplying 2n observations are taken.
This shews that 1t 1s not the number only of observations which
determines the accuracy of a result, but also their intelligent
arrangement and reduction. Returning to the above example
1t 18 easily seen that the result may be improved by making
use of the first two and last two observations The interval
between the first and the 11th 18 96® for 10 vibrations or 9 60
for one, the interval between the second and last 1s 97* for
10 vibrations or 970 for one, the mean being 965

The probable eiror of each of these results separately
is ¢/10 and that of their mean therefore /10 ¥/2 or nearly ¢/14,
as compared with e/11 in case only the first and last obser-
vations are used.

More generally taking the first p and the last p observa-
tions and taking the difference between the (» —p + 1)th and
the first, that between the (n—p+ 2)th and the second, and
so on until we come to the difference between the last and
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the pth observation, we secure p values of n—p intervals, the
time of oscillation calculated from each separately will have a
probable eiror ¢/(n —p) and the probable etror of their mean will
be ¢/(n—p)s/p The smallest probable error 1s obtained when
(n— p) /p is as large as possible for a given value of n, and 1t 18
easily shewn that this 1s the case when p =n/3

Applymng this to the above example 1t follows that it would
be best to reject the 5th, 6th and 7th observations and to
arrange the rest as follows —

1 11" 23m 3¢ 9 11t 24m 20° 1= 17
2 12 10 30 18
3 22 11 39 17
4 32 12 49 17

Sum b Qs
Mean 1 1725
.. Interval 9 656

The observations which are not made use of need not be
written down at all, but in that case great care 1s needed to
avoid making an error 1n the number of observations which
are omitted. The lLability to error 1s reduced, and the re-
Lability of the result not materally interfered with by a
shghtly different arrangement. If p intervals are observed,
ie. p+1 observations taken, then p 1intervals omitted, and
p agan observed, the time when the last set of p observa-
tions should commence may be readily calculated Thus 1n
the above example 1f four intervals had been measured the
dufference of the first and fifth observation would have given
38" for the time of four intervals, adding 38° to the fifth obser-
vation the calculated time for the minth would have been
11k 23™ 41°438° =11t 24™ 19*, the observer could therefore
have rested till near that time and then carefully watched for
the occurrence, which as the table shews actually took place
at 24™ 20°
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The method which has been explained in connection with
the measurement of time intervals, 1s equally apphcable mn
other cases, such as that of temperatures measured with a uni-
formly nising or falling thermometer read off at equal intervals
of time, the rate of fall or rise of the thermometer being the
quantity to be determined (Section XXIV) Sections (XIX)
and (XX) also shew examples of the same method of reduction,
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SECTION 1V.

CALIBRATION OF A SPIRIT LEVEL

Apparatus required : Spurit Level, tulting boar d with level-
ling screw, screw gauge

The Spirit Level consists of a shghtly bent tube (Fig 7, 1n
which the curvature 1s exag-

gerated) partly filled with alco- D
hol The bubble of ar o of = x
vapour of alcohol left in the tube AcC —B

will always set 1tself so that 1t 1s

at the heghest pownt of the tube.

The tube 1s generally divided as

shewn 1 Fig 8, so that 1t 1s L J
easily seen when the bubble 1s 1n
the centre of the tube. If the Figs 17, 8.

level 1s 1n proper adjustment the

base of the plate to which the level 18 attached should be hori-
zontal when the bubble 18 1n the central position. It 1s therefore
necessary that the central point D of the tube (Fig 7) should be
farthest from the supporting plate AB  An adjusting screw T
is generally provided at one end of the level, by means of which
the tube can be tilted with respect to the base to secure that
this shall be the case If the table on which the level 18 placed
is nearly but not quite hoiizontal, the bubble may not stand in
the middle, but be shghtly displaced , the position of 1ts centre
may be read off in scale divisions, and 1f the value of the scale
division 18 known, the inclination of the table to the horizontal
may be calculated It 1s the object of the present exercise to
calibrate the divisions of a level so as to find their values in
angular measure, and also to shew how even 1if the spirt level
18 not 1tself 1n proper adjustment 1t may be used to determine
whether a surface 1s horizontal.

8. P. 2
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If the level has not been tested and when placed on a table
shews the centre of 1its bubble shifted to one side, it 18 un-
certain whether this 1s due to the fact that the level 18 not in
adjustment or that the table 1s not horizontal. But if the level
be turned through 180° round a vertical axis so that the points
A and B are interchanged, we may find out which 1s the correct
interpretation. If the table 1s horizontal and the level wrong,
the bubble should remain at the same place, for that pont of
the tube which 1s farthest from A B will remain so in whatever
position the level 1s placed If on the other hand the level 1s
correct and the table inclined, the bubble will move over to
the other side and 1ts new position will be changed with
reference to the level, but will be the same in space as
previously.

You are provided with a tilting board supported on thiee
legs, one of which can be screwed up or down so as to alter the
angle of 1nclination of the board to the horizontal In order to
be able to measure the amount through which the board 1s tilted,
the movable leg carries a divided circle 1n the manner of
a spherometer screw. The rotation of the screw 1s read
on the divided head and 1ts prich must be separately de-
termmned. The board 1s to be placed with its legs on thick

y

=3
ﬁ%” 7/ [ a5

i

Fig. 9.

glass plates with their upper surfaces pa: allel to each other, or
better 1n the same plane, and the Spirit Level placed on the
marked space at the centre of the board, with 1ts length per-
pendicular to the line joining the fixed legs of the board. See
that the board supports the level at its ends, so that the bubble
18 not disturbed when one end of the level 18 pressed down gently
with the finger.

One end of the level is provided with an adjusting screw.
Note the end at which this adjusting screw 18 placed. For the
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sake of uniformity begin with 1t at the nght-hand end. If the
level has no adjusting screw, mark one end in some way and
place 1t to the right.

Level the board by means of 1ts screw till the bubble 1s
nearly 1n the centre.

Let the readings of the ends of the bubble be, eg, — 4 and
+ 5, the divisions at the screw end of the level being called
positive, those at the other end negative.

Now remove the level and reverse 1t so that the screw
end 15 to the left If the reading of the screw end of the
bubble remains + 5, the board 18 horizontal. If the reading
18 altered to + 6 say, take out half the error by means of the
board screw, so that the end of the bubble now reads + 55

Reverse the level again so that 1ts screw 18 on the mght
hand.

This reversal should not alter the reading of the screw end
of the bubble from 55

If 1t does, again take out half the error by means of the
board screw, and reverse again

In this way a position of the board screw 1s found, such that
reversal of the level produces no change 1n its readings

The board 1s then horizontal

Adjust the screw of the level till, when the level is on the
board, the two ends of the bubble are at equal distances from
the centre of the scale

The level 18 then 1n proper adjustment for use

If the level provided has no adjusting screw, the error of
the level 18 thus determined and the calibration may be pro-
ceeded with.

To determine the value i degrees, minutes, and seconds, of
each division of the level, place 1t with 1ts screw end to the
right. Adjust the board screw till the centre of the bubble 1s
at 0, and read the screw head.

Now, adjust the board screw tall the centre of the bubble is
at 1 to the right of zero, and read the screw head, recording the
number of turns and decimals of a turn Repeat, placing the
centre of the bubble at 2, and so on for the other divisions of
the rght-hand scale.

2—32
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Agam adjust the centre of the bubble to 0, read the screw
head, and take observations as the bubble 18 moved to the left.

Determine the pitch of the screw by first adjusting the
screw till the centre of the bubble 18 at zero, reading the screw
head, then nserting under the screw the small piece of plate-
glass about 5 mms. thick provided, again adjusting the screw
tall the bubble 18 at zero, then reading the head and recording
the number of turns and parts necessary to make the adjust-
ment. Determine by the screw gauge the thickness of the
glass-plate, and thence calculate the pitch of the board screw

Measure the perpendicular distance I from the screw leg to
the line joining the other two legs of the board.

Then 1f n =number of turns of board sciew from 1ts reading
when the bubble was at 0, and p = pitch of the screw,

np = distance through which screw has been raised,

and np/l=angle 1n circular measure through which the board
has been tilted (since the angle 1s small),

or 1n angular measuie
180°n

T |

0=

Determine in this way the angle of tilt for each observation,
and draw up a table as follows .—

Tilting board 4.

Distance of screw from line joining fixed legs = 24 16 cms
Reading of screw head when glass nserted =10515 turns.

» » » Do glass = 405 ,
Thickness of glass = 507 cms.
Pitch p of screw of board +507/10 11 = ‘0502 cms.

180° p 180 x 0502

3140~ 314 x ok = 2L



v CALIBRATION OF A SPIRIT LEVEL 21

Spurit Level A

Readings Inclination to horizontal

centre of screw n 1609 n

bubble head 814l 0 0
0 screw end 100 0 0 0 —
1 » 1 388 1288 156 9’ 22" 9’ 22"
2 ’ 2 640 2:540 307 18" 25" 9 3"
3 ’ 3763 3663 443 26’ 36" 8 11"
4 " 4537 4437 536 32' 11" 5 45"
5 v 5163 5063 612 36’ 42" 4 31"
6 » 5683 5 583 676 40" 34" 3’ 52"

Similarly for readings of the bubble on the other end of
the scale.

The column headed 86 gives the angle through which the
level has to be tilted in order to shift the bubble through one
division  If the curvature of the tube of the level 18 constant,
so that 1ts axis 18 an arc of a circle, the numbers 1n the last
column should be the same The particular level to which the
above numbers refer had a smaller curvature nearer the end
than at the centre

Students may find that the length of the bubble 1s not
constant owing to the evaporation or condensation of the
alcohol due to changes of temperature. Hence the necessity
for reading both ends of the bubble.

Tilting tables of metal are now made, in which the pitch of
the screw and distance of the screw fiom the fixed legs are so
chosen that the sciew head can be graduated directly 1n minutes

and seconds ot arc.
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SECTION V.
CALIBRATION OF A GRADUATED TUBE.

Apparatus required: Graduated tube, mirror, lens to be
used as magmifying-glass, and clean mercury

The graduations on a tube which 18 to be used for
measurements, are as a rule placed at equal distances apart
along the tube, but if the tube 18 used to measure volumes,
the assumption that distances between the graduations repre-
sent equal volumes of the tube, will lead to error unless the
tube is of uniform bore It is the object of calibration to find
the correction which must be applied to the reading on the
scale of equal lengths, 1n order to convert 1t into one of equal
volumes The calibration correction 1s that part of a division
which must be added to any 1eading on the equal length scale
in order to obtain the reading of the same point on an equal
volume scale

Let a tube be provided with equidistant graduations, 1, 2,
8, &c,see Fig 10, and 1magine graduations I, II, IiI, &c, along
the same tube, such that the intervals between each represent
not equal lengths, but equal volumes of the bore of the tube.

L] 1 2 3 e S

1 | 1 L ] 1

T ] I | L |

[} 1 | o w v
g 10

e

Thus the zeros of the scales being supposed to coincide, the
division 1 on the scale of equal lengths corresponds to rather
more than I on the equal volume scale line, the correction
at the pomnt 1 1s therefore positive. Similaily the corrections
at points 2, 3 and 4 are positive, and at 5 and 6 negatave.

Let the corrections at successive divisions be ,, @, &,, @3,
&c., and syppose a mercury thread, which if the temperature 18
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constant will be of constant volume, say about equal to that of
a scale division, to be pushed along the tube.

In Fig 10 the ends of the thread lie approximately at the
points marked 3 and 4 Let &2 be the length of the thread
when placed between the points 3 and 4. The point 3 of the
equal length scale would 1ead 3 + «; on the equal volume scale,
the pomnt 4 would 1ead 4 + z,, the true volume between these
pownts would be therefore, not 1 but 14+, —2; Similaily if o
were the number of divisions between points marked 3a and 4a
on an equal length scale, the subdivisions being left out in
Fig. 10, the true length of the interval would be not a but
Q+a,— 2y

The excess of 8 over a read on the equal length scale being
small, will not be sensibly different when read on the equal
volume scale, hence the corrected length of the thread becomes
x,—x,+ 82 and this we know must be equal to the constant
volume of the thiead, say [, wherever the thread 1s placed

Applying this equation successively to the different positions
of the thread we obtain the following n equations,

@, —a,+06,=1
x—a,+ 0 =1

Ly = Tp—y + Snn—l = l‘
involving » + 2 unknown quantities, %, , . . @n, .. Hence we
must know two of the corrections, or at any rate two relations
between them, to solve the equations.

An important case of calibration 18 that of a thermometer
between freezing pomnt and boiling pownt, the corrections at
these two points being determined by experiment, 1 e., , and @,
are known, and there only remain n unknown quantities

In that case, to solve the above set of equations, add them
up and we get

zy—a,+sumof all Ss=nl........ (2).
. l_wn—wo+sum of &8
T n

=9, say.
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Hence from (1)

&y =xz,+8— 8,

Ty=2+8—8'=2, 4+ (§ -8 + (8 - &),

By=Ty+ 8 — 82 =, + (6 — 6,°) + (8 — &) + (8 - &), (3)
A =20k 5=+ o .. +(5—8m)

From which, since z, and z, are given, z; may be calculated
from the first equation since 8, has been determined. Having
found ,, ; is calculated from the next equation, and so on
successively for all the corrections If the calculations have
been carried out correctly the calculated value of a, should
agree with that assumed

A tube 18 given to you divided into milhimetres (Fig 11) It

-
s

18 to be calibrated between points 16 cms apart, the errors being
required for points at a distance of 2 cms apart. That 1s to say,
assuming the first and seventeenth centimetre division to be
known, the errois at the third, fifth, &c division aie to be
found

The most difficult part of the operation consists 1n obtaining
a mercury thread of the required length It may most easly
be accomplished by slipping a short piece of indiarubber tubing
over one end of the glass tube The free end of the rubber
tube 18 then compressed between the finger and thumb of the
right hand, so as to close 1t completely, the end of the glass
capillary tube dipped into clean mercury, and then the rest of
the rubber tube compressed between the finger and thumb of
the left hand to expel a little air from 1t. On releasing the
left hand, a thread of mercury s drawn up.

The capillary tube should then be quickly placed nearly
honizontal with the lower end over the mercury in the bottle,
and the end of the rubber tube released By gently tilting the
tube, the thread may be moved from end to end of the tube,
and 1t should be noted whether 1t moves freely without leaving

o

Fig 11
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portions of mercury behind, or the ends of the thread ceasing to
be convex. If this 1s not the case the thread should be removed
from the tube and the tube cleaned, first with a little dilute acid,
then with water, then with alcohol, and thoroughly dried A
thread of mercury should then be drawn up imto the tube, made
to approach the lower end of the tube, and a small drop of
mercury forced out and cut off with the finger-nail or a knife.

By carrying out this operation several times the thread
may be diminished 1n length till 1t occupies between 19 and 21
of the small scale divisions, 7.e. within 1 mm. of 2 centimetres

‘When this 1s the case, move the thread till its left-hand
end nearly coincides with the division on the left at which the
calibration 18 to commence

Place the tube on a strip of mirror glass and read both ends
of the mercury thiead by means of a magmfying lens, avoiding
parallax by placing the eye so that its image 18 covered by the
part read or so that the graduation nearest the end of the
thread covers 1its 1image 1n the metcury, and then slipping the
lens into position between the eye and the scale The excess
of the observed length of the thread over 20 scale divisions 1s
the 8, of the preceding equations

Now move the thread forward 20 small scale divisions so
that 1ts left-hand end nearly occupies the position of the right-
hand end 1n the previous case, and obtain §; as before

Continue the operation till the ends have been read n
eight successive positions, and then take readings as the thread
18 moved backwards The means of the 8s observed at each
part of the scale going and returning should be used in the
calculations, which should be carried out and tabulated as
shewn below.

A check for some of the intermediate points may be
obtained by taking threads 4 and 8 cms long. Calling the
first division O, the 4 cms thread will give the corrections at
the points 4, 8 and 12, while the 8 cms. thread will only give
the correction at the division 8

To calculate the corrections 1t 1s necessary first to find 3,
from =,, , and the quantities 8, §;}, &c. If these are tabulated
as shewn below and 8 found, the differences 8 —8,°, 8 — 8, may
be written down as 1n the fifth column and the corrections
obtained by successive addition.
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Arrange your observations and calculations as follows,
giving the mark on the label attached to the tube so that 1t
may be identified —

Tuse B Date 3 Jan. 1898,

xg = 010 Tig= 018*
Going Returning Mean 4 6;06; Corrections
-+ 610:.2'0
-~ 04to 203=207| - 08to20=2'08 2075 - 0315 | - 021=~,
198to 404=2 06 2065 | - 0216 | - 043=1y
396t 602=2 06 2062 | - 0185 | ~ 062=uxq
598 to 8:04=2 06 2067 | - 0235 | — 085=xg
8 00 to 10 03=2 03 &ec 2032 | + 0115 | - 074=1yp
9 99 to 12 01=2 02 2017 | + 0266 | - 047=1ry,
12 01 to 14 02=2 01 2017 | + 0265 | - 020=1y4
13 99 to 16 00=2 01 2005 | + 0385 | 4 018==z
Ty —Ty= 008_
Sum =/ 16 348
Bum_ 5| 20435
n
B + Olb=x0
- 05t0 410=415| - 06to4 10=4'16 | 4 155 - 049 | - 039=ux,
401to 817=416 4 160 - 054 | - 093=1g
797 to 12 06=4 09 &o. 4 095 + 011 | - 082=uxy9
12 01 to 16 04=4 03 4 005 + 100 | + 018=u=x4
216 — Ty = ( 008
Sum =| 16 423
Sum_ 5| 41057
n
B | + Ol=z,
-~ 03to 812=815 | ~ 04t0812=816 8 155 -096 | - 086=uxg
792t01589="797 7 955 + 104 | +°018==xy4
Ty~ Ty = 008
Sum =| 16 118
S_._:m=a= 8 059

* These numbers are assumed given for the sake of completing the exercise.

Taking the readings along the tube as abscissae and the
corrections at these readings as found by the first measurements
as ordinates, above or below according as the correction is
positive or negative, plot a “Calibration Curve” for the tube
as shewn below, Fig, 12

Do the same for the second and third sets of readings,
taking the same abscissae,
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If I is the length of the mercury thread 1n any position, and
A the mean area of the cross
section of the tube within the
part occupied by the mercury y " " A"
thread, A! 1s the volume of the S
thread Asthis volume remains
constant as the thread is moved, \\ﬁ A
the length of the thread varies
inversely as the mean area of
cross section within 1ts length - .

Hence by taking again dis-
tances along the tube as abscis-
sae, and erecting at the different points occupied by the centre
of the mercury thread ordinates inversely proportional to the
observed lengths of the threads, we get a representation of the
way 1 which the cross section of the tube varies.

LA
N

Fig 12,

Centre of Length of ‘ Reciprocal of

thread thread length
1 cms. 2 075 cms. 482

3 065 484

b 062 485

7 067 484

9 ‘032 492
11 ‘017 495
13 ‘017 496
15 2 005 499

Plot these reciprocals as shewn below, Fig 13

The most important practical application of the preceding
exercise occurs 1n the calibra-
tion of thermometer tubes All [T}
thermometers used for accurate
work should be calibrated either
by the maker or by the observer.
Information as to the methods
of breaking off a mercury thread [4¢
and complete methods of cah-
bration will be found 1n Gul- f 1T
laume’s Thermoméirie.

Fig 18.



BOOK TII.
MECHANICS AND GENERAL PHYSICS.

SECTION VI.
THE BALANCE.

Apparatus required: Delicate balance, centigram rider,
wo 500 gram weights

The Balance, 1n 1ts simplest form, consists of a straight beam
1B (Fig 14) pronaded at 1ts
rentre with a kmife edge C AB
n which 1t 18 supported, and
:arrying at 1ts ends the pans
P and @, on which the masses
0 be compared are placed.
f the two halves of the beam
ue alike 1n every respect, so that the centre of gravity of the
beam 18 at the point of support C, and if the pans have equal
nass, the balance will be i neutral equilibrium, whether
inloaded or loaded with equal masses If unequal masses are
slaced in the pans, the equilibrium will be unstable, however
mall the inequality may be

It would be inconvenient to have a delicate balance con-
tructed according to this principle, for as two masses are never
xactly equal, the balance would never be m equilibrium.
A delicate balance, to be useful, should allow us to determine
he difference between two
rearly equal masses, and it 1s
sroved 1n treatises on Me-
:hanics that this can be done
)y constructing the beam AB
f the balance so that 1ts centre Fig 15.

Fig 14.

A
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of gravity is slightly below the fulcrum C. The balance will
then have a stable position of rest even if the two weights
P and Q@ are not quite equal, and the amount of inequality
may be determined by an observation of this position.

The pans of a delicate balance are suspended from agate
planes supported on knife edges at the ends of the beam, which
18 1tself provided at 1ts centre with a knife edge resting on
an agate plane at the top of the pillar (Fig 15) The accuracy
which can be attained in weighing, depends to a great extent
on the freedom with which these three kmfe edges can turn on
their planes In order to save these delicate parts as much as
possible from wear and tear, a so-called arrestment 1s provided,
by means of which the central knife edge of the beam may be
raised from 1ts agate plane, while at the same time the agate
planes of the pans are raised from thewr kmfe edges. The
balance is enclosed 1n a glass case, and the arrestment worked
from the outside by the screw head in front of the case
Whenever the balance 1s not 1n use the arrestment should be
raised. The change of position of the beam of the balance 15
observed by the help of a pointer attached to the beam, the free
end of which moves 1n front of a scale at the foot of the pillar

Betore beginning to work, students should carefully inspect

= J—i
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the balance (without opening the case), and make in their note-
book a rough sketch of the mechanmsm of suspension and
arrestment. The reference books in the laboratory library
contain detailed descriptions of the balance, which may be
consulted with advantage.

Exercise I. To find the zero of the unloaded
balance.

Carefully lower the arrestment of the balance, and watch
the movement of the ponter If 1t moves slowly through a
range of from 3 to 6 divisions of the scale, observations may be
commenced. If the extent of the swing 1s greater, 1t is a sign
that the arrestment was not handled with sufficient care; 1t
should be gently raised again, and lowered more slowly. If the
swing 18 too small, open one of the windows of the balance and
produce a weak current of air by gently waving your hand
a few times inside the case, being careful not to bring 1t 1nto
contact with any part of the balance A httle practice will
enable you to obtain a workable swing. The window 1s then
shut and the observations commenced.

As 1t would take too long to wait until the balance has
come to rest, the position of rest must be determined by
observations made during its motion

For this purpose the turning pomnts of the pointer on the
scale must be observed. If the balance moved without any
friction, the pomnter would move to equal distances on both
sides of the position of rest, which could therefore easily be
deduced from two successive readings of the turming points.
Owing to friction the oscillations gradually dimimsh, and in
order to find the position of rest more than two readings are
required.

The following example will shew how the position of rest
of the balance 18 calculated from
thiee observations of the turning I l I U l | J
pomtsofthepointer ) NI EN ]

Suppose that after the ar- 0 S 10 15 20
restment has been carefully Fig. 17,
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lowered, the pointer moves to the right, then turns back again
to the left at a pomnt which 18 not observed. Let the three
following turning poimnts, indicated by arrows i Fig 17, be
read off as follows 110, 166, 116, the centre of the scale
over which the pomnter moves being marked 10 in order to
avoid negative numbers If there were no friction the arith-
metical mean between 110 and 16 6 would give the position of
equilibilum  In reahity this mean (138) gives too small a
value, for without friction the needle would have moved beyond
16 6. For the same reason the mean of 166 and 11 6 (14 10)
would give too large a value, and as the frictional retardation
has been practically the same during the forward and during
the backward swing, the errors of the two means will be equal
and 1n opposite directions, and hence the arithmetical mean
between 138 and 1410, ve. 1395, gives a sufficiently correct
result for the required position of rest The same numerical
result 1s obtamned by taking the mean of the two successive
swings on one side (1130 in the above example) and then the
mean between this number and the intermediate turning point
on the other side. Thus the mean of 11 30 and 16°6, or 13 95,
would be the true position of rest If the numbers in the first
mstance be read off correctly to a tenth of a division, the final
result 1nvolving three readings may be given to another decnnal
place, for though the observations may not be sufficiently
accurate to fix the final position within a hundredth of a scale
division, they should be sufficiently accurate to determine 1t
more nearly than a tenth of a division. Practice will enable
the student to read with ceitainty to less than a tenth of a
division.

The effect of small errors of observation on the final result
will be diminished by taking an uneven number of readings
more than three, beginning and ending on the same side.
The same method of reduction may then be employed.
There 18, however, a considerable loss of time when too
many readings are taken, the time being better employed
in taking a fresh observation altogether, and unless there
are special reasons to the contrary, students 1n the laboratory
should take only five successive readings and put them
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down 1 their note-book as m the following example, noting
the temperature indicated by the thermometer in the balance
case,

18 June 1896 Balance. A.

Turning ponts
left right
T4 13
76 | 130
T
Sums 2217 261
Means 757 13 056
Position of 1031 Temperature 18°1 C
rest

Whenever a weighing 18 taken the observations should be
recorded as above, but 1n wrniting out results, the final positions
of rest and the temperatures need only be given

To bring the balance to rest raise the arrestment gently
so that 1t hifts the beam when the pomnter 1s passing through
the pownt of rest, and thus injures the knife edge as httle as
possible

Take three sets of observatwons of the position of rest of the
balance, rasing the arrestment between each set  Find the mean
value of the zero as determined by the three sets

The temperature of the balance case 1s required 1n this and
the next exercise, m order that 1t may be ascertained by
observations taken on different days whether the zero of the
balance shews any appreciable change depending on temperature
For ordinary purposes 1t 18 not usual or necessary to observe
the temperature,
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Exercise II. To find the sensibility of the unloaded
balance.

The change produced 1n the position of rest of an unloaded
balance by 1 milhgram excess of weight on one side, 1s
known as the “sensibility” of the unloaded balance The
gensibility varies to some extent with the load placed on
the pans In order to produce a small excess of weight (less
than 1 centigram) a rider 1s provided, which, by means of a
shding rod, may be shifted along the beam The weight of the
rider 1s 1 centigram?, but the nearer 1t 1s to the fulerum of
the balance, the smaller will be 1ts turning moment; each half
of the beam 1s divided mto 10 equal parts marked 1, 2... from
the centre to the end, so that if the rider stands at say 2, 1ts
effect 18 the same as the addition of 2 milhigrams to the weights
on the pan.

To find the sensibility it will in general be sufficient, by
means of the rider, to add to one side a weight equivalent to
1 mgrm. (or for sake of greater accuracy 2 mgrms dividing the
resulting change of position of the pomnter by two) In order
to obtamn sufficient practice 1n accurate weighing, the student
18 required to determine the positions of rest, varying the excess
of weight from 8 mgrms on one side, to 8 mgrms on the other
of the centre of the beam If, however, the balance 1s very
sensitive, 1t may not be possible to keep the swings within the
Iimit prescribed above (6 scale divisions), when an excess of
6 or 8 mgrms 18 placed on one side

The observations should be taken and recorded as in
Exercise I. The numbers obtained should be summarsed in
the Book of Results as follows —

1 The weights of riders sold commercially often differ so much from their
nominal value that serious errors may be intioduced if they are used without
being tested.

8. P 3
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20 June 1896 Balance A.

Time, 10h. 10m
Temperature of Balance Case, 18° 2 C. Sensibility
Mgs excess of Weight | Position of Rest | Daifference
0 10 07
On left side: 8 1279
6 1217 62
4 1143 74
. 2 10 81 62
0 1013 68 338
On 1ight side 2 946 67
4 881 65
6 811 70
8 742 69
0 1015
Temperature of Balance Case, 18° 9 C
Time, 10h 50m
Position of rest at beginning of experiment .. 1007
» » end " 1015
Temperature at beginning . 18°2 C.
» » end » . 18°9
Sensibility of balance 338

Note —In calculating the sensibility of the balance, the only
numbers wn the above table taken wnto account, are those which
gwe the deflections produced by 2 mgrms. on either side of the
zero of the balance

The sensibility of the balance may be increased or dimi-
nished by raising or lowering the centre of gravity of the beam,
and each balance 18 provided with an adjustment for this
purpose  But 1t must be remembered that an increase in the
sensibility does not necessarily mean an increase in the accuracy
with which a weighing can be made. As the balance is made
more sensitive, 1ts time of vibration increases, each weighing
consequently takes a longer time, and small changes in the zero
of the balance may take place owing to changes of temperature
or other causes. The longer the time, the greater the proba-
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bility of the occurrence of such disturbances Moreover, the
extra time thus spent might just as well be spent m repeating
the weighing with the former sensibility, and the result would
probably be improved more in this way than i the other
There 1s always a himit to the accuracy with which a balance
will weigh, and once that degree of accuracy has been attained
by a careful reading of the position of rest, 1t does more harm
than good to attempt to increase the sensibiity Students
will obtain the best results by carefully practising the method
of obtaiming the position of rest which has been explained
above, depending on accuracy of 1eading rather than on a great
sensibiity of their balance.

Exercise III. To find the zero of the loaded balance.

If two exactly equal masses were available, to find the
zero of the balance when loaded with them, 1t would simply
be necessary to find the position of rest when the masses
were placed 1n the pans As however absolute equality 1s not
easily attainable, we must find a way to determine the zero
notwithstanding the i1nequality of the masses If the position
of rest has been found with two weights, P and ), in the pans,
then 1f the weights were equal, on interchanging them the
position of rest would be exactly the same, and this would be
the case independently of any adjustment of the balance Even
if the arms are not equally long, or if they alter their length by
bending, two equal weights may still be interchanged without
change 1n the position of rest

But suppose the position of rest is 123 when P is on the
left-hand side, and 107 when P 1s on the right If Q were
shghtly increased, the first number would be dimmished and
the second number increased by equal amounts, and the
difference 1n the two readings would dimimish It follows that
if ‘the mcrease 1 @ were such that the new position of rest 1s
the arthmetical mean between 123 and 107, 2.e 115, no
change would be produced on interchanging the weights, and
hence 11 5 1s the position which the balance would take up if
equal weights P were placed m the pans

If the sensibility of the balance were known, the experiment

3—2
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would give the difference between P and @, which 18 evidently
the weight required to be added to @ i order to produce a
difference of 123 — 11 5= 8 scale division.

Two masses weighing nearly 500 grams are provided Com-
pare the position of rest when the pans are empty, with the
position of 1est when these equal masses are placed 1n them.

Observe the temperature

Take one observation without weights, then one with the
weight marked 1 1n the left and that marked 2 in the right
pan, one with the weights reversed, then one with the weights
as at first, then one without weights.

Again observe the temperature

Note —If the masses are not placed quite centrally on the
scale pans, the pans will oscillate, and errors may thus be
mtroduced In accurate weighing this should be avoided as
much as possible, by arranging the weights symmetrically.
Oscillations may be stopped before the arrestment 1s lowered,
by carefully placing the open hand so as just to touch the pan
with thumb and forefinger, or by touching 1t with a camel hair
brush

The results are entered as follows*

20 June 1896. Balance A.

Temperature . - 18°5C.
Zero of balance w1thout loa.d . 11 34
Weight no. 1 on left pan; position of rest .. 1010

N 2 . ) 1142

. 1 , , .. 1014
Zero of balance without load .. ... . . 1144
Temperature ... .. ... . .. . . 18°9C
Mean temperature ... .. v 1870
Zero of balance for load 500 grs e 10771
Mean zero of balance without load v . 1139
Change of zero T 4
Change of temperature ... ... «. . .. 4° C.

1 This number 18 obtained by combining the mean of the readings found
with weight no. 1 on the left pan, with the reading found when that weight was
on the right pan,
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Exercise IV. To find the sensibility of the loaded
balance.

In Fig 15 the three kmfe edges are represented as bemng
in the same straight line, but
this 18 not necessarily the case o
Let 4 and B, Fig 18, represent
the knife edges from which the A
pans are suspended, and C the _9
knife edge on which the beam
of the balance rests We shall -
assume that by means of the
movable vane attached to the beam, the centre of gravity G,
of the beam alone, has been adjusted so that when 1t 18
vertically beneath C the hine AB 1s horizontal Let the dis-
tances of ( and of the ine 4B below C be k and k respectively.
Then 1f P be the weight of the pan and contents, and @ the
length of the arm,on the left, and @ that of pan and contents,
and b the arm,on the right, and if € be the rotation of the beam
produced, we have, taking moments about C,

P(acosd—Fksinb)=Q(bcosd+ksin )+ Whsn 6,
Pa— Qb
P+Qk+ Wh'

If Q=P +p, then since as a rule b will be equal to a, and %
will be small, the expression may be written, neglecting pk 1n
the denominator .—

w
Fig 18.

o tan 6=

pa
2Pk + Wh'

The deflection @ produced by a given excess of weight p on
one side will therefore dimimsh with the load if % 18 positive,
and increase with the load if & is negative  But the value of &
itself will vary with the load, as the beam of the balance always
bends a httle, and the kumife edges descend as the load is
increased The makers sometimes adjust the kmfe edges so
that the line 4B is shghtly above C' when the balance is
unloaded, and below C' when the balance 18 loaded with more
than half the maximum load for which 1t 18 mntended. In that

tan 0 =
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case the sensibility will first increase and will then decrease
with the load.

A nut moving on a vertical screw above the beam is
generally provided by the makers so as to allow a small
adjustment of the position of C.

Theoretical Ewercise for Advanced Students —Writing in-
stead of k,—k,+ AP 1n order to indicate its change with the
load, prove that the maximum sensitiveness will be reached

for the weight P'= §k;‘°\ , and that &, and A are determined by

the equations
IN (P, — P,)(Py+ P,— 2P’) = pa (cot 6, — cot 6,),
ky(Py— P,) (P, + P,— 2P’y = P’ pa(cot 6, — cot 6,),
where a represents the length of the beam, and p the additional
weight which produces deflections 6, and 6, when the loads are
P, and P, respectively
With the help of these equations the quantities k, and A
could be calculated, but the result depends on the assumption
that the bending of the beam 1s symmetrical and proportional
to the load, and that 1t does not throw the centre of gravity of
the beam to one side
Determine the positions of rest of the balance under the
following conditions .—
(1) The two 500 giam weights 1 the pans
(2) An excess of 2 mgrs. on the left (3) Asin (1)
(4) An excess of 2 mgrs. on the right.  (5) Asm (1)

Enter your results as follows -—
7 Oct 1896. Balance A.
Time at beginning of experiment, 11 h 15 m,
Position of rest

(1) with load of 500 grms. ... 798
2) » +excess of 2 mgrs on leﬂ: 838} 804 34
3) ” 810
4) » -+ excess of 2 mrgs on nght 784 ;819 '35
(%) » . 828

Time at end of expenment 11 h 32 m.
Mean sensibihty 172
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Exercise V. To determine the ratio of the arms
of the balance.

If we assume that the ratio of the lengths of the arms of
a balance 1s not affected by the bending of the beams, the
change of zero with the load can only be due to an inequality 1n
the arms of the balance, and the data obtained 1n Exercises ITI.
and IV are sufficient to determine that ratio In Exeicise ITI
the change of zero from no load to one of 500 grams was found
to be 62 divisions, and 1n Exercise IV. the sensibility was
found to be ‘17, hence to bring the loaded balance with its
zero 1077 to the unloaded zero 1139 we should have to add
62
17
denoted by p, and let the lengths of the left and right arms
of the balance be a and b respectively When the loaded
balance comes to rest, the moments which act on the beam will
be the same as 1n the case of the unloaded balance, with the
addition of (P+p)aon the left side, and Pb on the right side,
and 1f the position of equilibrium 1s unaltered 1t follows that

=36 mgrs on the left-hand side Let this quantity be

(P+p)a=Pb,
or
b P _ 0036
c=1+8 =14 557 =1000,0072.

As the beam of the balance has a length of about 22 cms,
the error of adjustment of the kmfe edges only amounts to
‘00016 cms.



SECTION VII.
ACCURATE WEIGHING WITH THE BALANCE

Apparatus required: Balance, piece of quartz, box of
werghts.

The method to be adopted in weighing depends on the
object for which it 1s carried out Extreme accuracy always
means the spending of a good deal of time on the observations,
which would be wasted 1f from the nature of the case such
accuracy were unnecessary.

In chemical analysis relative weights only are required, and
an 1nequality of the arms of the balance will not affect these so
long as the weighings are carried out on the same side, and the
method of Exercise I. p. 80 may therefore be adopted. More-
over, 1n many cases the errors introduced by impurities mn the
substances or by other causes, may amount to several mgrms,
and as it would then be absurd to conduct the weighing cor-
rectly to the 10th part of a mgrm, the method may be further
shortened, by reading three turning points instead of five, by
assuming the zero to remain constant during the series of
weighings so that 1t need only be taken once, and especially
by using a less sensitive balance having a shorter time of
vibration

If the same balance 1s always used, much time may be
saved by determining 1ts sensitiveness for different loads once
for all Unless the adjustment 1s altered, the sensitiveness will
remain the same for a considerable period.

The customn of assuming the zero always to be at the centre
of the scale, 18 not to be commended, as 1t may cause serious
errors The student should first learn to weigh accurately
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irrespective of the time 1t takes, he will gradually learn to
weigh quickly, and to know how to save time when great
accuracy 18 not required. In all cases where absolute and not
merely relative weights are required, some method should be
used which eliminates all errors of the balance, and corrections
must also be made for the upward pressure of the air in which
the weighing 18 conducted. We proceed to explain the way in
which this 1s done.

Coriections to be applied to weighings for the buoyancy

of the awr.

When a body 1s surrounded by air, it is acted on by an
upward force equal to the weight of the air it displaces. Two
bodies having equal masses but different densities, will occupy
different volumes, and 1if these bodies are placed on the two
pans of the balance, 1t will show an apparent inequality in the
weights owing to the difference in the upward pressure of the
air on the two bodies On the other hand, i1f two masses of
different densities balance each other completely when placed
on the pans, they will not 1n reality be equal

If M 1s the mass of the substance weighed, and p 1ts density,
1ts volume 18 M/p, and the upward force of the air will be equal
to the weight of a mass MA/p of air, where A 1s the density of
the air.

Hence the resultant downward force which acts on the
beam of the balance, is the same as if the surrounding air had
been removed and a mass M (1 —2/p) placed in the pan. Simi-
larly a mass W of density o in the second pan, produces the
same downward force as a mass W (1 — /o) suspended 1n vacuo.
If the balance, supposed to possess equal arms, 18 in equilibrium,
we have —

M1 -Xp)=W({1-27/o).
Hence
M=W(@1-£e)[(1=2/p)=W(1 -\ a+)/p) approx.
The last approximate result 1s obtamned by neglecting the
squares of the small quantities A/p and A/o, which 15 in this
case allowable (see Intermediate Practical Physics, pp. 14
and 15). Hence the quantity which has to be added to the
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apparent mass W of the weights to obtain the true mass M of
the body weighed is
1 1
W (; - ~> ,

[

when o represents the density of the weights, generally brass,
and may be taken to be 84 The density A will vary with
the pressure and temperature of the air, and the amount ofe
moisture present. It will be seen that the correction 1s positive
o1 negative, according as the density of the substance weighed
is less than or greater than that of brass. If the masses on one
or both sides of the balance consist of different materials, the
correction must be determined separately for each Thus if
the weights are partly of brass and partly of platinum, 1t may
be necessary to take this into account, and the correction be-

comes
V[T
p o o]’

when W,, o, are the mass and density of the brass weights, and
W,, o, those of the platinum weights.

In the example given to illustrate Exercise IT of the present
section, a mass of quartz weighing nearly 200 grms 1s weighed
to a tenth of a milhigram, ve, to about one part 1 two millions
The density of quartz being 2 65, the correction for buoyancy
amounts to about 68 mgrms, and has therefore to be determined
with an accuracy of one part n 680 This means that the
temperature of the air in which the quartz 1s weighed, must be
known to 4 of a degree, and 1ts pressure to 1 millimetre of
mercury. The amount of mosture present in the air should
also be known, but no appreciable error will be committed if
the air 18 assumed to be half saturated It may also be verified
that an error of one part in a thousand 1n the assumed densities
of the quartz and the brass weights, would cause errors of ‘1 and
03 mgrm respectively in the weighing. This shews how very
dafficult 1t is to weigh accurately to one part in a milhion

Before passing on to the Exercises in weighing, students
should read carefully through the following instructions, which
must be rigidly adhered to, as otherwise the balance may be
seriously damaged.
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Precautions necessary tn weighing with a delicate balance

1. Test whether the balance 18 1n working condition by
lowering the arrestment carefully, the pomnter should slowly
swing through a few divisions only.

2 See that the box of weights is complete, then place the
riders on their supporting arms

3. Do not touch the weights with your fingers but with the
pincers or forks provided

4  Never place weights on the pans or take weights off, except
when the balance 1s arrested

5 The arrestment must be lowered with special care during
the first stages of weighing, when the weights on the two sides
are not yet nearly equal Watch the pointer while the arrest-
ment 18 lowered very slowly As soon as the pointer 1s scen to
start sharply to one side, raise the arrestment Notice carefully
whether the motion of the pointer to the left or right means
that the weights placed in the pan are too small or too great

6 If the arrestment 1s to be raised while the balance 15
swinging, wait till the pointer 1s nearly at 1ts central position,
then raise  The least possible 1injury will in this way be done
to the knife edges

7 The final weighings must be made with the balance case
closed, and care must be taken that the pans do not swing
Large swings of the pans should be carefully stopped by touching
the pans with thumb and forefinger or with a camel hair brush
while the beam 18 arrested.

8 In reading successive turning points take no account of
the first, which 1s sometimes 1rregular

9. When the weighing is complete, replace the weights
carefully into theiwr proper places 1n the box, remove the
arrestment handle, place 1t 1n the balance case, and close the
case

Exercise I. To weigh a body using the zero at
no load.

1 Find the position of rest of the balance without load.
Call this the zero of the balance at no load for the time being
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2. First ascertain by tral on a rough balance, that the weight
of the given quartz crystal 18 say between 100 and 200 grms,
then place 1t 1 one pan (the left for instance) and weigh to the
nearest centigram 1n the following way ‘—Put 100 grms i the
rght pan and add the weight which comes next in descending
order of magmtude 1n the box of weights Continue adding
weights as you have been taught to do in the Intermediate.
Course (p 50 and 51), until you find that the addition of
another centigram shews excess of weight Determine the
weights on the pan, by noting the empty compartments in the
box of weights, and rccord 1 your note-book. The number
found must be checked by noting the weights themselves as
they are removed from the pan at the end of the experiment.

3 Determine the weight to the nearest 2 milligrams.

Use the rider for this purpose, placing 1t first at the point
marked 6 on the beam, then at 8 or at 4, according as the
additional 6 mgrms have been found too small or too gieat.
The student will have been able to proceed so far without
taking readings of the pointer But at this stage he will have
to make a rough determination of the position of rest by taking
the arithmetical mean of the readings of two consecutive turning
pownts. As he gets nearer to the true value of the weight, he
will have to determine the position of rest more accurately, and
1t will be necessary to read five turning points

Let 1t be found 1n this way, that the weight les between
185 874 and 185 876 grms.

4 Determine the weight to the tenth part of a milligram.

Observe accurately the positions of rest for the two weights
differing by 2 mlhigrams between which the true value has
Just been found to lie. Then by interpolation calculate the
weight which would bring the position of rest to the zero at no
load With very delicate balances 1t may be necessary to deter-
mine the weight to the nearest milligram before proceeding to
nterpolation.

5 Again determine the zero at no load.
Enter your results as follows :—
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5 Oct 1896. Balance: A.

Zero of unloaded balance . . . 1036
Pomition of rest with 185 878 grms in rlght pan . . 1158
» ’ » » +2mgrms » 989
Zero of unloaded balance ... . . . 1034
Mean zero at no load . 10 35
Dafference produced by 2 mgrms 1158 -989= .. 169
Additional weight required 1n scale divisions 11 58 -1035= 123

1n mgrins 2x123 = 15 mgrs

”» " ”» 1 69 .. .
Required weight . 185 8795 grams.

Exercise II. To weigh a body by the method of
interchanges, sometimes called Gauss’s method.

The method given in Exercise I does not correct for any of
the errors of the balance, and 1f the weight 18 to be obtained
accurately, 1t 18 necessary to adopt the method given in the
present exercise, or one equvalent to 1t The method, which
has already been used 1n Exercise III. of the previous section,
consists 1n 1nterchanging the weights in the pans, and finding
directly, or by interpolation, a weight which will bring the
balance to the same position of rest, whether the substance to
be weighed 18 1n the right or in the left pan It 1s clear that
two weights which can be interchanged without altering the
position of rest of the balance, must be equal

Proceed as follows .—

1. Find the weight to the nearest 2 mgrms, as in Exer-
cise I.

2 Find the position of rest when the substance 1s placed
m the left pan, the lower one of the two himiting weights being
placed on the right-hand side of the beam

3. Interchange weights and substance and find the position
of rest, being careful to remove the rider from the right-hand
beam, and to place 1t or a similar one at the corresponding point
on the left-hand beam.

4 Interchange once more, so as to bring back the substance
mto the pan m which 1t was originally placed

5 Increase the weight on the right side by 2 mgrms,
and determine the position of rest.
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Reduce and enter as follows:

5 Oct 1896 Balance: A.
Position of rest with 185:878 grm. weights on right . 10 57 (a)

" ” ” ” left 10 00 (d)

) ” ” » l'lght 1045 (c)

" ” » + 2 mgrms ,, 1 894
Dafference produced by 2 mgrms . 151
Mean of (a) and (c) . . 1051
Zero of balance with load 10-51+ 1000 ; 1000 . 10 26
Additional weight required 1n scale divisions 10 26 —1000 26

2 x *26

) 3 » » INGrms 151 — . 34 mgrms

Required weight ... 185 87834 grams

Note—1It may happen, if the arms of the balance are not
sufficiently equal, that the weight does not in reality lie between
the two limits found 1n Exercise I If the real weight 1s above
the higher limit, the additional weight required to produce the
balance will be found greater than 2 mgrms If, on the other
hand, the true weight 1s smaller than the lower limit, the posi-
tion of rest when the weights are on the right ((¢) and (c)
above) gives a lower reading than 1n () when the weights are
in the left pan Thus, suppose the reading for (b) had been
11 0 mnstead of 10 0 we should have had to write
Additional weight required 1n scale divisions 10 26 —11 00=— 74,
the negative sign mdicating that the correction has to be sub-
tracted from 185:878 Students should note carefully whether
the correction they find 1s to be added or subtiacted

It will be observed that the substance 1s weighed twice
m one pan and once 1n the other The object of this 18 to
eliminate the effects of changes 1n the balance which take place
if the temperature of the balance case 1s increasing owing to
the approach of the obseiver, or to the presence of gas flames
The difference between (a) and (c) 1n the above example, may
either be due to accidental causes or to a systematic change.
If the former, the mean will be a more probable value of the
position of rest than either of the observed numbers; 1if the
latter, the mean will represent the position of rest at the time
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at which the observation (b) was taken, provided the observa-
tions were carried out at nearly equal intervals of time In any
case to get the best result the mean of the first and third
observations should be compared with the second. If extreme
accuracy 18 not required, the third observation may be dis-
pensed with, 1f, on the other hand, 1t 13 required to determine
the position of rest correctly to the hundredth part of a scale
division, 1t will be necessary to nterchange the weights
oftencr.

To complete the exercise, the result should be checked by
placing the rider at the position corresponding to the weight
found to the nearest tenth of a milligram (185 8783), and the
weighing repeated. The barometer and thermometer should
also be read, so that the buoyancy correction may be applied
The barometer need only be read once, unless there 1s reason to
suppose that 1t 18 rapidly changing at the time, but the tem-
perature of the balance case should be taken at the begmmning
and end of the experiment. An example will shew how the
final result 18 now arrived at

6 Oct, 1896 Balance. A.
Assumed weight 185 8783 grs.
Barometer 76 4 cm

Time 11bh, 156 m Temperature of balance case . . 18°6C
Position of rest with 185 8783 grs on right . 1036
» " » left .. 1046
' ” ” right . 10 39
” ” » +2 mgrms. ,, . 891
] i) ) grs ” . 1041
11h 32m Temperature of balance case 18°8C
Mean position with weights on right (10 36 +1039)/2 = 10375
” » » left 10 46
Zero of loaded balance = (10 375 + 10-46)/2 . = 1042
Dafference produced by 2 mgrms =10 40—891 = 149
Additional weight required 1n scale chvmons} - - 04
10 42-10 46 . o
2x 04

Additional weight required 1n mgrms. — - = —+05 mgrms

149
Required weight ... . 185:8783 — 00005 = 1858783 grams.
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It will be seen that the repetition of the experiment has led
to a result which 1s the same as that of the previous determina-
tion, and 1f the experiments have been carried out with care, the
difference between them should never exceed 2 mgrm If the
difference exceeds 25 mgrm the rider should be placed at the
position mdicated by the last result, and a fresh determina-
tion made.

Buoyancy Correction.

To calculate the buoyancy correction, first calculate by the
following method the density of the air, assuming 1t to be half
saturated.

TABLE I

Density of dry air at ordinary temperatures and pressures

Pressure 1n ems of mercury
Temperature

78em | Tdem. | 75em | 76 om. I 77 em.

10°C, | 001198 | 1214 1231 1247 1264

15 1177 | 1193 1209 1226 1242

20 1157 | 1173 1189 1204 1220

25 1138 | 1153 1169 1184 1200
TABLE IIL

Maximum pressure of water vapour
at ordinary temperatures

Temperature Pressure=p
10° C. ‘91 cms Hg.
12 104
14 119
16 185
18 153,

20 174,
22 196
24 222
26 250
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Consider a mixture of two gases the densities of which at
a pressure P and given temperature, are d, and d, Let the
partial pressures of the two gases be p, and p, respectively,
the total pressure bemmg P=p,+ p,. The density A of the

mixture 18

_dp  dip._ 4, d,—d,

=P P3P+ 2T0n),
ve., the density of the mixture 1s equal to that which the
first constituent alone would have at the pressure

d,—d,

d 2
If the two gases are air and aqueous vapour respectively, the
index 2 refernng to the latter, the ratio dy/d, is very nearly 5/8,

d,—d, 3
hence P+ o = P -3 pa

P+

If then p,, the pressure of the aqueous vapour present in the
atmosphere at the time, 18 known, we may use Table I to
determme the density A, by taking the air to be dry at a pressure

P— g P stead of saturated at the observed barometric pres-
sure P, and if we assume the air to be half saturated, w.¢, take
p,:% , p being the maximum pressure possible at the observed
temperature, given in Table II, we should have to take the
equivalent air pressure to be P — 136 p. The value of p at the

temperature of the room will on the average be about 15 mm ,
the error we should make 1f the air happened to be totally
dry or totally moist, would therefore be the same as if we had
measured the height of the barometer incorrectly by about
8mm, which would cause an error in the density of the air and
m the buoyancy correction, of about one part in 250 If we
require to make the correction with certanty to less than that
amount, we should have to measure the pressure of aqueous
vapour 1n the balance case.

In the above example the barometer stood at 76 38 cm , and
the mean temperature of the balance case was 18°7C.

8. P, 4
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Pressure of aqueous vapour at 18°7 C, = 1'6 cm.

3
<i—6>p .on con . ves “es o= 3 »
P . =76388,,
P - 136 p (to the nearest millimetie) . =761
Density of dry air at 18°C. and 76 1 cms pressure

(by mnterpolation) from Table I. .. =°001215
Density of dry air at 19°C and 76'1 cms pressure

(by 1nterpolation) from Table L. .. = 001211
Density of dry air at 18°7 C. and 76 1 cms pressure

(by 1nterpolation) from last two values ... ='001212

To find the buoyancy corrcction )»[ —————

p o o
specific gravity of the body weighed must be known approxi-
mately. In the above example the body was Quartz, so that
if W and p refer to the body weighed, W, and o, to the biass
weights, and W,, o, to the platinum weights,

W 18588
—p—:—_m eee vee .o ces ces =7006
W_18 .. = 2202

o, ~ 840 _ 9906
W,_ 88 = -04}-

= —21 3 vos oee eee .es = )
V_Wm_W .. =4800

p o 0oy
.* buoyancy correction = 001212 x4800= 05817
Weight found . =185 87825

Weight corrected (to the nearest tenth
of a mgrm.) ... =1859364 grams.

It will be seen that 1f we had neglected the platinum weights,
we should have made an error of about 1/20 mgrm,, which, con-
sidering the uncertainty in the assumed specific gravity of the
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brass weights used, would have been allowable, but if we had
assumed all the weights 18588 to be brass, the error would
have amounted to more than the tenth of a milligram. This
example shews how difficult 1t 1s to obtain a weight correctly
to one part 1n a million

Numerical Exercise,

A litre of water 18 to be weighed to the nearest milligram;
calculate how nearly you require to know the height of the
barometer, the temperature of the balance case, and the specific
gravity of the brass weights,



SECTION VIIL

DETERMINATION OF THE DENSITY OF A SOLID

Apparatus required - Delicate balance, prece of quariz,
specific grawnty flask, awr and water baths, small pieces of
quartz

The density of a substance at any point, 1s defined to be
the quotient of the mass of a small volume of the substance at
that point, by the volume If the substance 18 homogeneous
and m 18 the total mass, and v the total volume, we have

p=m/v.

Hence 1if the umt of mass 1s the gram, and the unit of
length the centimetre, the density of a homogeneous body will
be numerically equal to the mass of one cubic centimetre of
the substance

In the metric system, the gram was originally chosen to be
the mass of 1 cubic centimetre of water at 1ts pomnt of
maximum density 83°95C. A kilogram, equal to 1,000 grams,
deposited in Paris, serves as the ultimate standard for weights
constructed on the metric system Since the experiments
determining the gram were made, however, physical 1nstru-
ments and methods of observation have improved, so that a
small difference 18 now found to exist between the theoretical
gram and the practical standard of mass In consequence, the
density of water at 3°95 C 1s not unity, as 1t was meant to be,
but 18 1°000018. The difference is so small that 1t may gene-
rally be neglected, but 1t would have to be taken into account,
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if for 1nstance, 100 grams of water were to be weighed correctly
to a milligram, and the volume occupied by the water calculated
from the results to one part in 100,000

The specific gravity of a homogeneous substance, 18
defined to be the ratio of the mass of any volume of the sub-
stance, to the mass of the same volume of water at 8°95C
As we may take the mass of 1 c.c of water at 3°95C to be
unity, 1t 18 clear that the specific gravity 18 numerically equal
to the density expressed 1in the cGs system of umts This 18
an advantage, as 1n that system we may dispense altogether
with the 1dea of “specific gravity” and always use that of
“density ” instead Students must be clear, however, that the
two terms are not synonymous, as the numerical value of the
specific gravity 18 independent of the umts of length and mass,
while the number expressing the density will depend on those
units.

Since the direct determination of the volume of a body
cannot be carried out accurately unless the body 18 of some
regular shape, density determinations generally depend on a
previous knowledge of the density of some standard substance,
water being selected as the most convenient standard

Increase of temperature will 1n general diminish the density
of a body, hence 1n stating the density, the temperature at which
the number holds should always be specified

The density of water has been determined with great care,
and has been found to decrease at an increasing rate per degree
as the temperature rises At 15°C, the ordinary temperature
of the laboratory, the decrease of density of water for 1°C 1s
not much more than 15 parts m 100,000, while at 50°C 1t 18 5
parts in 1,000. Tables giving the densities at various tempera-
tures are given in Kaye and Laby’s Physiwcal Tables, and Landolb
and Bornstein’s Physikalisch-Chemische Tabellen, but the second
column of the Table on page 61 will be sufficient for most
purposes.

There are a number of different methods by means of which
the density of a body may be determined, and the best manner
of proceeding 1n each case will depend on the available quantity
of the substance, on 1ts chemical properties and state of aggre-



b4 MECHANICS AND GENERAL PHYSICS Vil

gation. We shall describe two methods, one of which will always
be applicable if the substance is solid and insoluble in water.
The method would have to be modified if the substance were
soluble in water, or if it were hygroscopic.

Method I If a body 1s weighed first in air, and then
suspended 1 a hquid, 1ts apparent weight will be less mn the
second case than in the first, and 1t has been known since thé
time of Archimedes, that the apparent loss of weight 1s equal to
the weight of the hquid displaced by the body If M 1s the
mass of the body, and p 1ts density, 1ts volume 1s M/p, and 1f
o 18 the density of the fluid mn which 1t 18 weighed, the ap-
parent decrease of mass will be

M2,
p

The same holds for a weighing m air, the density A of air
being substituted for o.

Assuming the arms of the balance to be a and b cms. re-
spectively, we have for the moments about the central knife-
edge, of the forces on the two arms during the weighing 1n air,
the quantities

A A
aMg (1 -;) and bM,g (1 -;),
where M, 18 the apparent mass, and o, the density of the weights.
For equilibrium these moments must be equal, hence

aM‘<1—’;‘>=bM1<1—§>.

1

Similarly for the weighing 1n water, if M, 1s the apparent mass

4 A
aM(l—F) =blf, (1-2).
Dividing the first equation by the difference between the
first and second, we have
L _ (1 - Z‘) __ M
g — h ' p M1 bl .Mg '
Or

- Ml
p—-)»—Ml__M’(c-h),
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t.e., the excess of density of body over that of air

1

M, .
=M, (excess of density of liquid over that of air).

It will be noticed that neither the mequality of the arms of
the balance, nor the buoyancy effect of the air on the brass
weights, enters 1into the result, so long as the weights are always
placed 1n the same pan  This 1s due to density determinations
depending on ratios of weights only

It will also be seen that the equation giving p corrected for
the buoyancy of the air, may be obtained from the equation

- M

P==m
in which the air 13 neglected, by subtracting the density of the
air from each density occumiring 1 the equation This may be
seen on consideration to be due to the fact, that the weight of a
body obtained 1n air would be the same as the weight obtained
tn vacuo, if the density of the body as it was transferred from
air to vacuo, were decreased by the density of the air This
holds for both the quartz and the water 1n the above case, and

the principle will be used 1n other cases

The numerical calculation 1s best carried out by writing
1—« for o, and p’ for M,/(M, — M,) when we have

p=p—p' (K+N)+2,
where the last two terms are small.

Exercise I. Determination of the density of Quariz
by weighing in water.

1. Place a wooden stool across the left-hand pan, place
upon 1t an empty beaker of suitable size. Estimate the length
1 between the hook at top of the balance pan and the centre of
the beaker, and take two pieces of silk about 20 cms longer
than this estimated length, use one to tie round the quartz
crystal provided, leaving a length I with a loop at the end,
hanging from the crystal Cut away all unnecessary thread,
and cut off equal lengths fiom the other piece.

2. Suspend the quartz by means of the thread from the
hook underneath the top of the support of the left-hand balance
pan, place the other piece of thread in the nght-hand pan, and
find tha weichte reamred to moduce eauilibrium.
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38 Remove the quartz from the balance, place it in water
in a beaker, and boil the water to drive off the air bubbles
adhering to the quartz. Then cool the water by pouring into
it water from the tap gently without causing splashes. Place
a small wooden stool across the left-hand pan of the balance, so
that the pan does not come into contact with 1t at any point
Support the beaker on this stool and suspend the quartz againe
from the hook See that the quartz 1s entirely 1mmersed 1n
the water and that no bubbles of air adhere to 1t. Place a
thermometer 1n the water, and note the temperature (Fig. 16)
Cut off from the piece of thread in the right-hand pan a length
equal to the length of thiead in the water, and remove 1it.
Weigh the quartz

Record as follows —

Density of Quartz  Method I,

Date, Jan. 6th, 1893.
Balance 4. Box of Weights 4.
Weights 1n right-hand pan throughout.
Temperature of Balance Case, 18°4C.
Weight of Quartz i air (M,) .. . ... 40882 grms
Temperature of Water, 20° C.
Apparent Weight of Quartz in Water (Mg) ... 25487

Loss of Weight = 15395
, M, _40882__ .
P'= 3= a1,~ 15394 ~ 26556
o ="9983
A= 0012
o-A= 9971
I[F_ﬁl, (0‘—%)—-26479
A= 0012
p=26491

Hence p the density of the quartz at 20°C. = 2 6491.

e ———
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Method II. If the sohd can only be obtained in small preces,
we may determine the density by the use of a
“gpecific gravity flask ” (Fig, 19), which 1s a small
glass flask provided with a well-ground stopper
traversed by a narrow channel. When it 1s filled
with a hquid, and the stopper 1s inserted care-
fully so as to exclude air bubbles, the excess of
liquid will flow out through the capillary open-
g By means of a piece of blotting-paper a
small quantity of the liquid may be removed, so
that 1t just reaches to a marked height in the
opening. The flask may 1n this way be repeatedly filled to the
same level, and 1if 1ts temperature 18 the same, the volume of
1ts contents will be the same.

The flask having been cleaned and dried, the density re-
quired 1s determined by the following series of weighings, the
letters, F', &c, representing the weights obtained : —

Fig 19,

1. The flask dry, ¥
2. The flask dry with the dry solid placed inside, '+ M,.

3 The flask with the solid inside, after filling up to the
mark with a hquid of known density o, at a tempera-~
ture t;, F'+ M, + W,.

4 The flask entirely filled up to the mark with a hquid
of density o, at a temperature ¢,, '+ W,.

Since oy 1 the density of the liquid at ¢,, the volume of the
flask at t,, neglecting the effect of the air on the weighing, 1s ;Wi, ,

and the volume at £, will be —O_— T ot , where a 18 the coefficient
of cubical expansion of glass Similarly the volume occupied
by the hiquid at 4, = W . The difference between these volumes

18 the volume occupled by the solid at ¢, and the density p of
the solid at ¢, 18 the mass divided by this volume.
The effect of the buoyancy of the aiwr may be taken into



58 MECHANICS AND GENERAL PHYSICS Vit

account by subtracting the density of air A, from each of the
densities 1n the equation for p (page 55), and we thus get
A= M,
p=i= Wn T+a, W,
= A1+ Faf, o,—A

If we take weighings of the flask empty and when flled with
each of two hiquids, we may compare the densities of the liquids,
since on making M, =0 1n the above equation, we have

W, l+at, W,

-2 14at, o =N
an equation from which we can determine one density if the
other 18 known.

If 1n the former equation, we take the hiquid to be water in
each case, so that o, and o, are both nearly unty, we have,
using the methods of approximation given in Intermediate
Practical Physics (page 16),

M,
Wo(l + 0y~ gy +at,— b)) — W,

Or writing o,=1—«, and
, M,
W(1+a‘1-—0'2+at1 tg) Wl

p—A= =)

p =

we have
P:p’—p,(lcl-i-)\.)-f-)\-.

Exercise II. Determination of the density of Quartz
by the specific gravity flask method.

1. Clean the 50 gram flask (Fig. 19) provided, by washing
1t if necessary with a strong solution of caustic potash, and then
with water from the tap The potash is to be thoroughly
removed with tap water, and the final washing made with dis-
talled water

Place the flask on the shelf of an air bath kept at aboub
120°C,, nsert a glass tube into the flask, through an opening
in the top of the bath Look at the flask occasionally, and
when the drops of water have evaporated from the sides, draw
the moist air out of the flask, by applying the mouth to the
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upper end of the glass tube. Repeat this several times, then
remove the flask and allow it to cool. If no moisture 1s de-
posited on 1ts inside surface as it cools, place 1t n the left-hand
pan of the balance, and weigh.

With the quantities of the substance available, 1t will be
sufficient to weigh accurately to the nearest milligram, and the
process of weighing may therefore be shortened by taking only
three readings of the vibrating pointer (two on one side and
one on the other), mnstead of five, as in the previous exercises

2  Dry thoroughly 15 or 20 grams of the broken up pieces
of quartz with which you are provided, and place 1n the flask
Weigh the flask and contents, and hence deduce the weight of
the quartz

3 Pour some distilled water mto the flask  If air bubbles
adhere to the small pieces of quartz, it will be necessary to
expel them For this purpose place the flagk, with the sold
pieces completely covered with water, 1n the air bath, and heat
up carefully until the water just begins to boil Take out the
flask, and after allowing a hittle time for cooling, fill up with
distilled water, and then place 1t in the water bath with
which you are provided, keeping 1t 1n position by indiarubber
bands

Stir the water well, and keep it at a temperature two or
three degrees higher than that of the room.

Read the temperature to 0°°05 C.

The temperature of the bath must be kept constant, and
the flask kept m the bath for a sufficient length of time to
allow the water 1n 1t to take up the same temperature This
may be ascertained by placing a thermometer in the flask.

The stopper 18 then inserted, and the quantity of water
in the flask 18 adjusted so that it reaches to the martk across
the capillary opening in the stopper.

Take the flask out of the water and dry the outside carefully,
taking care to avord heating 1t by contact with the hand and
forcing out any of the water. The object of filing the flask
with water at a temperature above that of the air 1s now
apparent, for when the flask is taken out of the water bath,
the water 1 1t will contract, and thus the danger of losing any
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by accidental heating of the flask 1s greatly diminished. After
the flask has been dried on the outside, leave 1t 1n the balance
case for a few minutes so that 1t may acquire the temperature
of the balance case, then weigh again

If the flask 18 not perfectly dry outside, evaporation will
take place and the weight of the flask will slowly dimimsh.
Ascertain that the weight remains constant

The difference between the weights of the flask 1n this a.nd
the previous weighing, will give the weight W, of the water 1t
contains

4 Now take out the quartz, fill the flask with distilled
water and place 1t 1 the water bath Keep the temperature
of the bath nearly the same as 1t was 1n the second weighing,
a correction will be necessary 1f any difference exists between
the two temperatures, which should be known to the twentieth
ot a degree Close the flask, dry and weigh 1t.

Record as follows —

Density of Quartz. Method I1.
Date, Jan 6th, 1893
Balance 4. Weights 4 Flask 13.
Weights 1n right-hand pan throughout.
Temperature of Balance Case, 16°0 C.

Weight of flask, F . = 17325 grms.
Weight of flask and quartz, F' + M1 = 32012 ,,
Heunce weight of quartz, M, = 14687 ,,

= 76438

Weight of flask, quartz, and water}
at 4, =18°, F+ M, + W,
Hence weight of water at 18°, W, = 44426

Weight of flask filled with water

at ty=19°1, F + W, } = 67214,
Hence weight of water filling flask _

. 105 . } = 49949

1 This temperature differs more from ¢, than 1t need be allowed to do  The
difference 18 taken great here to shew clearly the magnitude of the correction
mtroduced.



VIII DETERMINATION OF THE DENSITY OF

At 18°% a0y = 99862
At 19° 0, = 99842
o—ay = 00020 a= 000023
a(t,—t) = 00002
Sum = 00022

Wi(oy— o+ at, —t,) .es oo
Wg(l +0']—(T’+at]_t2) .o vee oo

W, e . . s vee
W’(l +0'1—0'9+at1—tg)"‘ Wl cen eoe
, 14687
P~ 5534

6, = 00133

A = 00122

IC]+)\‘ = 00255

pl(lﬁ-l-)») vee e see
A .ee ves

Hence density p of the quartz at 18° C.

TABLE OF THE DENSITY OF
Temp Density
0°C 0 99987
5° ‘99999
10° 99973
156° 99913
20° 99823
25° 99707
30° 99567

(]

I

WATER

A SOLID

61

‘011 gims

49 960
44 426

5 534

26640

0067
0012

26485

B

»



SECTION IX.
DETERMINATION OF THE DENSITY OF A LIQUID.

Apparatus required Balance, specific grawnty flask,
salt solution, water bath, Mohr's balance, and hydrometer

Method I. By the speafic gravity flask

In the previous section (p 58) 1t has been shewn how the
density of a hquid may be found by means of the specific
gravity flask, and we now proceed to apply the method to the
determination of the density of the salt solution provided

Make use of the specific gravity flask used in the deter-
mination of the density of quartz The apparent weight of the
flask empty was found to be ¥ grams, and the apparent weight
of water filling 1t at the temperature ¢,, W, grams

The flask should be dmed, filled with salt solution, and
placed 1n the water bath at a temperature 2 or 3 degrees
higher than that of the balance case.

After allowing the solution to take up the temperature of
the bath, put in the stopper and carefully remove with filter
paper the drop at the top of the hole in the stopper Let the
observed temperature of the water bath be #;, Remove the
flask, dry the outside and weigh. Let W, be the apparent
weight of the salt solution.

The volume of the flask at the temperature ¢, is %—V—‘ when
1

0,18 the density of water at that temperature, the volume of

the flask at 0°C. will therefore be -ZZ—‘/(I + at,), where a is the
1
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coefficient of expansion of glass, and this volume must be the
same as that calculated from the corresponding weighing of the

hiquid, 7e. {_5 / (1 +ats). The correction of the weighings for
2

buoyancy is introduced by writing 03—\ for o, and ;= A for

o, (see page 55), hence

Wy, 14a, W,
0',—')' 1+at1 0'1 )\'.

Or since at,, at, are both small

w. _
Gg-h='W’(l +at1—t,)(a',— X),
1
which equation serves to calculate o, if o, 18 known,

Record as follows :—

Density of Salt Solution. Method I.
Date, Jan 8th, 1893
Balance 4. Weights 4 Flask 183.
Weights in right-hand pan throughout.
Temperature of Balance Case, 18°C.

Weight of dry flask, F' ... . = 17325 grams
. » flask filled with water at 19° = 067274
»  » water filing flask at 19° = W, = 49949

,, flask filled with salt solution at 192 = 70282
,» 8alt solution filhing flask at 19°2= W, = 52957

”»

»

Density of water at 19° = oy = 9984
, ofawratl8 =2 = 0012
.‘- G'I—X LXX} b 9972
a for glass = 000023, .. af, —t,=0.

W, 52957 _ .
W, = 89949 ... = 10601
oy~ A=10601 x 9972 = 10572
A e o = 0012
.*.ay = density of solution ... = 10584
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Method II. By Mohr’s Balance.

Mohr’s balance (Fig 20) 18 an ordinary balance modified so
as to enable determinations of
densities of liquids to be made
rapidly. One arm of the balance
18 divided into 10 equal parts,
and carries, suspended from 1ts
end by a fine silk fibre, a glass
thermometer which is 1mmersed
m and indicates the temperature
of the liquud The other arm
carries a counterpoise, the end of
which 18 pointed, and comes close
to a corresponding pointer on the
frame of the balance. The balance
can be clamped at any height by means of the screw 1n the stem.

Place the balance on the stand 1n such a way that the
levelling screw 1n the stand lies in the vertical plane through
the beam.

Suspend the thermometer from the graduated arm, and
turn the levelling screw till the pointers are 1n line with each
other Fill the small test tube with water at 15°C Raise
the balance by means of the expanding stem, place the test
tube under the thermometer, and lower the balance till the
thermometer 18 entirely immersed in the water The balance
will no longer be 1 equilibrium owing to the upward force
of the water on the thermometer, which we have seen 1s equal
to the weight of the water displaced by the thermometer To
produce equilibrium weights must be placed in the notches of
the arm of the balance

The largest brass weights provided are equal, the other
weights are {4 and 135 respectively of the largest weights.

The notches are marked from the centre of the arm to the
end 1, 2, 8......9, the hook under the end of the aim being at
the tenth motch If we call the weight of the largest brass
pieces 1, then 1f 1 18 placed in the notch 6 it 18 equivalent to a
weight of 6 placed at the end, and so on. Thus the weight

Fig 20
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necessary to produce equilibrium is given by the readings of
the notches 1n which the weights 1n order of magnitude are
placed, the unmit 1n which the weight 18 expressed being that of
the largest brass weight. The weight found 18 1n terms of this
unit, e of a volume of water at 15° equal to the volume of
the thermometer.

Remove the weights, raise the balance, and after drying the
test tube and the thermometer replace the water by the hquid
the density of which 1s required and see that the thermometer
in the liquid indicates agan 15°C

Agaimn determine the weight to produce equilibrium. Since
this 18 the weight of a volume of the liquid equal to that of the
thermometer, the ratio of the density of the hiquid at 15° to
that of water at 15° 18 the ratio of the two weights The
density of the liquid at 15° 18 therefore the product of this ratio
and the density of water at 15°C (= 999).

The weights are generally airanged so that one of the
heaviest will when hung 1n the hook produce equilibrium
when the thermometer 1s in water. In this case the density of
the liquid can, to within 001, be read off immediately from
the positions of the weights when the thermometer 18 1n the
hquid.

Method III. By the Hydrometer.

When a solid floats on a liquid 1t 18 acted on by two forces,
one 1ts weight downwards, and the other the pressure of the
hquid upwards Since the body 18 1n equilibrium these two
forces must be equal But the pressure of the liquid 18 equal
to the weight of the liquid displaced. Hence if W be the mass
of the solid, ¥ the volume of liquid displaced, ¢ 1ts density, we
must have W = Vo, or

V = Zo
g
Hence when the solid floats on a denser liquid it sinks less
than 1t does 1n a hghter iquad and the volume immersed varies
inversely as the density of the liquid.

8 P b
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The Hydrometer provided (Fig 21) has been
graduated by being placed i liquids the densities of
which had been determined by the previous methods.
Hence to get the density of a liquid 1t 18 simply
necessary to place the hydiometer mn 1t and read the
position of the surface of the liquid on the graduated
stem

A test tube mounted on a block of wood is provided
for holding the hquid To read the scale, hold the eye
below the level of the surface of the hquid, and gradu-
ally rase 1t tall that surface 1s seen foreshortened 1nto a
straight line. The position of this line on the scale 18
the density required

Collect your results as follows :—

Density ot salt solution by flask ... ... 10584

” » " Mohr’s balance .. 1059
; " ” bhydiometer ... 1058

IX

E IR >
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3

Fig 21,



SECTION X.
MOMENTS OF INERTIA.

THE following pages contain a short statement of the prin-
cipal propositions concerning Moments of Inertia and the
Compound Pendulum. Students should read them carefully
and work out the examples before proceeding to the practical
exercises on Moments of Inertia and the Pendulum.

Some of the propositions are given without proof, and the
students are referred to books on Dynamics (e.g. Worthington,
Dynamics of Rotation , Hicks, Elementary Dynamacs) for a more
detailed treatment

The Moment of Inertia of a particle about an axis 18 defined
as mr3, where m 18 the mass of a particle and » the perpendicular
distance between the particle and the axis

The Moment of Inertia of a number of particles about an
ax1s 18 the sum of the Moment of Inertia of each.

Thus particles m,, m,, m;, at distances ry, 7y, 73, 74, from an
ax18 have a moment of iertia about that axis equal to

mr? 4+ mrs? + mgr? + ...

From this it follows that the moment of inertia of a body
about any axis 18 equal to the sum of the moments of inertia of
the separate parts of the body about the same axis, it can there-
fore be found by dividing the body into a number of small parts
and adding the products of the masses of the parts into the
squares of their perpendicular distances from the axis

5—2
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The following moments of 1nertia are frequently required —

M always denotes the mass of the body which 1s supposed to
be of uniform density.

I. A night sohd parallelepiped, whose edges

are 2a, 2b, 2c, about an axis through 1its centre M b+
perpendicular to the plane containing the edges 3
b and c.

II A solid cylinder of radius » about 1ts e
axis of figure. 2

III A solid cylinder of length 2a and radius o
r about an axis through 1ts centre perpendicular M (.— + —?>
to the length of the cylinder.

IV. A sphere of radius a about any axis M_2a_’
through 1its centre. 5

The radius of gyration of a body with respect to an axis is
the distance at which a paiticle of the same mass as the body
would have to be placed 1n order to have the same moment of
mertia Hence, if the Moment of Inertia 1s written in the
form Mk%, M being the mass of the body, & will be the radius
of gyration.

The moment of ertia of a body about any axis is equal to
the moment of inertia about a parallel axis through 1ts centre
of mass, together with the product of the mass of the body and
the square of the distance between the axes.

The theorem of p 67 enables us to calculate the moment of
mertia of bodies from which parts have been removed, if the
moments of the complete bodies and of the removed parts are
known separately

Thus let 1t be required to find the moment of inertia of a
crrcular ring about an axis passing through its centre and per-
pendicular to the plane of the ring

Let the mner and outer radu of the ring be r, and r,, and
imagine the mner space to be filled with matter of the same
density so as to convert the ring into a disc. Let m, be the
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mass of the smaller disc of radius »,, which fits into the circular
hollow of the ring, and let m; be the mass of the complete disc
of radius 7, Then from the proposition, if / 18 the unknown
moment of the ring

3 2
147,

or p=Triomed
2 .

But if p is the density of the ring

my=mpry? and m,= mwpr,?
Hence

4 d
I= e (7‘22 7 ) - 7_;2 (,r’n — 7’1’) ('r,’ + ).

If M 18 the mass of the ring M = mp (3 — r*), hence finally

_ 1"1’+’7‘a’
I—M————-2 .

Ezxercises.

1. Find the moment of inertia of a solid parallelepiped
about an edge

2 Find the moment of inertia of a cube with a central
spherical hollow about an edge of the cube

3 The moment of inertia of a hollow circular cylinder 18
required about an axis at right angles to the length of the
cylinder and passing through the centre of one of 1ts end planes.

The moments of 1mertia of solid bodies are of importance, as
these quantities often occur in physical problems Thus the
Kinetic Energy of a body rotating about an axis is expressed
by $Iw?, when I 18 the moment of 1nertia of the body about the
axis, and w 1s the angular velocity.

If a body oscillates about an axis under the influence of ex-
ternal forces, as for example a pendulum under the influence of
gravity, the time of oscillation depends on the moment of inertia.
Oscillations like those of a pendulum oscillating through a small
angle occur whencver a body 1s capable of rotating about an
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axis, and is acted on by forces such that if 1t 1s disturbed
from 1ts position of equilibrium, a couple acts on 1t tending
to bring 1t back. If the couple 18 proportional to the angle
through which the body 1s turned, the oscillations are strictly
18ochronous, that 1s, the time of oscillation is independent of
the amphitude of oscillation  This 1s only appioximately true
n the case of the pendulum, but much more nearly true if the,
body 18 capable of oscillating in a horizontal plane, being
brought back to 1ts position of equilibrium by the torsional
forces of a wire by which the body 18 suspended. The time of
oscillation 18 then given by the equation

T=27r,\/11—v,

where I is the moment of inertia of the body about the axis
around which 1t turns, and N 1s the couple per uwmt angle cf
deflection, tending to bring the body back.



SECTION XI

EXPERIMENTAL DETERMINATION OF MOMENTS OF
INERTIA.

Apparatus required: Rectangular metal block, fine wire
and bifilar supports

The moment of mertia of a body about an axis thiough 1ts
centre of gravity may be found experimentally by suspending
the body, either by a single fibre or by a double one, 1n such a
way that 1t can perfoim torsional oscillations about that axis,
and determining the time of an oscillation A second body, the
moment of inertia of which about some axis through 1ts centre
of gravity 18 known, exther by calculation 1f 1t 18 of regular shape
or by previous determination, 13 then attached to the first, in
such a way that 1ts ax1s 1s coincident with that of the fibie, and
the time of an oscillation again determined From these times
the moment of iertia of the first body can be found n terms
of that of the second by the equation: I,= Ilﬂ'o’/ T2—1Tg2 where
I, 18 the moment of inertia of the mass added, T, and 7, the
times of oscillation. This 1s the method often used when the
moment of mnertia of a suspended magnet 1s to be determined

If the bifilar method of suspension 1s adopted, the body, the
moment of which 1s required, 1s laid m a stirrup at the lower
end of the suspension, with the axis about which the moment
15 required vertical and half-way between the two suspending
fibies. If 1t 18 10tated 1n a horizontal plane through a small
angle, the suspension resists the rotation with a force propor-
tional to the sine of the angle of twist

dyd,

R
we obtain the time of oscillation by substituting this value in

the general equation -
T=2m /\/—IN,

where M = mass of body suspended.

The couple N for small angles of rotation being = Mg
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I =moment of meitia of body suspended about axis of
suspension.

! = vertical distance between ends of fibres.
dy, d, = distances of fibres apart at top and bottom,
g = gravitational acceleration

Since I = Mk* where & 1s the radius of gyration of the body,
about the axis we have for a small oscillation

4l
gdudy’
Exercise I. To verify the relation between the time of
oscillation and the constants of the bifilar suspension
Suspend from the lower end of the fibres the rectangular
block provided (Fig 22), passing the fibre
through the holes at the ends of the small (]
brass strip which can be screwed to the
block, then over the larger pulley above
the separated horizontal clamps forming
the upper support. When the block has
come to rest, screw up the clamps so that
the two fibres are held firmly, allow the

T=27

block to come to rest, place the vertical / T
wire pointer close to the edge of the block, .
then set the block 1n oscillation through M

an arc of about 20°, and determine the
time of oscillation (Section III), and the
mean arc of twist on each side of the equi-
librium position by the method described,
p. 15, Measure the vertical distance be-
tween the ends of the fibres and thewr
distances apart at the top and bottom.
Now unscrew the clamp, pass the fibre

through the holes nearer the centre of the I

strip, and over the smaller pulley, then .
clamp 1t, again determine the time of
oscillation, measure again the length ! and
the distances apart at top and bottom.

Fig 22
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Reduce the length of the fibres by moving the clamp to a
lower part of the support and again clamping the fibres. Again
determine the time, and measure the length ! and distances
apart of the fibres

Tabulate the observations and results as follows ~—

3 Jan, 1898. Apparatus 4.

Distances apart

Axis of
Length ome. dyd, 4y block | Time (trme)? Ml’
ems || ! l vertical |S€conds 4
Top |Bottom

760 | 3-48 | 353 | 1228 | 161 |longest|2927| 857 | 138
7571150 | 1440 | 210 | 0277 | ,, 6960 (4835 | 134
415|150 [ 140 | 210 | 0506 | , |5201|2700| 137

The constancy of the numbers in the last column venfies
the law for the bifilar suspension

Exercise II. To determine a Moment of Inertia

The rectangular metal block provided may be attached to
the bifilar suspension, so that its three principal axes coincide
in turn with the vertical axis of the suspension

The previous observations suffice to determine the moment
of mertia about 1ts longest axis.

Attach the block to the suspension so that the axis of mean
length 1s vertical, using the full length of fibre and maximum
distance apart, and determine the time of oscillation.

Next attach the block with 1ts shortest axis vertical and
determine the time.

Remove the block and weigh 1t.

Calculate from the observation the moments about the three
principal axes, arranging the work as follows .—

Block marked A.
3 Jan, 1898.

Weight of block 1200 grams.
=760 cms

d,=348) | M__ d, _
d’=353}.. 1= 161, =395,
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tﬁ
Axis Time N 2] s g;idlld"
vertical sec. t i -

long 2927 857 2156 8 64 10360 | 10100
mean 433 18 49 463 18 61 22330 | 22100
short 5128 | 2630 659 24 49 31800 | 32400

I I
observed | calculated

The fifth column gives the values of 4
Determine the dimensions of the block, and calculate the
moments by the formula
b2 + 3
I,=M 3K
where a, b, ¢ are the half lengths of the sides of the block
Record as follows and enter 1n preceding table

M =1200 grams
a=745cms * a*=555 ... 1,=10100
b=505 =255  I,=22100
c= ‘50 = 25 I,=32400
The oscillations of a bifilar suspension like those of a
pendulum are only approximately 1sochronous, and the arc of
rotation should therefore be small if great accuracy 1s required

If the arcs are large the conection given 1n the next exercise
may be apphed.




SECTION XIL
THE COMPOUND PENDULUM.

A Compound Pendulum 1s one 1n which the mass is distri-
buted over a finite volume and not concentrated at a single
pomnt as i the simple pendulum Strictly speaking every
pendulum 18 a compound pendulum, and we can only approach
the 1deal simple pendulum by reducing the
volume of the heavy bob of an actual pendulum
as much as possible

In Fig 23 let G be the centre of mass of a <
heavy body of mass m capable of turning about
an axis through O at right angles to the plane

of the paper

In the position of equilibrium, the centre of G
mass @ will be vertically under O. If the body \
is displaced through an angle 6, the resultant P

gravitational force passing through @, will have
a moment mgh sin @ about O, g being the ac-
celeration of gravity and h the distance OG
between the centre of mass and the axis of rotation. If € is
small sin 6 18 nearly equal to 6 1n circular measure, and the
couple tending to bring the body back into its position of rest
will be nearly mghf, 1e nearly proportional to the angle of
displacement Under these circumstances the body will oscil-
late about the pont O, and the time of oscillation will for
small displacements be independent of the amount of the
displacement, 1e. the oscillations will be 1sochronous.

4
Fig 23
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The time of a to and fro oscillation will be

T
T=27T,\/-1-n—97b,

where I is the moment of inertia of the pendulum about
the axis of oscillation, and mgh the couple when the displace-
ment 18 a right angle.

If K 18 the radius of gyration of the body about 0, 7 =mK*
and the equation becomes

T=2xr \/g

Definition. The length of the equivalent simple pendulum
is the length of the simple pendulum having the same time of
oscillation as the given body.

As a sumple pendulum of length ! has a time of oscillation

equal to 2 \/ f], 1t follows that 1f I be the length of the equi-

valent simple pendulum
l=K*h
If mk? be the moment of inertia of the compound pendulum
about an axis parallel to the axis of oscillation, and passing
through the centre of mass (f, we have

Ke=J34+h3,
Hence
B+h I
l=—— =75 +h
te (C—-h)h=1F

If a point P be taken in the hne OG, Fig. 28, such that
OP is equal to the length [ of the equivalent simple pendulum,
P 15 called the centre of oscillation, while O 18 called the centre
of suspension

Hence the radius of gyration with respect to the centre
of mass, 18 the geometrical mean between the distances of the
centre of mass from the centres of suspension and oscillation
respectively.

If the body 1s suspended from P, O will become the centre
of oscillation, for &* being a constant, 2 and [ —h may be inter-
changed without interfering with the truth of the equation.
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Let a pendulum be constructed, Fig 24, such that 1t 1s
capable of oscillating about either of two knife-edges
4 and B, the line joining the edges passing through
G the centre of gravity of the pendulum. If the
knife-edges can be adjusted so that the time of oscil-
lation is the same whether the body oscillate about A
or about B, then unless 4 and B are equidistant from

@, the length AB 1s that of the equivalent simple ¢
pendulum, and as that distance can be accurately B
measured the value of g can be found accurately from

the equation Fig 24

T=27r\/£.
g

This 18 the principle of Kater's Pendulum

In general there are four possible centres of oscillation on
every straight line, such that the times of oscillation of the body
about them are equal.

Let A4 be any point of the body, @ the centre of mass, and
let the axis of rotation be at right angles to the plane of the
paper (Fig 25) With G as
centre, draw a circle through 4,
join AG and produce to cut the /
crcle agamn 1n A’. Then since
GA' = GA the time of oscillation
about A’ will be the same as
that about 4. If AG=h and &k
is the radius of gyration about
the axis passing through @, the \
length of the equivalent pendu- €'
lum will be (& + A%)/h. Make
AB equal to this length Then
if the centre of the suspension 18
at B, the time of oscillation 18
the same as before, and therefore the same also for any point
B’ on the crcle passing through B and having G as centre.
Two circles may therefore be drawn such that the times of
oscillation about all pomnts of them are the same A straight
line such as CC’, not necessarily passing through G but cutting
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the 1nner circle, will intersect these circles 1 four points, about
which the times of oscillation will be equal

The 1sochronism of the pendulum has been stated to depend
on the equality of sin € and 6 for small values of § If 6 be-
comes large the quantities are no longer equal, and the time of
oscillation will vary with the angle of displacement. In that
case a closer approximation 18 given by

T=2WJ§ (1+ <%>nsm2§+<;—i>ﬂsm‘g+ ),

where 6 1s the semi-arc of oscillation.
The following table gives the value of the factor in brackets
for ditterent arcs of swing

6 factor
1° 1 00002
5° 1 00048
10° 100191
20° 100766

Exercise Calculate the length of the equivalent simple
pendulum of —

1. A brass rod about its ends.

2 A brass rod about a point half-way between 1ts ends and
1ts centre

3. A sphere about a tangent.

4. A cube about one of 1ts edges.

5. A cylinder about one of 1ts generating lines.



SECTION XIIL

EXPERIMENTAL DETERMINATION OF THE
EQUIVALENT SIMPLE PENDULUM

Apparatus required : Brass bar with shding knife-edges,
support, and sumple pendulum
A brass bar, in one end of which a number of holes have
been drilled 1n order to make 1t unsymmetrical, 18
provided (Fig 26). On 1t shdes a knife-edge, so
that 1t can be set swinging about an axis at right
angles to 1ts length at a distance from 1ts centre
of g1avity which can be varied
The line of the knife-edge passes through the
centre of gravity of the knite-edge frame, and the
moment of inertia of the frame about this line 1s
negligible
In front of this brass bar a leaden ball 18 sus-
pended by means of a thread which constitutes
a simple pendulum, the length of which 1s ad-
Justable
The experiment consists 1n adjusting the length
of this ssmple pendulum tall 1t has the same time o
of oscillation as the compound pendulum N
Place the knife-edge about a cm from one end o
of the bar and suspend the bar in 1ts support N
g
L
O

6

Make the thread of the simple pendulum about
4 the length of the bar, push both pendulums aside
with the palm of oue hand, and suddenly withdraw
the hand so that the pendulums start moving
towards their positions of equilibrium simultaneously. Watch
the oscillations of both pendulums, noting which of the
two gains on the other. If atter a few oscillations one 18
decidedly ahead of the other, the simple pendulum must be
lengthened if 1t swings too quickly, and shortened if 1t swings
too slowly. After a few trials the length may be adjusted so
as to make the times of oscillation of the two pendulums equal
to each other to within 2 or 3 per cent

When that 1s the case, set the pendulums swinging together

Fig 26
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once more, count the oscillations of the bar, noting agan
which pendulum gams on the other, go on counting the
oscillations unt1l the pendulums swing agamn together

If n 18 the number of oscillations of the compound pendulum
counted, the simple pendulum will have performed (n— 1) or
(n +1) osallations, according as 1t 1s too long or too short
respectively The number n should not be less than 30, other:
wise a readjustment of the simple pendulum should be made.
If one pendulum gains so slowly on the other that the number »
cannot be fixed to one or two umits, find n, and n,, so that =,
15 the number at which it begins to be doubtful whether the
pendulums swing together, and n, the number at which 1t
begins to be certain that they have ceased to swing together,
n will then be very nearly equal to (n, + n,)/2

If I 1s the actual length of the simple pendulum, the length
[ of the simple pendulum which would swing exactly in the

same time as the biass bar 1s equal to V' (1 - %)’ or Z'(l + %)’,

according as the simple pendulum made n —1 or n + 1 oscilla-
tions, while the compound pendulum made n.

If /% 1s the radius of gyration or the bar about 1ts centre of
mass G, and & the distance of the centre of mass A
from the pomnt of suspension O, then, as shewn 1n
the previous section, PG x OG =k?, which may "o
therefore be determined from the observations 5{
made, and the moment of 1nertia of the pendulum
about the axis through G found from % and the mass. A

Measure the distance of the knife-edge from
the top of the kmife-edge clamp, and the distance
from the top of the clamp to the upper end of the
bar The sum of these 1s the distance A0 of the
knife-edge from the top of the bar.

Five positions of the knife-edge should be taken,
about 1, 10, 20, 30, and 35 cms from the top of € 2"
the bar and the length of the equivalent simple pendulum
found 1p each case The bar must then be reversed and five
more observations taken, with the knife-edge nearer the pierced
end of the bar than the other.

{coocec00000
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Determine the centre of mass @ of the bar by removing the
knife-edges and balancing the bar on one of them.

Weigh the bar

Calculate for each experiment the distance OG. From this
and the measurement of [ calculate PG

Enter as follows.—21 Jan, 1894.

Bar A.

Weight of bar 1002 grams
Distance of centre of mass from solid end of bar = 50'8 cms

» from top of clamp to knife-edge = 9 ,

SoLip END oF Bar AT Tor

Distance [ Distance
top of from top Simple
bar to | to knife AG—A40 pendulum|{ n-1 OP-0G 0@ PG
top of edge, = 0@ % |observed | or l=0P =PG =k
clamp A0 v n+1
cm cm cm cm cm cm
7 16 492 | 38| 638 | 39 | 672 180 886
82 91 417 | 36 | 695 | 37 | 628 211 879
18 6 195 313 [ 33| 558 | 34 | 592 279 873
298 307 201 | 39| 602 | 40 | 633 432 868
34 4 353 166 | 33| 665 | 34 | 706 651 854
Mean 872

Moment of inertia of bar about axis through its centre of
mass parallel to the knife-edge = 1002 x 872 = 874000

Draw up a sumlar
Table of results when
the solid end 18 at the
bottom T

Draw a curve to ex- ::Fl B
press the above results, (G
taking distances of the H
point of suspension from
one end of the bar
as abscissae, and the
lengths of the equiva-
lent sumple pendulums 3
for the points as ordi- 1 TTITITTT
nates,as shewn (fig 28) Fig. 28.

8 P 6

T
)|

-




SECTION XIV.

DETERMINATION OF YOUNG'S MODULUS BY THE
BENDING OF BEAMS

Apparatus required: Uniform wooden beam and supports,
wetghts, sulvered glass scule and support.

When a beam of breadth b and height A, supported at two
points ! apart but not clamped, carries a mass m at a point
half-way between the supports, this point 18 depressed by an
amount d given by the equation

P
d=1qm g0

where ¢ is Young’s modulus for the material of the beam, and g
the gravitational acceleration.

To verify this relation, place the two supports provided, so
that the top edges are in the same horizontal plane and about
80 cms apart. Look across them to see that they are parallel

Place the wooden beam so that the marks near 1its ends
come over the supports, and behind its middle pomnt place a
graduated mirror with the scale vertical (Fig 29)

Arrange the rod so that its greater breadth is horizontal,
and read on the scale the height of 1ts middle point.

By means of a hook suspend a 500 gram weight from the
middle of the beam, and read on the scale the depression of the
beam. Increase the weight to 1000 grams, and again read the
position of the middle point  Verify, by means of your obser-
vations, that the deflection 18 proportional to the deflecting
weight, taking mnto account the weight of the hook Turn
the beam so that the top surface becomes the bottom one and
repeat.
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Turn the beam so that 1ts greater breadth is vertical and

repeat the observations, first with one edge downwards then the
other.

IWI

Fig 29

Bring the supports nearer together so as to use a shorter
length of the beam, and with the greater breadth horizontal
repeat the observations

From the observations calculate, using the above formula,
Young’s modulus for the material of the rod.

Arrange your results as follow —

8 Feb, 1899
Beam of Oak Wood marked O. 3.
Length of beam between supports .. =798 cms
Greater breadth . = 186 cms.
Lesser breadth . . ... = 88 cm.
Greater breadth horizontal.
Load in | Reading De Reading De- Mean dex:s‘:;on
grams | at centre pl:;zon at centre prgf;ison depression| pe;rd gar:lm
0 810 790

509 6 85 125 6 65 125 125 00246
0 810 7 90

963 5 80 230 550 240 2 34 00244
0 810 790

Mean 00245
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The equality of the numbers 1n the last columns verifies the
equation given. From 1t we have :—
Img I
4 d bk
1 981 (798® .
=3 00245 136 x (85) ~ 548 x 10" dynes per sq cm.
Similarly for the observations taken with the greater
breadth vertical and with the shorter length of beam, the
values of e being collected as follows :—

€=

Oak Beam, 03 in dcynes
per 8q cm.
Greater breadth horizontal . 5 48 x 1010
' ' vertical e 544
Shorter beam . 549

Experiments with the shortened length of beam are here
mtroduced 1n order to illustrate the law according to which the
deflection is proportional to the cube of the length If the
sole purpose of the exercise had been to determine Young’s
modulus, these experiments would not have been necessary.

Reciprocal properties of points of application of load and
measurement of deflection:

Place the beam in 1ts first position, and after observing the
reading on the scale, place the 500 grams weight at a point
which divides the beam in the ratio 1+ 3. Read the deflection
at the middle point. Increase the weight to 1000 grams, and
again read the deflection.

Now place the mirror behind the point at which the weight
has been applied, and remove the weight to the middle. Read

Load Reading D"zg‘:‘“
Oat A 785atB
500 gr. at A 670 at B 115at B
1000 gr. at A 565atB 220at B
0at B 755at A
500 gr. at B 640 ab A 1-'15at A
1000 gr. at B 540 at A 215 at A
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the deflections for 500 and for 1000 grams, enter as below and
verify that they are the same as those found 1n the former case.
Hence the deflection at B due to a weight at A 18 equal to the
deflection at A due to the same weight at B

If metal bars are used the deflections will be smaller than
n the case of wood, and must be read off by means of some
form of reading micioscope

If the section of the beam though not rectangular 1s
symmetrical about a horizontal line drawn through 1ts centie
we have

I8

d=mg ST’

where I 18 the moment of inertia of the section about the
horizontal through 1ts centre.

Young’s modulus may also be measured 1f the beam is
fixed at one end and a weight 1s attached to the other end, the
relation between Young’s modulus and the deflection at the
pownt of apphcation of the force 18 1n that case given by

A »
d=mg §;[= 4m ggb—"hs.

If the beam has both 1ts ends fixed

1 A

l:;
d=mg 557 = 16™9 i



SECTION XV.
MODULUS OF RIGIDITY.

Apparatus required: Uniform wires, cylindrical weight,
and watch unth seconds hand.

The elastic reactions of a homogeneous body subject to
strain depend on two constants, the bulk modulus, or resistance
to change of volume, and the modulus of nigidity, or resistance
to change of shape by simple shear.

If a cylinder A B of radius r and length / has one of 1ts ends
A fixed, while the other B1s twisted, the angle of twist
¢ 1s connected with the moment of the twisting couple A

-
C, and the modulus of rigidity n by the relation

wnrt
C= W ¢.

Hence 1f C can be measured, » can be calculated
from the dimensions of the cylinder. If the cylinder
is thin, eg. a wire, ¢ may be determined by suspend-
ing a body the moment of inertia of which 1s known
from the wire, and letting 1t perform torsional oscilla-

tions
The time 7' of a torsional oscillation will be J B

Fig 80.
T= 27:\/%, R N

where I is the moment of 1nertia of the suspended body about
the axis of twist, and IV 18 the moment of the torsional couple
per radian of twist, that 18 the value of C when ¢ =1, 1e

N_vrm"

o
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8wl

Hence T =2 ! and n= .
..7: n 7: ’.: T’
2 1 [

If the suspended body is of some regular form its momens
of inertia about the torsional axis can be calcu-
‘ated from 1ts mass and shape Otherwise we
may proceed as in the Exercise “Moments of
Inertia IL” p 73, to determine 1.

In order to verify the truth of the law ex-
pressed by the above equation, suspend a brass
cylinder (Fig. 81) by means of three different
wires of the same material but different dimen-
sions, and determine the times of torsional oscil-
lation (Section III)p 15 In the example given
below two of the wires are cut from the same coil,
the length of one piece being about double that of
the other, and the third 1s equal 1n length to the
longer of the two former wires, but 1s thicker.

The diameters of the wires should be determined E]I

by the screw gauge at the ends and at several
other points, dividing the wire into equal lengths.

If r,, 7,  7a, the radu at the ends and at Fig 81
pomnts dividing the length between the ends
equally, differ from each other by amounts greater than one
part 1n 30, take as mean radius r where

1 1 11 1 11

— = {-—*—- +;:;+ . +§Fn—‘},

and 1f they duffer by less take the arthmetical mean,
Tabulate the results as follows —

2 March, 1899. Steel wires marked C.

Length | Mean
T | radrusr r r T T3 g
cms cms ] i
835 0165 | 741x10°|887x10-° {645 {4160 369 x10-*
4175 0165 | 741 ,, &e. 454 | 2061 &e
836 |-0296|75672 &e. 2156 | 462 &e
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Take the mean of the values obtained in the last column
and substitute in the equation

8wl

to determine the modulus of ngidity =. ,
The value of I can be found from the mass and dimensions
of the suspended body, since the moment of mertia of a cylinder
about 1ts axis is the product of its mass mnto half the square
of 1ts radius
Tabulate your results as follows —

2 March, 1899.
Steel wires and cylinder marked C.

Mass of cylinder . 663 grams
Radius of cylinder .. . 227 cms.
Moment of Inertia (calculated) = 1578

.. n for steel wire used =8 5 x 10" dynes per sq, cm.

The modulus of ngidity of the wire may also be found by
applying to the cylinder 1t supports a couple of known moment
C and measuring the resulting rotation ¢ of the cylinder as
mentioned on p. 86 The couple 18 easily produced by two threads
wrapped round the cyhinder, which pass over pulleys and carry
equal masses at their pendent ends. The rotation of the cylinder
may either be measured directly by the help of a ponter
attached to 1t and a circular scale below, or by the movement
of a marked point on one of the threads.



SECTION XVL
VISCOSITY.

Apparatus required : Two long capillary tubes, an inverted
bell-jar, a small flask, microscope and stage micrometer.

If two layers of a hquid at a small distance z apart are
moving with velocities v, and v,, the faster moving layer tends
to increase the velocity of the slower, the slower to decrease
that of the faster If S 18 the surface of contact of the two
layers, and F the magnitude of the force exerted by one layer
on the other, then

F=48S. g.;_v, ,
where 7 is the “coefficient of viscosity” of the liquid. The
object of the present exercise is to determine the value of # for
a given liquid.

If a liquid flows along a capillary tube the liquid in contact
with the wall of the tube is either at rest or only moves very
slowly. We shall assume that it 1s at rest. The layer of liquid
next to the one in contact with the walls moves with small
velocity, the layer next to it with a greater, and so on, the
liquid at the axis of the tube moving with the greatest velocity.
For the same tube, the velocity of the layers will increase more
rapidly from the walls to the axis for a liquid of small viscosity
than for a liquid of great viscosity. The volume of the liquid
which under given conditions flows through the tube will there-
fore depend on the viscosity of the liquid.
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It may be shewn that the volume V 18 given by the
equation

_Tp ¢
V= 8yl - B,

where
R =radius, ] =length of the capillary tube.
p=excess of static pressure, 7.e. when the flow is stopped,
within the outlet of the tube over that without.

n = coefficient of viscosity of the hquid.
¢t = time 1n seconds.

An mverted bell-jar 15 provided (Fig 32), having a rubber
stopper through which passes a bent tube, to the end of which

/

: =
e /8 ¥ BB

an inclined capillary tube of diameter 2R and length I is
attached by a piece of rubber tubing provided with a clamp.
A strip of paper 18 gummed to the jar about half-way up, and
a horizontal mark on it serves to indicate the level of the liquid
1 the jar

Place the lower end of the capillary tube about 10 cms.
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above the table, and under 1t put a beaker to catch any hqud
issuing Place a thermometer m the bell-jar Gum a piece
of paper to the neck of a 4 oz flask, and determine the volume
up to the paper by weighing the flask when empty and
when full of water Fill the bell-jar with water at the tem-
perature of the room, to a level a httle above the upper
wark on the gum paper. The water will flow through the
tube 1mto the beaker.

When the level of the water in the bell-jar has fallen to a
convenient mark on the paper strip on the side of the jar,
remove the beaker quickly and replace 1t by the flask, noting
the time to a second. When the flask 1s filled to the level of
the gum paper replace 1t by the beaker, notice again the time
and mark on the paper strip the level of the water in the
bell-jar

Determine the excess of the mean static pressure p within
the outlet of the tube over that without by measuring the
heights of the two marks on the bell-jar above the centre of the
bore of the tube at the outlet, and taking the mecan, o1 by
measuring the heights of the two marks from the table and
subtracting the height of the centre of the bore of the tube
above the table. If A 1s the mean height, p the density of the
hquud, p’ that of the fluud, generally air, surrounding the
apparatus and g the gravitational acceleration, p=hg (p —p’)

The diameter of the tube should be found by placing the
tube under the stage of a microscope having a scale n the
eyepiece, or microscope provided with a cross wire and a
graduated traversing screw, 1n such a way that one end is 1n focus
and the axis of the tube 1s in line with that of the microscope
The greatest and least diameters of the bore of the tube at one
end are thus found in divisions of the eyepiece scale Reverse
the tube and find the diameters at the other end If the four
measurements do not differ from each other by more than three
per cent take the mean, if they differ materially use another
tube.

To find the value of an eyepiece scale division 1n cms,
remove the tube, place on the stage of the microscope a scale
divided 1nto millimetres and tenths, and find how many of the
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eyepiece divisions are equivalent to the millimetre of the stage
scale,

Take a wider tube and determme by means of 1t the viscosity
of the salt solution provided Find the density of the solution
by weighing the flask when filled with 1t up to the level of the
paper

Tabulate your results as follows —

21 March, 1899.
Microscope 4

Divisions of eyepiece scale corresponding to 1 mm =61 5.

.. Value of a division ='00163 cm.
Weight of flask filled with water =100 grams.
Do empty = 24 grams.
. Volume of flask =T6cec
Weight of flask filled with solution =116 grams.
.. Density of solution =121

Viscosity of water. Tube 4.

Drameters (1) 68 6, 68 4} =68 divisions of eyepiece scale.

(2) 677,673
= 111 cm.
Leungth =655 cms,
Volume of water =T76cc
Time =717 seconds.
Pressure =196 cms water.
= 19230 dynes per sq. cm
Temperature =11°5C.
nat 11°5 C. = 0103.

And similarly for the observations with the solution.



SECTION XVIL
SURFACE TENSION.

Apparatus required: Glass tube and scale, microscope
and stage micrometer

Heat 1n the blow-pipe flame a piece of glass tubing which
has been thoroughly cleaned wnside with water and dried, and
when a portion about a centimetre long, four or five centimetres
from one end, 18 soft draw the two ends apart so as to form a
fine capillary tube

Break off the capillary part of the tube, and repeat the
drawing-out process on the rest of the tube by heating a
portion close to that previously heated, using the contracted
drawn-out end to hold by, till half-a-dozen capillary tubes have
been obtained, two about 1, two about 7, and two about
3 mm diameter The drawing-out process should be carried
out more slowly the wider the capillary tube required

Break off from each of the finer tubes about 20 cms and
from the wider about 10 cms of
the most uniform portion

Mount vertically 1n a small
glass vessel containing water
a transparent graduated scale.
Both vessel and scale should be
thoroughly clean. Wet the scale
a httle and place a tube against
1t (Fig 33); the tube will stick
and will not need supporting
The water will ascend in the
tube When the water has
reached 1ts greatest height, raise
the tube a few mms, 8o that the  mmms
nner wall above the meniscus 18
wet, and read on the scale the

Ty |~urllj

tada b dudadallald 1.:.[.1.1.!1
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levels of the meniscus and of the surface of the hquid in the
vessel.

In taking the latter reading the level of the surface at a
hittle distance from the scale should be
read, since close to the scale the surface is
curved upwards, thus —Read 4, not B

Gum a small piece of paper to the tube, 8 o
2 mms above the top of the column, of eSS
hqwd m 6. |-

Raise the tube 5 mms, and again take | _ _ _ _ _ _
readings If the difference of level of the Fig 34
meniscus 1nside the tube and of the hquid
outside 18 the same as 1t was previously, the tube 18 uniform
If there 18 much difference another tube should be substituted
for 1t.

Repeat the observations with two other tubes of different
diameters, attaching a strip of paper to each

Now take another vessel, clean 1t thoroughly, fill it with
20°/, ethyl alcohol, and take observations with the other three
tubes, attaching strips of paper as before. Pour the alcohol
back into the stock bottle

The radu of the tubes at pomnts 45 mms below the strips
of paper, 1e at points halfway between those at which the levels
of the liquid were read, must now be found

To do this a microscope provided with a micrometer eye-
piece 1s required  To determine in cms the value of a division
of the scale of this eyepiece, place on the stage of the micro-
scope a scale graduated in tenths of a mm, notice how many
divisions on this scale correspond to some convenient number
on the eyepiece scale, and hence find the value of a division of
the eyepiece scale in centimetres. Remove the stage micro-
meter, break off one of the tubes 45 mms. below the gum
paper by marking 1t with a fine file or rough-edged knife, or
the sharp edge of a broken piece of quartz, and mount each
part with the broken section upwards on a microscope shde
attaching them by a lttle soft wax Now place one of these
mounted tubes on the stage, focus the broken end of the tube,
and read 1ts diameter 1 scale divisions of the eyepiece micro-
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meter If it is not accurately circular, measure its greatest and
least diameters and take the mean.

Repeat with the other piece. Take the mean and convert
to cms.

Do this with each capillary tube used, and calculate the
value of the surface tension 7' i dynes per cm. from the

equation ;
=957 (1+5)

where

g = value of gravitational acceleration.
p = density of hquid.

h = height of meniscus 1n tube above liquid outside
r =rad1us of tube

Tabulate your results as follows —

12 February, 1899
MicroscorE A.

10 divisions of eyepiece scale =1'67 divisions on stage scale
=167 mm
.. 1 dwvision of eyepiece scale= 00167 cm.

Reading in oms. at Radius

Liquid | Tube Height hr T

Meniscus| Base o T oo | cms

Water| 1

366 | 152 214} 425 | o71| 152 | 742

3656 | 161 | 214
665 | 153 | 512
664 | 162|512
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Verify the value found for water by the following method :—
Clean carefully the thin sheet of glass provided, and suspend
1t from the left-hand end of the beam of a simple balance by
means of the thin metal clip Adjust the sheet till 1ts under
edge 13 horizontal, and place weights in the right-hand pan till
the pointer of the balance reads zero. Fill a clean glass vessel,
wider than the strip of glass, with clean water, place the vessel
under the strip and raise 1t gradually till the lower edge of the
glass just touches the surface of the water. Push the glass a
milimetre down into the water so as to wet the edge, and
then place weights 1n the right-hand pan of the balance till the
edge 18 just torn away trom the water. If m grams, in addition
to the weight to balance the glass in air, have to be used, and

if [ 18 the length of the edge of glass touching the surface,
my
mg=1T.2l, or T=—2—l-.

Record as follows —

Weight to balance glass in air = ‘52 gram

” tear glass from water = 159 grams
Dufference due to surface tension = 1:07
Length of edge touching water =75 cms.
Surface tension of water = 70 dynes per cm.



BOOK III.
HEAT.

SECTION XVIIL
COEFFICIENT OF EXPANSION OF A SOLID

Apparatus required: Tubes of metal and glass, flow of
hot water or steam, thermometer and 'rea,dmg MACTOSCOPE
When the temperature of a solid 18 raised, the solid gene-
rally expands, and 1if the distance between two given points in
the solid 18 7, at 0°C and I, at £°C we have, to a sufficient
degree of approximation,
lLi=1,(1+at),

where a 18 a constant called the coefficient of linear expansion
or dilatation.

In order to determine this coefficient, a bar of convenient
length may be measured at two temperatures ¢, and ¢, If
1, and [, are the observed lengths, we have as a consequence of
the above relation

a= lz - ll
b(t.—t)'
As a is small 1n the case of solids, we may as a rule with
sufficient accuracy substitute the length at the ordinary tem-
perature of the room for {, Thus the coefficient of expansion
of metals generally lies between 00001 and 00004, and their
hinear dimensions will 1increase therefore by less than a
thousandth part of the omginal length between 0° and 20°.
If therefore 1t is not desired to measure a to an accuracy
greater than one part in a thousand, J, may be taken as
identical with the length measured at the ordinary tempera-
ture of the room, and with rods about half a metre long an
ordinary scale graduated to millimetres will be sufficient for
the purpose of measurcment.
8. P, 7
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The quantity & — [/, being small some method of measure-
ment suitable for small lengths must be used, eg & microscope
provided with a graduated scale 1n the eyepiece

The heating of the material to be tested 1s carried out very
conveniently 1if 1t 18 given 1 the form of a hollow rod or tube,
since hot water or steam may be sent through 1t, to raise 1t to
the required temperature If 1t 15 a solid rod 1t should br
supported 1n the axis of a glass tube through which the steam
or water 18 sent

If two reading microscopes are available, two marks may
be made on the tube or rod, one near each end, and the
displacements of these marks after a temperature change
which should not be less than 70°C measured by means of the
microscopes, which should be clamped to a solid base. The
apparatus provided gives sufficiently accurate results with the
mark at one end of the tube fixed and the other observed
through a reading microscope only.

Two tubes of about 60 cms length are provided, one of glass
and one of brass, and can be mounted so that steam or hot
water may be passed through them.

A notch 18 cut near one end of each tube, and this notch
with the tube placed in a horizontal position 1s made to rest on
the knife-edge of the stand provided For additional security
the tube may be clamped above the knife-edge The other
end of the tube may rest on the microscope stage, but in the
stand provided 1t 18 supported by passing loosely through a
hole a piece of wood at one eud of a paper protecting tube

fixed to the stand.
| |
X
)

= %
{

T

Fig 95
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Clamp the stand firmly to the bench or slab on which the
experiment 1s to be performed

The fiece end of the tube carries a narrow strip of gum
paper with a fine pencil line drawn at right angles to the tube.

You are provided with a microscope having an objective of
low power so that 1t 1s capable of including a field of view of
about 2 mm. diameter The eyepiece of the microscope 1s
provided with a miciometer scale Place the microscope 1n
such a position that the pencil hine 1s near the centre of the
field and parallel to the divisions on the scale and then clamp
the microscope firmly to the table or slab (Fig. 35).

Attach rubber tubes to the ends of the experimental tube
and send a stream of cold water through, observing the tem-
perature of the water by means of a thermometer placed in the
1ssuing stream. Observe the reading in the microscope.

Send steam or hot water through the tube and agan take
readings Finally repeat the experiment with cold water.

Measure the length between the notch and the pencil line
on the tube to the nearest mm.

Determine the value of a scale division of the eyepiece by
placing a scale graduated in {; mm. on the stage of the
microscope section

Record and calculate the coefficient as follows :

Date, June 8, 1899.
Microscope A
58 divisions of eyepiece scale = 10 on stage scale =1 mm.
. 1 division of the eyepiece = 00172 cms

Brass tube 58 6 cms between marks,

Difference
Temp Reading
Scale Cms
Water 80°0. 142
Steam 100 572 430 0744
Water 30 142
0744
a= —————=- = 0000181.
586 x 70 00181

Substitute the glass tube and record similarly.
7—2



SECTION XIX.
THERMAL EXPANSION OF A LIQUID.

Apparatus required : Bulb with graduated stem, and wce

The change of volume of a liquid with 1ncrease of tempera-
ture is most conveniently found by enclosing the hquid m a
vessel made of a material of which the coefficient of expansion
18 known and observing the apparent change of volume of the
hquid as the temperature of lhiquid and containing vessel 18
varied

Since the apparent expansion is, in general, only a small
fraction of the total volume, the volume of that part
of the vessel in which the expansion 1s measured 5?
should only be a small fraction of the total volume 0

The vessel, which 1s called a “dilatometer,” 1s o
generally a glass bulb provided with a graduated stem
having a fine bore, the hiquid filling the bulb and part
of the stem (Fig 36).

If at 0°C the surface of the liquid in the stem
stands at the division n, of the stem, and the volume
of the bulb up to the zero division of the scale 1s m,
measured 1 scale divisions, the volume of the hiquid
at 0° C. 18 m + n, scale divisions ]

If when the dilatometer and liquid are at ¢°C the
surface of the liquid reads n on the scale, we have, for @
the volume of the vessel up to the mark n at tem- =
perature t° C., (m +n) (1 + at), where a 18 the coefficient
of expansion of the vessel. If further 8; 1s the expansion of umt

[TTT

JT-TT 114

T

Fig 36.
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volume of the liquid between 0° and #°, umt volume at the
freezing point of water becomes 1+ 8B; at temperature ¢, and
the volume of the liquid at the latter temperature will be
(m +mn,) (1L + B:), hence:

(m +n) (L+at) = (m+n) (1 + By)

m-+n

or 1+,3t =m+n (1+at)
(]
=1+ n— M +at approximately
B ="""0 4 o,

from which the expansion 3, may 1eadily be determined.

A graduated capillary tube 18 provided, at the end of which
a bulb of about 1 cm diameter has been blown

Wash and dry the bulb and tube and then weigh

Heat the bulb gently in a bunsen burner, then dip the open
end of the tube into a small quantity of the hquid to be tested
whiceh, 1if necessary, has been boiled to free 1t from dissolved ar.
As the air 1n the bulb contracts, iquid 1s drawn up the tube
mnto the bulb Repeat the heating and cooling till the bulb
and a short length of the stem are filled with hquid

Place the tube 1n a water bath at about 16° C., and after
waiting 10 minutes to allow the hiquid in the bulb to take up
the temperature of the bath, read the temperature of the bath
and the position of the hquid in the stem.

Weigh the bulb and contents The difference between this
weight and the previous one 1s the weight of the liquid 1n the
bulb, and 1if its density 18 known, the volume of the hquid,
therefore the volume of the bulb and stem containing it, can
be found

To determine the volume of one scale division of the stem,
heat the bulb gently till the hquid stands rather more than
half way up the stem, then plunge the open end of the stem
into clean mercury, which will be drawn up the tube as the
liquids contract Allow the dilatometer to cool till the posi-
tions of both ends of the mercury thread can be read on the

onala
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Observe the length of the thread and weigh the bulb and
1ts contents again The difference between this weight and
the last one 1s the weight of mercury, which may be divided
by 18 596 to give the volume, and hence the volume of a scale
division of the stem 1 c.c may be found

The dilatometer should again be heated till the mercury
thread 18 expelled from the tube, and the upper end of the-
tube then sealed 1n the blowpipe (Fig 36) A label 1s attached
to the tube stating the hiquid m the tube, the volume of the
bulb, and of a scale division of the stem, from these numbers
the quantity m may be calculated

The dilatometer should first be placed 1n a bath containing
melting ice, and after the position of the hquid has become
constant, a reading should be taken The temperature of the
bath should then be raised about two degrees, and observation
of temperature and apparent volume taken at the new tempeia-
ture The observation should be repeated at intervals of 2°C.
up to 10°C and then at intervals of 5°C over the range of
temperature desired, and again as the temperature 1s decreased.

Care must be taken to wait sufficiently long after each
change of temperature to allow the liquid in the bulb to come
to 1ts final state, for 1t must be remembered that the thermal
conductivity of hquids 18 small, and that convection currents are
diminished owing to the small size of the bulb

The observation and results should be tabulated as follows

Ezpansion of Water.
10 February, 1899. Dilatometer 4, m = 15500, a = *000020.

Temp | Reading n-ng "_:n_no at B

0°C 24 0 0 0 0 0
06 232 — 8 | — 0000516 | 000012 | — 000040
17 221 -19 - 000119 000034 ~ 000085
33 211 -29 - 000192 000066 — 000126
53 20 6 -34 | — 000222 000106 | — 000116
73 214 -26 | —-'000176 000146 | — 000030

123 255 +15 | +°000098 | 000246 | + 000344
&e. &e. &c
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Numerical calculation will be facilitated, 1f the reciprocal of
m 18 first calculated and then multiplied successively by the
numbers 1n the thnd column  Three figures are sufficient and
Crelle’s Tables or a shde rule may be used

A curve (Fig 37) should be drawn with the observed
temperatures as abscissae and total volumes 1 + B, as ordinates.

] OO}J

1 00! L

1

| 000 *+

Fig 37.

The numbers taken with rising and falling thermometer
should be plotted separately and should shew no systematic
difference

If the hquid 18 water especial care must be taken with
the observations between 0° and 10° owing to the anomalous
behaviour of that iquid

Numbers giving the volume of 1 gram of water at different
temperatures should be taken from Kaye and Laby’s Physical
Tuables, and represented by a second cuive for comparison



SECTION XX.

COEFFICIENT OF INCREASE OF PRESSURE OF A
GAS WITH TEMPERATURE.

Apparatus required : Bulb and piessure apparatus, water
bath, thermometer.

If the temperature of a constant volume of gas is raised,
the pressure of the gas varies according to the equation
pe = po (1 + Bt), where p, 18 the pressure at 0° C, ¢ the tem-
perature Centigrade, and B3 a constant, called the coefficient of
increase of pressure with temperature.

Fig 388.
To verify the law expressed by the above equation in the
case of air the apparatus shewn 1n Fig. 38 1s provided.
A 18 a glass bulb to which a bent tube of small bore BCD is
attached. At the lowest point of the tube it branches and
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to the branch is attached a piece of rubber tubing which can
be compressed between the plate & and the stand by turning
a screw

The rubber tube and the lower part of the tube C'D are
filled with mercury, and the open end of the rubber tube then
closed by a short glass rod

By adjusting the quantity of mercury and the pressure at &
the surface of the mercury in the left-hand tube may be brought
to the fixed mark C If the position of the surface of the
mercury mn D 18 then read, and the height of the barometer 1s
known, we have the total pressure to which the air n 4 1s
subjected.

To determine how this pressure varies with the temperature
of the air 1n the bulb, fill the bath in which the bulb 18 placed
with cold water, noting 1ts temperature Adjust the mercury
to C, and read the position of D on the scale alongside

Raise the temperature of the bath about 5° C. keeping the
water stirred, and repeat the adjustment and readings. Take
four observations at intervals of 5°C. and then wait until the
thermometer has risen 25° te stands 40° higher than ab the
beginning of the observations. Take four more observations at
mtervals of 5° Then release the pressure of the screw so as to
lower the mercury mn the tube C' and prevent 1t running back
mto the bulb as the air in the bulb 1s cooled, and pour sufficient
cold water into the bath to lower its temperature 5°C, Stir
well and raise the mercury to C again, then read D  Lower the
mercury, cool further and repeat the observations tall the
orignal temperature 18 reached Take the means of each pair
of observations at nearly the same temperature and use them
1n what follows

Read the barometer, the pressure of the gas in terms of a
column of mercury will be the sum of the height of the
barometer and the difference in level between C and D

If p1s this pressure and v the volume of the gas at tem-
perature ¢, we have pv=pyw,(1+ Bt), where v, 18 the volume
at 0°C

The volume of the containing vessel will increase shghtly
as the temperature rises owing to the expansion of the glass
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If the coefficient of expansion of the glass 1s «, the volume
v of the vessel 1s obtained from v = v, (1 + at)

1+p¢
P=Pi et
Or since 1 the above experiments af 18 always less than

‘002 and Bt less than 2, we may write with an accessory of
1 part 1 2000

Hence

p=p(1+(B—a)t)
If pit,, pit, are two sets of readings of p and ¢, we may form
two similar equations and ehminating p, find

P2 — y 2
A+@B-0)t) 1+B-a)t’

and hence

_ PP P Ps

B b ph L G

P M
B may therefore be calculated, 1f a 15 known, by observation
of any two corresponding pressures and temperatures If a
number of readings are taken at regular intervals of tempera-
ture we may apply the method explained in Section (III) and
secure the smallest probable error by taking a certain number
of observations, omitting the same number, and finally taking
again an equal number The observations are combined and
reduced as given in the Table below Of the two forms for
(8 — a) given above the first involves less arithmetical labour,
and would naturally be used 1n case the pressure 1s observed
for only two temperatures But for a series of experiments
the 1esults may be tabulated in a more symmetrical manner
if the second form 1s adopted. The labour of calculation 1s
reduced 1f the reciprocals of p, and p, are obtained from

Barlow’s Tables,

* For more acourate work the expression,
1 1

B= Itat)p, ~ [T+at)p,
t t

2 _ 1
(I+at)py  (1+at)p,

should be used.



XX INCREASE OF PRESSURE WITH TEMPERATURE IN AIR 107

The fractions #,/p, etc and the final quotients may be found
with sufficient accuracy fiom Crelle’s multiplication tables
Arrange the observations as follows:
8 Nov, 1899
Apparatus marked K. Height of Barometer 76 2 cms.

114
y 4 b

1 1

Py P2

b b_h

P P
10°51777| 01287 135|503 |88 4| 01131 ] 567 00156[ 432 | 00361

2
1 y 23 Dy

o [

21

-a

152 (789 1207 191 551896| 1116] 609| 151 418 | 861
20 |801| 1248| 249(600/909| 1100| 660| 148 | 411 | 860
250 |813| 1230 307//650(921| 1086| 706 144 | 399 361 |
Mean value of (8 —a) .. . «. = 003608
For glass of bulb a .. . «. = 000028
B for ar . = 003636
—1/B =absolute zero of constant volume air thermo-
meter . . ==275°C.

According to Regnault 8 should be equal to 003669
There are two further sources of error which tend to reduce
the apparent value of 8 One 1s the expansion of the glass
vessel due to increased internal pressure at the higher tem-
peratures, and the other is due to the air in the tube leading
from the bulb not being at the same temperature as that in
the bulb The first-named error 18 not likely to be more than
1 1n 300,000 with the dimension of apparatus used, the second
error will not exceed 1 1n 6000 1f the bulb has a diameter of
10 cms, and the length of capillary tube between the bulb and
the fixed mark 1s not more than 20 c¢ms and 1its diameter not
more than 18 mm

If the imterior of bulb is not thoroughly dry too high value
will be obtamned owing to the evaporation of the water fiom
the walls of the vessel. To secure dryness a few drops of strong
sulphuric acid are introduced into the bulb before the mercury
18 poured 1nto the tube

The mncrease of pressure of a gas 1s used to measure
temperatures 1n the “constant volume gas thermometers,” the
construction of which 1s the same 1n principle as that of the
apparatus used 1n this exercise.



SECTION XXI.

COEFFICIENT OF EXPANSION OF AIR AT
CONSTANT PRESSURE

Apparatus required: GQraduated tube and wndex, water
bath, and thermometer.

When the temperature of a gas maintained at constant
pressure 1s raised, the volume incieases, and may be repre-
sented by an expression of the form

v=1, (1 + at),
where » 18 the volume at ¢°C., v, at 0°C and a 1s a constant
called the coefficient of expansion of the gas

If the gas 18 enclosed in a vessel the coefficient of cubical
expansion of the material of which 18 8, the apparent volume
of the gas will for expansions not greater than 30 per cent be
expressed with an accuracy of 1 part in 2000 by the equation

v=9,(1+a—pB1%)

If t, and ¢, are two temperatures and v, v, the corresponding
apparent volumes, 1t 18 found on eliminating v, that

vy
@ 'B—'Ulta""vatl
11
_U_
th_ b
vy Y

Hence if observations of the vanation of volume of a given
mass of gas, enclosed 1n a vessel of known coefficient of expan-
sion, are made, the coefficient of expansion of the gas may be
determined

The apparatus provided consists of a graduated glass tube
of fine bore, one end of which 18 sealed, and the other attached
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to a wide tube bent at right angles The complete tube 18
attached to a brass fiame. The capillary tube 1s filled for
about two-thirds of 1ts length with an, which 18 confined by a
thread of strong sulphuric acid in which a few grains of 1ndigo
have been dissolved This thread serves both to indicate the
volume of the air and to keep 1t dry (Fig. 39) The wider part
of the tube serves as a reservoir of acid whose height 1s not
appreciably affected by the flow of acid nto or out of the
capillary tube The pressure to which the enclosed awr 1s
subjected remains therefore constant whatever 1ts volume

Fig 39
To find the effect of change of temperature on the enclosed
air, place the graduated tube with the closed end about 1 cm
higher than the meniscus 1n a water bath the temperature of
which can be varied (Fig 40) Mix 1ce aund 1f necessary salt
with the water till the temperature indicated on a thetmometer
placed 1n the water 18 0°C. Stir the water well and after
waiting till the thread of acid has taken a constant position,
take a reading of that end of 1t which 1s 1n contact with the
gas Increase the temperature of the water by 5°C, stir 1t well
and again observe the volume when 1t has become constant
Take four observations, increasing the temperature mn steps of
5°C, then wait until the temperature has risen another 25° and
take four more observations at temperatures increasing by 5°C.
Then decrease the temperature and take observations at
approximately the same temperatures as during the rise
The closed end will not in general be at the zero of the
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scale and 1its reading must therefore be subtracted from the

readings of the index to obtan the volumes

As the closed

end 1s often conical a short thiead of acid may be introduced
to occupy the comical spaces. It 13 assumed that the bore 18
uniform so that the differences mn the readings of the scale
are proportional to the volumes

The observations are reduced as 1n the previous section,

Enter as follows.

Apparatus marked B 12 November, 1899,
Reading at closed end 5 05.

Temperature 1ncreasing Temperature decreasing

t Re;:hng V7(*>1~~~ t Reading Vol

00 15 25 10 20 0 15 25 10 20

50 15 42 10 37 48 15 42 10 37
101 15 59 10 54 102 15 61 10 56
1561 15 80 1075 141 1576 1070
395 16 67 11 62 405 1671 11 66
438 16 83 1178 442 16 87 11 82
498 17 03 1198 50 6 1707 1202
54 6 17 23 1218 55 6 17 27 12 22

Take the mean of the numbers for increasing and decreasing
temperatures and enter as 1n the following table

1| g 1| 6 L _1ja_u

h “ v, v s “2 vy V2 (U1 V2V2 °-f
0°C|1020( 0980| 0 | 40°0|1164| 0859| 344 || 0121 | 3 44 | 00353
49 [1037| 0964| 47 ||440 |1180| 0847|373 || 0117 | 3 26 | 00339
1015|1055 0948 | 96 ||502 |1200| 0833 | 4 18 || 0115 | 3 22 | 00357
146 |[1072(-0933 | 1386 |(551 [1220| 0820 452 || 0113 | 316 | 00358

Mean value of a— 8 = 00357

B tor glass used = 00003

a =°00360

—1/a= zero of constant pressure air thexmo-

meter =-—2717°C.
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For gases satisfying Boyle’s law the coefficient of expansion
at constant pressure 18 the same as that of increase of pressme
at constant volume The value of a found 1s about two per
cent. too small, which may be accounted for by the capillary
tube being wider near the division 15 than at lower readings.

Take temperatures as abscissae, and volumes 1n scale divi-
sions as ordinates and draw a straight line passing as nearly as
possible through the points so determined (Fig 41) From the
mchnation of the straight hne find the value of a— 3, anc
compare 1t with the result of the calculation.

—12 0
1
Vol ol
[+
—110 =
¥
P
1

;=
100

[) 10 20 lemp 30 40 s0C

Fig 41



SECTION XXII.

EFFECT OF PRESSURE ON THE BOILING POINT
OF A LIQUID.

Apparatus required : Thermometer, flask, condenser and
Jilter -pump.

When the pressure under which a hquid boils 18 increased,
the temperature to which the liquid must be brought before
boiling takes place 1s raised, and if the pressure 18 decreased
the temperature at which boiling occurs 1s reduced It 1s the
object of the present exercise to find the relation between
the two changes

In the diagram of the apparatus to be used (Fig 42), 4 1sa
Bunsen filter pump through which a rapid flow of water from
the tap 1) may be kept up.

Fig 42.
D is a three-way cock having a central passage parallel to
the handle which 18 jowned at the centre by another passage
at right angles leading only to one side The sde to which
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1t leads is marked by a black dot. When the handle 1s vertical
with the black dot to the mght, the pump 1s 1n connection
with the condensing apparatus Call this position A When
the black dot 1s to the left the apparatus 1s open to the air.
Call this position B When the handle 1s honzontal with the
black dot below, the way to the bottle 1s closed, and the pump
18 1n connection with the air. (Position C)

F 15 a bottle to diminish the changes of pressure due to the
bursting of bubbles in the flask N during boiling, so arranged as
to prevent water from the pump flowing back to the manometer
when the pump is stopped.

E 15 a stop-cock to cut off the boiling apparatus from the pump.

C 18 a mercury manometer, with a reservoir B for adjusting
the 1eading of the surface in the open tube to the zero of the
scale alongside.

M 1s a condenser 1n which the steam 1s condensed, the
condensed hquid running back into the flask.

A 1s the flask 1n which the boiling takes place

T is a thermometer giving the temperature of the vapour
nsing from the liquid experimented on—water 1n this case

To commence the expeiiment, put the flask NV in connection
with the air by turning D t1ll the handle 1s 1n the position B
Set the water in the flask boiling, and see that water 1s passing
slowly through the condenser from the tap 7,. Read the
barometer, and calculate the true boiling point of water at the
observed pressure, taking the boiling point as changing 87°C.
per cm change of pressure. When the temperature 1s steady
read the thexmometer 7, and determine the error at the boiling
pomnt. The whole of the mercury thread should be inside the
flask. If any of 1t lies outside, a portion of the correction
determined 18 due to the “emergent stem ”

If the error of the thermometer at zero has been previously
determined and marked on the thermometer, the correction at
any reading may be found with sufficient accuracy for the
present purpose® by drawing the curve of corrections as in the
Intermediate Course of Practical Physics.

* This method will also apply with sufficient accuracy to the correction for
the emergent stem if that correction 1s small.

8 P 8
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Now turn D nto position A, and set the pump working
When the difference of level of the mercury columns mn C 1s
4 cms, turn the stop-cock into position C, turn off the water at
tap 7, and, after waiting two minutes, read the thermometer
and manometer three times at half-minute intervals After
taking the observations, turn on the water again, place D
vertical with the dot to the right, and dimimsh the pressure
4 cms. further. Take readings as before

Repeat the observations at intervals of 4 cms pressure till
the temperature 18 about 75°, then with the pressure increasing
agan to that of the atmosphere Take the mean of each set of
three, correct 1t for the errors of the thermometer, and tabulate
your results as follows —

1 April, 1899.

Observed height of barometer . 763 2 mms.
Calculated boiling point 100°1 C
Obseived reading of thermometer at
atmospheric pressure 99 3°
Hence correction of thermometer at bml-
ng pomt . =+ 8°
Pressure Temperature
m ang:'n oter ﬂ::;k Observed | Correction | Corrected
0 7632 993 + 8 1001
40 2 7230 97 8 8 98 6
781 6851 96 3 8 971
121 2 6420 94 6 8 954
162-1 601 1 928 8 93 6
&e. &e &e

Now plot a curve with pressures as abscissae, and the
corrected temperatures as ordinates, representing the points
obtained with the pressure decreasing by a cross, those with
the pressure increasing by a circle.

The two sets of observations should not differ by more than
about *1° from each other. If they do, sufficient time has not
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been allowed between each observation for the temperature of
the steam to become constant

If the agreement 1s good plot a second curve with log p as
abscissae and temperatures as ordinates. Notice that this cuive
18 nearly a straight line.

Fiom the observations determine the temperatures corre-
sponding to pressures of 760, 720, 680 mms,, etc., by graphical
construction or as follows -~—

Let p, be the observed pressure next below the pressure p
for which the temperature ¢ of boiling 18 to be determined.
Let p, be the observed pressure next above p Then if ¢, and ¢,
be the temperatuies of boiling corresponding to p,, p,

logp—logp PP
t=t+ (t,— tl)l‘%_p;EéP1 or t=b+(t— tl)f—j;—::}:
approximately.

The second term need only be calculated to one significant
figure, so that the second expression 18 as a rule sufficiently
accurate

Tabulate the results along with Regnault’s as follows —

Temperature
Pressure

Experiment Regnault
760 mins 1000 100° 0 C.
720 98 6 985
680 96 9
640 952
600 935
560 917
520 897
480 876
440 854
400 830
360 804
320 775




SECTION XXIIL
HYGROMETRY

Apparatus required : Damell’s hygrometer, wet and dry
bulb thermometers, ether

The most 1mportant determination 1 connection with the
aqueous vapour present in the atmosphere 1s that of the
“relative humidity ” or “ fractional saturation,” 1e the ratio of
the amount of moisture actually present at any time 1n a given
space, to the amount which would at that temperature saturate
the space This quantity may be determined directly by
passing a known volume of moist air through tubes filled with
drying materials and finding the increase m weight of these
materials due to the moisture absombed It 1s determined 1n
practice however by one of two methods-—dew point observa-
tions, or wet and dry bulb observations

In the first of these methods the air 15 cooled down tall the
vapour present 1n 1t begins to condense, and
the temperature at which condensation begins
18 observed. The instrument used 1s called a
dew pomnt hygrometer The form known as
Daniell’'s hygrometer consists of a tube with a
bulb at each end containing ether and vapour
of ether only The outer surface of the lower
bulb 1s silvered, gilded or made of black glass
and encloses a thermometer, the upper bulb 1s
covered with mushn (Fig 43) A thermometer
fixed to the stem indicates the temperature of Fig 48,
the air. Allow the mstrument to stand for 10 or 15 minutes
1n a room at constant temperature Then read the thermometer
within the ball and that on the stem

Determine the dew pomnt at a quiet spot outside the
laboratory, in the following way. Tilt the instrument till the
ether has run mto the lower bulb. Pour a hittle ether on the
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muslin surrounding the upper bulb  As this ether evaporates
the bulb 18 cooled and the ether in 1ts interior condensed
This 1educes the pressure of ether vapour within the balls, and
1 consequence ether in the lower bulb evaporates and the ether
and bulb are cooled Watch carefully the polished surface of
the lower bulb to see when moisture 1s fust deposited on 1t
Keep the muslin saturated with ether, and occasionally shake
the mstrument so as to stir the hiquid in the lower bulb Note
the temperature of the air and of the thermometer 1 the bulb
when moisture first appears The 1nstant of appearance may
be best detected by watching the 1mage of some object 1n the
polished surface ot the bulb Cease applying ether to the
mushin and watch when the last sign of moisture disappears
Note again the temperatures and take the mean of the readings
m each case The mean temperature indicated by the thermo-
meter 1n the bulb 1s the dew pommt Find from tables the
pressure of aqueous vapour at the dew pownt, and at the
temperatuze of the air The ratio of the first to the second 18
the relative humidity, o1 fractional saturation
Record as follows —

16 March, 1897.

Readings of thermometers after 1instrument had stood
15 min. 1n room

Thermometer mn air =192°C,
» ether = 188
Dafference 4
Readings for Dew Point:
Thermometer 1n air =174
Correction ” 4

,+'. press of vapour = 1'44 cms

Temperature of an} —170°C.
of mercury

on 1side therm

Temp of dew pomnt =125° " » =108 cms.

of mercury
Relative humidity =108/144= 75

The second method conssts in observing the difference of
readings of two thermometers, one with 1ts bulb surrounded by
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a wet wick and the other with 1ts bulb free The arrangement
18 known as the wet and dry bulb thermometer (Fig 44).

The 1indications of the wet bulb do not depend, however,
exclusively on the hygrometric state of the au,
for 1f the air near the thermometers 1s 1n motion,
evaporation 18 more rapid and the reading of the
wet bulb lowered in consequence. The readings
can only be interpreted by means of tables based
on experiments, but 1t 18 found by comparison
with more accurate hygrometers, that if the air
round the thermometers 1s neither absolutely stall
nor violently disturbed, these tables give results
which are sufficiently accurate for meteorological
purposes.

Compare the readings of the two thermometers
before the mushn on the wet bulb 1s moistened

Satuiate the muslin surrounding the wet bulb
of the hygrometer provided, and the wick hanging
from it, with water, and place 1t 1n a position so
that the air can flow across the bulbs of the thermometers. If
the air 1s still, suspend the instrument by a string from a fixed
point, and set 1t slowly swinging as a pendulum.

The temperature of the wet bulb will be found to decrease.
When 1t becomes steady read both the thermometers, and use
table 85, Lupton, p 30, to find the pressure of the aqueous
vapour present mn the awr. Then divide by the pressure of
saturated vapour at the temperature of the dry bulb The
quotient 18 the relative humidity, or fractional saturation.

Record as follows:

Reading of dry bulb atter standing 15 min. 1n room =17 5° C,

" bulb with dry mushn ” » =174°
Dafference 1
Reading of dry bulb 1 air =171°
., temperature of air as measured on other therms. =17-0°

” wet bulb -=145°
.*. pressure of vapour to saturate air at 17° C, =144 cms,
» present, from tables =109 ,

N relatwe bumidity =1 09/1 44 = 76.



SECTION XXIV.
LAWS OF COOLING.

Apparatus required: Calorimeter, with (a) stmple en-
closure, (b) enclosure with water jacket; glass tubing to be used
as pupette, thermometer graduated wn & degrees and reading
Jrom about 10° to 25°C., thermometer graduated wn { degrees
and reading up to 50° C.

If a body differs in temperature from its surroundings, 1t
will lose or gain heat by radiation and by conduction to the
bodies surrounding 1t

The conduction 18 much affected by air currents caused
by the air 1in contact with the calorimeter ascending and
being replaced by colder air Conduction 18 thus increased
by the fresh supply of cold air, and 1s rendered irregular 1if
by any cause the movement of the air is accelerated or
retarded. Heat cairied away by the bodily motion of the
awr 18 said to be carried by “convection”

Experiment I. To determine the rate of cooling of a
calorimeter under various conditions

Draw a pencil line round the inside of the calorimeter
(F1ig 45) provided, about 1 cm below the rim

Fill 1t to the mark with water at a temperature about 20°
above that of the room. Place the calormeter on the table
unprotected, and place a thermometer, reading to 50° 1n the
water. Take readings of the temperature of the water every
half minute during a period of two minutes, stirring the
water well the whole time, and, estimating to 0°01C, wait
two minutes and then take five further observations at half
minute intervals, Take the temperature of the air by means
of the smaller thermometer 1n the interval of waiting.



120 HEAT XX1V

Raise the water to its original temperature, and repeat the
experiments with the calorimeter protected by an outside vessel
but not covered ; and thirdly, with the calorimeter covered

==

Fig 43,

The experiments are entered and reduced as follows s
12 Oct. 1898.

1. CALORIMEIER UNPROTECTED,

hr.’ru?mem. Temperature hr. ’.1‘1:1131 Temperature ; Fall in 4 min
3 100 38°18C. 3 140 37°530. 65
105 10 145 46 64
110 00 150 37 63
115 3794 155 29 ‘65
120 86 16 0 23 63
Means | 38016 l 37 376 640
i
Mean temp. 37°:696 L
Average fall in four minutes .. *640
» per minute '160

Temperature of air . 18°5C
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The rates of cooling when the calorimeter is protected by
an outside vessel, and covered or uncovered, must be deduced
i exactly the same way. Compare the results in the three
cases, and draw your conclusions

Experiment II. Having seen how the effects of con-
vection currents can be dimimshed by properly protecting the
calorimeter, we must next study how the amount of the cooling,
i nearly quiescent air, varies with the temperatures of the
body cooled and of 1ts surroundings

You are provided with a calorimeter which can be placed
1n an enclosure consisting of a vessel having
a double wall, into which water at the
temperature of the room may be poured
(Fig 46). Two thermometers graduated
1 tenths give the temperatures of the water
m the calorimeter and enclosure respec-
tavely.

Fill the calorimeter with water up to
the pencil ine drawn round the mside 1 cm.
below the mm  Raise the water to a tem-
perature approximately 5° above that of the
room, and observe the temperature every
half minute for two minutes, then wait two
minutes and observe again for two minutes, - U:_ 411
keeping the water well stirred Note the =

ivd 1o

T T

[T O T (N1
L XY LI TN

o

temperature of the enclosure, which should  |== _\L —\! ~ -
be approximately the same as that of the
room, at the beginning and end of the Fig 46.

observations

Tabulate as shown previously.

Raise the water in the calorimeter to temperatures 10°, 20°,
and 30° above that of the room, and observe the rate of cooling
in each case, adjusting the temperature of the enclosure to be
the same within a few tenths of a degree during each set of
observations

Calculate 1n each case the ratio of the rate of cooling to the
excess of the mean temperature of the calorimeter over that of
the enclosure. Call that ratio ~
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Collect your results as follows:
Rate of Cooling per min

Mg? ’::;lorﬁneter Mex ofn e;:nclo's\n';sur° Difference Oof‘}jxl)l%bger per degre}s exoess
4854°C 16 30° O 3224°C. 494 0153
39 31 16 26 23 06 281 0122
29 58 16 45 1313 158 0120
21 66 16 40 622 056 0107
Mean 0126

The quantity called 4 1s the rate of cooling for a difference
of temperature of one degree between calorimeter and enclosure,
calculated on the assumption that the cooling 1s proportional to
the difference of temperature between the calorimeter and
enclosure, an assumption which the result shews 1s only ap-
proximately true

If the mass of water 1n the calorimeter 1s M, then the heat
lost will be Mh gramme degrees per minute, and if 4 1s the
total area of the calorimeter exposed, the heat lost per unit
surface 1 one minute will be Mh/A, or if k 18 the heat lost per
8q. cm. of surface per second, per degree excess of temperature

Mh
604"
Calculate & from the mean value of A found, and enter your

results as follows. For small differences of temperature
should only depend on the nature of the radiating surface

k=

Inner radius of enclosure . 6 cms.
Weight of water 1n calonmeter . «. 146 grms,
Radius of calorimeter . 32 cms
Height of " . 51 ,
Area of curved surface of calonmeter ... 1026sq.cms.

,» top and bottom " .. 644

Total area of radiating surface 1670 ,,
Mean value of k found above = ‘0126,
0126 x 146
Hence k= S0 <167 = 000183.

The inner radius of the enclosure 18 not required in the
calculation, but should be measured and recorded, 1n order that
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the effect of the dimensions of the air space on the heat lost
by conduction and convection may be traced by cowparing
the results obtained under different conditions.

Newton’s Law of Cooling states that the rate of loss of
heat of a hot body 18 proportional to the difference in tempera-
ture between the surface of the hot body and the surrounding
space The above experiments have shewn that the law 1s
only approximately true, but 1t holds with sufficient accuracy
in heat measurements where the differences in temperature do
not exceed a few degrees

In order that the results obtained in the above experiments
may be utilised 1n calorimetric measurements, a few further
explanations are necessary.

If k18 the cooling 1n a given interval of time of a calori-
meter containing a hiquid whose specific heat does not vary
with the temperature, when the difference in temperature
between the calorimeter and the enclosure 15 one degree,
Newton’s law states that the rate of cooling H when the
temperature of the enclosure 18 7, and that of the calorimeter
T

H=h(T-T).

If T, is known, the value of A may be determined from a
single experiment, as m Exercise IT above

It is often 1mpossible to know the value of T, accurately, as
different parts of the enclosure may have different temperatures
In this case the above equation will still hold, but 7, will
represent the mean temperature of the enclosure To deter-
mine h we then require two sets of observations with different
values of T, but the same 7, Let H, be the cooling of the
calorimeter 1 a certamn interval when the temperature 18 T},
and H, when the temperature 1s 7}, then

H,=h(T,~T) and H,=h(T,~T)).

As H,, H,, T\, T; are known quantities, the values of % and
T', may be deduced and substituted in the general equation

H=h(T-T)
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It 18 found in this way that

peL= iy p TLH,-TH,

T7,-7.° °° H,-H, ’
_H(T,-1)-H,(1,-T)

and H= T, ,

which gives the fall of temperature i the interval, for any
value of T

Sufficiently accurate values may be obtained by a graphical
method Let 04, (Fig 47) 1epresent the temperature T, of the
enclosure, and 04, the temperature 7, of the calorimeter for
which the cooling has been determined Let 4,XN, represent
the rate of cooling measured on some suitable scale Jon 4,N,.
Then 1f OA be any temperature 7', the corresponding rate of
cooling will be measured by AN For

AN AA, T -7, Rate of cooling at temperature 7'
AN,” 4,4, T,-7T, Rate of cooling at temperature 7}"

Hence, 1f a curve 18 drawn such that the ordinates measure
rates of cooling, and the abscissae

the corresponding temperature of N A
the cooling body, the curve 1s a

straight line within the limits of l/[
accuracy of Newton’s Law of Cool-  ° Ao AT A
mg Fig 47.

If the temperature T, 18 not known, but the rates of cooling
H, and H, are found for the two temperatures 7} and 7, we
may deduce the rate of cooling for a temperature 7' as follows.

Take 04, and 04, (F1g. 48) to represent T) and 7,, 4,V
and 4,N, the rates of cooling H, and H;, Jomn NN, If 04
be any temperature T, then AN will be the corresponding
rate of cooling.

It may happen that at the beginning of an experiment, the
water 1n the calorimeter at a temperature 1, does not fall but
rises 1n temperature. In that case the line 4,N, must be
measured downwards as i Fig. 49, ve., it must be taken as
negative cooling.

In drawing the curves, attention should be given to the
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scale. If the rates of cooling are measured to one per cent.,
for instance, which 1n all cases will be sufficient, the length of

N;

A,

j/ A A;
—_ N,

0 Ay A Ay

Fig 48 Fig 49

the line 4, N, should be such that the hundredth part of 1t may
be estimated, v ¢, the umt 1n which 1t 1s measured should be
chosen so that 4,N, 1s at least equal to ten times the length of
a division on the squared paper used

The scale of temperatures may convemently be such that
the angle between 4,4, and N, N, 1s between 30° and 45°

From the results obtained in Exercise II, making use of the
observed rates of cooling in the two cases in which the differ-
ences 1n temperature between the enclosure and calorimeter 1s
least, determine, by the graphical method just described, the
temperature of the enclosure, supposed not to be known Thus,
1n the above example, one would take the abscissae proportional
to 29'6 and 217 and the ordinates in some convenient scale
proportional to 158 and 56 The line drawn through the two
pownts so determined, intersects the axis of temperatures at the
pont representing the temperature of the enclosure. Carry
out the construction for your own experiments, record the
value of T, thus found, and compare 1t with that obtained by
direct observation. In order that 7, should be capable of being
determined independently, 1t 18 clearly necessary that 1t should
not vary during the course of the experiment This 1s the
reason why 1 Exercise II the temperature of the enclosuie
was adjusted so as to be approximately the same 1n each case
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COOLING CORRECTION IN CALORIMETRIC
MEASUREMENTS

Apparatus required: Calorimeter unth water jacket, ther-
mometer graduated in tenths of degrees, india-rubber and heater.

This exercise 18 an application of the pumciples explained
in the exercise on the “Laws of Cooling,” to the determination
of the specific heat of india-rubber India-rubber 15 a bad
conductor of heat and gives up 1ts heat to the calorimeter
slowly, 1n consequence the time occupied 18 considerable and
the correction for cooling 1s of special importance

The object of the exercise 1s not so much to obtan an
accurate value of the specific heat as to shew the method of
reducing calorimetric observations

Place the india-rubber 1in a heater, and raise 1t to about
100°C This may be done with sufficient accuracy by placing
it 1 boiling water for not less than a quarter ot an hour.

While the india-rubber takes up the proper temperature,
weigh the calorimeter and fill it and the water jacket with
water which has previously been standing in the room, so as to
take up 1ts temperature—tap water 18 generally much colder.
Weigh the calorimeter again to determine the quantity of
water 1n 1t

Place the calorimeter with the thermometer 1n 1t in 1ts
water Jacket, and leave 1t for two or three minutes before
taking any observations In the meantime prepare your note-
book by drawing vertical lines to allow for five vertical columns.
The first column 1s for the time at which an observation 1s

taken, the second 18 for the temperature observed.
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The experiment is divided into three stages, during which
observations of temperature are taken every half minute

1. The first or initial period, before the introduction of the

india-rubber 1nto the calorimeter This should last s1x
minutes, and should only be begun when the change
of temperature is steady and small ~Observations are
taken at half-minute intervals during two minutes,
then stopped during two minutes and resumed again.

2 The second or principal period, in which the india-rubber

18 1n the calorimeter. The thermometer will be found
at first to rise, then to remain nearly steady, and then
to fall When the fall has become uniform we arrwe at:

8 The third or final period, of six minutes, during which

the fall 18 steady. Observations are taken as in the
first period.

About 20 seconds after the last reading of the first period,
the india-1ubber 18 removed from the boiling water, the adhering
water shaken off, and at the half minute the rubber 18 lowered
mto the calorimeter

During the ten seconds that the india-rubber 18 exposed to
the air the water on 1ts surface evaporates, and 1s not carried
to the calorimeter.

In an accurate measurement of specific heat this would
not be a permissible process, as the parts of the india-rubber
exposed to the air are cooled by evaporation of the water and
by conduction to the air The substance would have to be
heated 1n an air chamber kept at 100°C by being surrounded
by steam, and be suddenly dropped nto the calorimeter

When the india-rubber has been placed in the calorimeter,
the thermometer 1s observed at the next half minute and each
succeeding half minute The first few temperature observations
will only be approximate, as the temperature will be msing
quickly

Observation of temperature should be made till it has ceased
to rise and has fallen at a constant rate for six minutes

In order to reduce the observations and calculate the specific
heat, deduce from the observations taken during the first and
third periods the rates of cooling or heating at the mean
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temperatures of the two periods, and determine graphically, as
explamned in the previous section, the rate of cooling corre-
sponding to any temperature of the calorimeter®

Enter m the third column of the note-book the mean
temperature of the calorimeter during each interval of time
throughout the experiment Determine from the construction,
and put down 1n the fourth column, the diminution of tempe-
rature owing to the loss of heat during each interval In the
fifth column tabulate the total loss i temperature up to each
time given 1n the first column An mnspection of the table below
will shew how this column 1s obtained In the example given
the loss was 005 to the end of the first interval, and during the
second interval the loss was 009, the total loss up to the end
of the second 1nterval was therefore ‘014, and 1f to this 1s added
the loss during the third interval we obtain 025 and so on

The last column, which gives the temperature which the
calorimeter would have shewn 1f there had been no loss of heat
due to radiation and conduction to the air, 1s obtained by adding
the numbers in the fifth column to those 1n the second

It will be seen that the temperatures given 1n this column
rise at first quickly, then slowly, and during the last period
remamn sensibly constant The mean corrected temperature
during that period would therefore have been 22°54 1if there
had been no loss of heat.

First PeRiOD 18 March, 1899.
Temperature slowly falling

Time Temp Time Temp Cooling
11%000m | 19°69 | 11240 19067 || 02
056 69 45 67 02
10 69 50 66 03
15 68 55 66 02
20 67 60 66 01
Means 19° 684 19° 664 ll 020

* If the water equivalent w of the body placed i1n the calorimeter bears
a large proportion to that of the calorimeter and contents W,, and H, 18 the
observed rate of loss of temperature 1n the firet period, the quantity use& 1n the
graphical determination of the rate of loss af any temperature should be

H, Wrw and not H,.
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The mean of 19684 and 19 664 gives the

Temperature at 11 3®  =19°674
Cooling 1n 4 mins = 020
» ¥, = 0025
» 3%, = 0°018
Temperatureat 11* 6™ 5) 19° 656
when rubber introduced ’
SecoNDp PERIOD *
Average temp Cooling
during n Corrected
Temp. Interval Interval Total loss temp
11h 070m 20 85°C 20 26 005 005 20 86
075 21 30 21 08 009 014 21 31
080 21 60 2145 011 025 21 62
085 2177 21 68 012 037 21 81
030 21 90 21 84 013 050 21 96
09 5 22 01 21 96 014 064 22 07
100 22 08 22 04 014 078 2216
105 2217 2212 014 092 22 26
110 22 20 2218 015 107 2231
116 22 23 22 22 0156 122 22 36
120 22 26 22 24 015 137 22 40
1256 22 28 22 27 015 152 22 43
130 22 30 22 29 016 167 22 47
135 22 31 22 30 015 ‘182 22 49
140 22 32 22 32 016 198 22 52
1456 22 32 22 32 016 214 22 53
150 22 31 22 32 016 230 22 64
TrairD PERIOD *
Temperature falling steadily
Temp A:;m]ge &I):ggénlln Total loss Ootr:gclt;e d
11h 155m 22 30°C 22 31 016 245 22 54
160 22 28 22 29 0l 260 22 54
16 6 22 27 22 28 ‘015 275 22 54
170 22 26 22 26 015 290 22 55
175 22 24 22 25 015 3056 22 54
180 22 22 22 23 0156 320 22 64
185 22 20 22 21 0156 335 22 54
190 22 20 22 20 015 350 22 55
195 2219 22 20 ‘016 365 22 56
200 2217 2218 016 380 22 54
205 2215 22 16 ‘0156 3956 22 56
210 2213 22 14 014 409 22 54
215 2211 2212 ‘014 423 22 64
Mean during last period 22 544
Imtial temperature 19 656
Rise of temperature ... 2888

* Bee Note at the end of the Section.
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Calculation of Rate of Cooling during third period.

2230 - 2219 = 11
2228 - 2217 = 11
2227 - 2216 = 12
2226 - 2213 = 13
9224 - 92211 = 13
Mean = 120
Hence cooling 1n 4 minutes = 0°120

9 ” ) = 0°015

This cooling corresponds to a mean temperatuic of 22°2
which 1s obtained with sufficient accuracy from the temperature
observed at the middle of the third period

In an accurate determination of specific heats we are able
to measure a 11se in temperature of a few degrees to about one
part 1 a thousand, although the observations have only been
taken to the hundiedth part of a degree. The increased ac-
curacy 18 obtained by making use 1n the mtial and final stage
of a number of observations and taking the mean In the
present 1nstance, the imtial temperature of the india-rubber,
owing to 1its treatment, must be doubtful to one degree, and
the last figure need not be taken into account i the final
calculations, although 1t should be worked out as m the
example given for the sake of practice.

Kuowing the masses of india-rubber and water, and the
water equivalents of the thermometer and calorimeter®, the
specific heat of india-rubber can now be calculated

The final results are entered as follows

Mass of india-rubber = 1264 grams.

’ calorimeter . = 2814
” and water =15569 »

Mass of water =1278 ,,

Calorimeter and thermometer equivalents = 32 ,

Total water equivalent =1310

Imtial temperature of india-rubber =100°C

Final » ’ » =22°5

Fall in temperature ,, ’ . =775

Rise of temperature of water = 2°89

Hence specific heat of india-rubber = 0387

* The water equivalent of the calorimeter 18 the product of 1ts mass into 1ts
specifio heat

The water equvalent of that part of the thermometer 1mmersed in the
calorimeter may be ocaloulated from the volume immersed, since the heat
capacities per unit volume of mercury and glass are nearly equal, we. 45.
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Draw curves (Fig 50) shewing the observed changes of tem-
perature, and the temperature curve after correcting for cooling.
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The circumstances under which the loss of heat has been
determined during the first and third periods are not strictly
the same At first the india-rubber was not immersed, and
thercfore the water equivalent of calorimeter and contents was
different, and also the level of the water in the calorimeter
changes These mtroduce errors in the cooling correction, which
are however very small when the change of tempeiature during
the first pertod 18 small.

Note. When unnecessary decimals are discarded, it 13 an elementary
rule to 1ncrease the last remaining figure by one, when the first discarded
figure 18 ligher than five or five followed by other figures But when only
one figure 18 rejected, that figure being five, some doubt may arise as to
whether to leave the last figure as 1t stands or to increase 1t by one  We
should commit a systematic error, if n the last column of the table on
page 129, we were umformly to take erther the higher or the lower estimate.
An excellent rule, adopted 1n the Umited States and deserving to come 1nto
general use, 18 always to leave the last figure an even number Thus 25 35
and 30 65 should be shortened 1nto 25 4 and 30 6

9—2



SECTION XXVIL
SPECIFIC HEAT OF QUARTZ

Apparatus required: Calorimeter wnth water jacket,

thermometer graduated n tenths of degrees, mece of quart,
steam-jacket heater

If the specific heat of a substance 18 to be determined

accurately, the method of heating adopted in the previous
exercise should not be used, since 1t leads to a cooling of the

heated body, and an uncertain amount of hot water being carried
over 1t into the calorimeter.

The body to be heated 18 suspended by a thread in an air
chamber warmed by steam or hot water, and allowed to remain
t1ll the reading of a thermometer placed in the chamber along-

Fig 51,
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side the body has been constant sufficiently long to secure
uniformity of temperature throughout the heated body.

Fasten about 50 cms of thread to the piece of quartz
provided, and suspend the quartz in the centre of a steam-
Jacket heater (Fig 51).

Measure the diameter of the thermometer, and the length
of 1ts bulb and of that part of its stem which 18 1mmersed 1n
the water of the calorimeter, hence calculate the volume to
about *5 cc Assuming 1t to be all mercury, calculate the water
equivalent As the heat capacities of equal volumes of glass
and mercury are not greatly different, the equivalent of a
thermometer may often be calculated 1n this way with sufficient
accuracy. (See note p 130)

While the substance 18 heating fill the calorimeter about
two-thirds full of water at the temperature of the room, the
quantity of water used being found by weighing the calorimeter
before and after filing When the thermometer 1n the heater
has been steady for 15 minutes, commence taking observations
of temperature of the calorimeter for the “Iirst period,” as
described 1n the previous section

At the end of this period place the calorimeter and jacket
under the heater and let down the quartz into the calorimeter
as quickly as possible

Replace the calorimeter 1n 1ts original position, take obser-
vations during the “Second ” and “Third ” periods, and thence
calculate the specific heat of quartz as in the previous section

Calculate the specific heat also by the following approximate
method determine the rates of change of temperature pex
interval of time during the first and third periods, and thence
deduce the rate of loss at that temperature which 1s the mean
of the temperature at the commencement of the second period,
and the mazvmwm temperature attained

Multiply this rate of loss by the number of intervals between
the commencement of the second period and the time at which
the maximum temperature 18 attained, and add the product
to the maximum temperature This will, 1f the time 18 short,
1. 1f the substance gives up 1ts heat rapidly to the water of
the calormeter, be approximately the temperature which the
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calorimeter would have attained if there had been no loss of
heat

Record the observations and calculations as 1n the previous
section, and the additional calculation as follows.

10 Nov. 1898

Rate of cooling during first period = 0°01 per half minute.
Temp. on dropping quartzin ... =19°72C
Maximum temp attained . =22°99
Interval between dropping quartz% 3 half minutes.

and max temp
Rate of cooling during third perlod = 0°025 per half min

Mean rate of cooling . = 0°0175 per half min,

*. Loss of temp . = 0175 x 3= 0°052

Corrected maximum temp .. =23°04

Rase of temp . = 3°32

Water heated + water equ1va1ents =181 grams

- Heat absorbed by water . =601 gram-degrees.

Imtlal temp of quartz . =99°8§

Final v " . . =23°0

Decrease of temp . =768

Weight of quartz . . =412 grams,

601

.. Specific heat 0fqu9.rtz=4'———1 %768 191.

Repeat the experiment, using a hittle more water in the
calonmeter. If the two results obtained are concordant take
the mean as the final result

It 18 1nstructive to compare the results obtaned by this
approximate method of treating the cooling with the more
accurate one given In the last section It will be found that
even 1n the case of a substance taking up the temperature as
quickly as quartz the difference 1s appreciable



SECTION XXVIL
LATENT HEAT OF WATER.

Apparatus required : Caloruneter, thermometer graduated
w tenths of degrees, piece of 1ce

The latent heat of water, ve the heat absorbed when 1 gram
of 1ce melts, may be detetmined by adding ice at 0°C to
sufficient water to melt the 1ce completely, and determining the
decrease of temperature of the water.

Weigh the calorimeter provided, place 1n 1t about 170 grams
of water at about 18°C, and weigh again

Select a piece of 1ce weighing about 10 grams

Place 1 the water a thermometer giaduated to tenths of
degrees, and observe the temperature of the water every half
minute for 6 minutes (“Fust period ”) as explained 1 Section
XXV.

Dry the surface of the ice thoroughly with blotting paper,
and at the end of the next half minute diop 1t mto the water
of the calorimeter By means of the stirrer keep the 1ce under
water and the water stined. Take half-mimute observations of
temperature till 1t reaches a mmmum and then commences to
11se—“ Second period” Continue observations of temperature
for 6 minutes after the rise has become uniform, these obser-
vations constituting the “Third period”

From the observations taken in the first and third periods
plot the curve from which the cooling at any temperature can
be found, and apply the correction for cooling (or 1 this case
heating) as described 1n Section XXV

Weigh the calorimeter to determine the amount of 1ce
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which has been added, and from your observations determine
the latent heat of water

Work out from elementary principles the formula applicable
in this case and record the observations and calculations as 1n
Sect. XXV, and the additional calculations as follows;

10 January, 1899

Initial temperature of caloiimeter .. = 18°48C.
Final corrected ” e = 14°24
Fall of temperature ... = 4°24
Weight of calorimeter and stlrrel = 5911 grams.
” cal. 4+ water . =23001
” water ... . . =17090
’ cal + water + 1ce . =23825
” ice added e = 824
Water equivalent of calorimeter .. = 53
" ” thermometer .. = 5
Total water equivalent .. =1767 ,,
. Latent heat = E@;———;‘ﬁ 2 1424 - 791,

Repeat the experiment, using a little more 1ce, and 1if the
two results are nearly alike take the mean as the final result.



SECTION XXVIIIL
LATENT HEAT OF STEAM

Apparatus required : Calorvmeter, condenser, thermometer
graduated wn tenths of degrees, flask, stand and burner.

The latent heat of steam, ie the heat necessary to convert
water at 100° C. mto steam at the same temperature, may be
determined by condensing a known weight of steam and
observing the heat given up during the process to the hquid
of the calorimeter, generally water, kept always below 100° C
The condensation takes place more regularly if the steam 1s
allowed to condense 1n a separate vessel and not 1 the water of
the calorimeter 1tself.

Fig 52.

Weigh the calorimeter stirrer and condenser (Fig. 52)
provided, first empty, then remove the condenser, weigh 16 to
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01 gram, replace, fill the calorimeter to within about 2 cms of
the top with water at the temperature of the room, and
again weigh

Arrange the vessel 1 which the steam 1s to be geneiated,
the delivery tube and the calorimeter as shewn mn Fig 53

When this has been done, disconnect the tube from the
condenser and place a burner under the boiler, regulating the
height of the flame so that the water bois gently, the steam
being allowed to escape from the end of the tube

Observe the temperature of the water in the calorimeter for
6 minutes—the “First period” of previous sections Then
replace the calorimeter, and insert the delivery tube into the
head of the condenser tube so that the steam passes into the
condenser and 1s condensed there Kcep the water well stirred,
and observe the temperature every half minute, “Second period,”
till 1t has been raised about 10° C, then remove the delivery
tube from the condenser

Continue observations of temperature till the change of
temperature has been uniform for 6 minutes, “ Third period.”

Weigh the calorimeter and contents, and for greater accuracy
remove the condenser with 1ts contents of condensed water
from the calorimeter, dry 1ts outer surface and weigh 1t again
to *01 gram

Determine the cooling during the first and third periods
and by means of the values found correct the observed
temperature throughout the experiment for cooling, and find
the latent heat of steam at the boiling point corresponding to
the atmospheric pressure at the time

Work out the necessary equation and record as follows :

7 December, 1899.
Barometer 753 cms

Boiling point of water=100°— 37 x*7 ... = 99°74

Mass of calorimeter, stirrer and condenser . = 9182 grms.

Mass of condenser . . . o= 3202 ,

Mass of calorimeter, stirrer, condenser and} - 99394
water . .

.. mass of water ... - . = 13142
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Water equivalent of calorimeter, stirrer, con-)
denser and thermometer } - 88 grms.
total water equivalent . .o o= 1402
Imtial temperature .. . 14°76 C
Final temperature corrected according to
method of Section XXIV, . 32°12
Rise 1n temperature .. 17° 36
Final weight of water, calorimeter, ete. ... 227 34 grms
. . ,, condenser . . 3613 ,,
Weight of steam condensed . 411
Latent heat of steam = 1736 x 140. 33‘;(11 02_ 676 = 532

Repeat the experiment, using a different quantity of water
mn the calorimeter, and 1if the two results are nearly alike take
the mean as the final value

Experiments on latent heat of vaporisation are hable to a
number of errors owing to the difficulty of taking account of
the gain and loss of heat at the point where the steam 1s led
mto the apparatus. Hence the results obtained when the
experiments are made on a small scale are very uncertain
The above represents an average determination with the
apparatus used.



SECTION XXIX.
HEAT OF SOLUTION OF A SALT.

Apparatus required: Small calorvmeter unth suspending
hook, larger calorvmeters, thermometers, and salts.

If p grams of a salt, the molecular weight of which 1s m, be
dissolved 1n P grams of a solvent of molecular weight M, the
golution formed has p/m gram molecules of the salt to P/M
gram molecules of the solvent, or 1 gram molecule of the salt to
every n = Pm/pM gram molecule of the solvent

If the specific heat of the solution formed be ¢, and if
during the process the temperature of the solution decreases
from ¢, to ¢, the quantity of heat absorbed by the solution of
the salt is

{(P+p)c+w}{t—t},

where w 18 the water equivalent of the calorimeter and thermo-
meter. The quantity

(P+pet+uwlit—t
P

18 the heat of solution of 1 gram of the salt, and the quantity

Qoml@Epetulit=4
- p

18 the heat of solution of 1 gram molecule of the salt, and 1s
called the “molecular heat of solution”

The molecular heat of solution of a salt 18 nearly constant
for weak solutions, but diminishes as a rule as the strength of
the solution increases.

Determine the molecular heats of solution of Sodium
Chloride and of Ammomum Chloride in water and theiwr
variations with concentration by mixing

q:
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20 grams NaCl (m =585)1n 985 grams water (M =18),n =16
15 ” » . 1477 ” ” n=32
5 ’ » , 1477, » ” n=96
15 ,, NH,Cl(m = 535) 1 101 » » » n=20
10 , » ” » 151 » » ” n=45
5 ” ' , 161 ” » » n =90

The specific heats of the solutions may be taken as ‘84, 92, 97,
‘87, *93 and *96 respectively.

Proceed as follows

Place the requisite quantity of water at about 18°5C m a
calorimeter surrounded by an air space and water-jacket at the
temperature of the room

Weigh the salt, put 1t into one of the small calorimeters,
and suspend 1t by means of 1ts hook in the water of the large
calorimeter Place a thermometer graduated to tenths of a
degree in the water After about 10 minutes take observa-
tions of temperature for 6 minutes. If the change of tempera-
ture 1s regular, unhook the small calorimeter and upset 1t 1n
the water so that the salt and water come into contact with
each other Stir the mixture well and observe the temperature
every half minute till the change has been regular for at least
6 minutes

The solutions should not be left in the calorimeters.

Fiom your observations recorded as on p. 129 make the
proper corrections for cooling, and determine the molecular
heat of solution 1n each case.

Tabulate your results as follows,—and draw cuives with n
as abscissae, @ as ordinates, for cach salt.

Molecules H;0 t t

Salt | ' 4 to 1=°fn“l" b observed | corrected | ¢ ¢
NaCl | 20 | 985 16 18°12 | 16°14 | 1605 | 114| 660
" 15 | 1477 32 &o 156 920
" 5| 1477 96 183 1070
NH1| 156 | 101 20 21°82 | 18°21 1801 | 705 | 3800
" 10 | 151 45 & 743 8970
" s | 151 90 749 4010




SECTION XXX.

THE MECHANICAL EQUIVALENT OF HEAT OR
SPECIFIC HEAT OF WATER IN WORK UNITS

Apparatus required: Puluy’s friction cones unth rotating
pulley, werght or jar of water and float, ther» mometer.

WHEN a gram degree of heat, v e. the heat necessary to raise
1 gram of water at 15°C. to 16°C, 18 generated by the per-
formance of mechanical work, the work done 1s called the
mechanical equivalent of heat,or the specific heat of water
work units (ergs per degree)

To determine this quantity, the work may be done mn a
variety of ways, the one adopted in what follows depends on

Fig 54,

one sohd being made to shde along another aganst friction.
In order that the shding motion may be continuous the solids
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are circular, one, a small hollow cone of stcel, fits 1nto another
sunilar cone shightly laiger. The lower outer cone 18 held in, but
thermally 1nsulated from, a frame which can be set 1n rapid rota-
tion about a vertical axis coincident with that of the cone The
smaller cone 1s filled with mercury and 1s placed 1n the rotating
cone, but 18 prevented from rotating by a light wooden arm
To one end of this arm a thread 1s attached which passes over a
pulley and cartics a weight or a float placed 1n a jar of water

The moment of the couple which the tension in the thread
exerts on the mner cone 1s equal and opposite to that which the
rotating outer cone exeits on the mmner cone. The work done
by the frictional couple 1n any interval of time 18 equal to this
moment multiplied by the angle through which the outer cone has
in the interval been rotated with respect to the mner cone. To
determine this angle the appaiatus 1s provided with two dial
wheels which register the number of revolutions of the outer cone.
The angle of rotation 1s 27 times the number of revolutions

The tension 1n the thread 1s equal to the weight 1t supports
or to the effective weight of the tloat, which 1s numerically
equal to g x volume of float pulled out of the water.

Take the two cones out of the supporting frame, see that
their surfaces are clean and weigh them together. Weigh the
screws by which the wooden pointer 1s attached to the inner
cone Fill the inner cone to within 3 mms of the top with
clean mercury and weigh again to get the weight of mercury
Taking the specific heat of the steel of the cones to be 119,
that of mercury to be 033 and that of brass 09, calculate the
water equivalent of the cones and contents

Replace the outer cone 1n the supporting frame, taking care
that 1t does not touch any of the metal of the frame. By
means of the adjusting screws at the sides of the frame, centre
the cone accurately so that 1t revolves about 1ts own axis
Attach the wooden pointer to the inner cone and place the
cone 1n the outer as in the figure. Adjust the position of the
float cylinder and the length of the thread so that when the
cone spindle 18 rotated at a convenient speed the thread and
the wooden rod to which 1t 18 attached are perpendicular to
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each other. See that readings of the surface of the water can
be taken on the graduated scale of the float, both when 1t 1s
raised by the tension of the thread, and when the thread 1s
quite slack. The difference between the two readings should
be 5 to 10 cms This can be secured by using a httle petroleum
as lubricant between the cones if the difference 1s too great,
and a little vaseline 1f 1t 18 too small. Take the reading of the
float when the tension in the thread 1s zero. Read the two
dials attached to the rotating apparatus, and measure the length
of the wooden rod from the centre of the cones to the pownt of
attachment of the thread.

Measure the diameter and length of the bulb of the thermo-
meter and calculate 1ts water equivalent. Hang the thermometer
on the movable arm attached to the stand and lower the bulb
mto the inner cone till 1t 18 below the level of the mercury

Take observations of temperature every half minute for
8 minutes, then wait 3 minutes and take observations from
3 more mmnutes At the end of this interval commence
to rotate the hand wheel steadily, continuing to observe the
temperature every half minute. At the middle of each half
minute take a reading of the surface of the water on the float
Continue the rotation till the temperature has risen about 5°C
Then stop the rotation, read the temperature till the change
has been regular for 83 minutes, wait 3 minutes, and 1ead again
for 3 mmutes. Read the dials and the float

Remove the float from the water and determine its cross-
section at 3 or 4 points, between where the readings have been
taken Take the mean of these determinations Take also
the mean of the readings of the float 1n the raised position,
and subtract from 1t the mean reading for no tension The
product of this difference into the mean cross-section of the
float 1s the mean tension n gravitation measure. Multiply
this by 27 times the number of revolutions and by the length
of the wooden arm and by g, and the product 18 the work done
during the rotation in ergs.

Apply the correction for cooling to the temperature readings
as 1n Section XXV. and determine the corrected rise of tem-
perature. The product of this by the water equivalent of cones
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and contents 1s the heat generated 1n gram-degrees, +.¢ 1n terms
of the umt of heat to which the specific heats used have been
referred

The quotient of the number of ergs of work done, by the
number of gram-degrees of heat generated, 18 the number of
ergs work required to generate heat sufficient to raise 1 gram
of water 1° C

Arrange your observations and results as follows :—

10 June, 1899

Weight of steel cones = 84 4 grams,
» » and mercury =2336
" mercury . =1492 ,,
Water equivalent of cones .. 844 x 116 = 976
” ” mercury 1492 x 033 = 497
’ ” thermometer .= 10
Total water equivalent of cones and contents . = 1493
Reading on stem of float without tension = 652 cms,
Readings during rotation —
1970, 1960, 1955  &c., mean ... e = 1952
Mean rise of float . = 130 ,,
Imtial reading of counter . = 105
Final ’ » e . .. = 666
No. of revolutions . . e = b6l
Angle turned through 27 x 561 oo = 3532 radians.
Length of arm of lever . = 257 cms
Diameter of float stem =2 02, 201, 2 00, 1 98,199
Mean cross section . = 314 sq. cm.
. Work done =257 x 13 x 3 14 x 3532 x 981 = 363 x 107 ergs
Tewperature at end of first period 15°00C
Mean temperature at end of third penod} o
. 20°75
after correcting for cooling
Rise of temperature . 5°75
Heat generated = 14 93 x 5 75 85 8 gram-degrees.
Mechanical equivalent = 3———-—62; 810 =42 3 x 10¢ ergs per degree

Repeat the experiment, and 1if the two results are nearly
alike take the mean as the final value.

8 P. 10



BOOK TIV.
SOUND.

SECTION XXXIL
FREQUENCY OF A TUNING FORK BY THE SYREN.

Apparatus required: Zumng-fork, bow, singing flame,
syren and blouwng apparatus

To enable the comparison of a fork and a syien to be made
more conveniently than 1t can be done directly, 1t 1s usual to
tuve a singing flame to the fork by adjusting the length and
position of the resonating tube over the flame, and then to tune
the syren to the flame

Calculate the length of an open pipe which will act as a
resonator to the fork, the vibration fiequency of which 1s
supposed to be known roughly Take a glass tube of rather
less length, and 101l a piece of paper round one end so that the
effective length of the tube may be altered by shiding the paper
tube along Place the tube above a small gas flame produced
by gas 1ssuing from a minute hole at the end of a conical glass
tube

Bring down the pipe on to the flame, and adjust till the
flame “sings”, then vary the position of the paper tube till
the note emitted by the pipe produces no beats with the note
of the fork (Fig. 56).
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Place the syren on the blowing apparatus, start the appa-
ratus and 1ncrease the rate of blowing till the note emitted by
the syren produces no beats with the pipe.
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¥ig 55,

Maintain the rate of blowing, and at a given instant take 1
reading of the positions of the fingers on the dials indicating
revolutions of the spindle of the syren.

At the end of a minute again take readings Subtract the
readings to get the number of revolutions in the interval, count
the number of holes 1 the disc of the syren, find the product
and divide by 60, the result 1s the frequency of the note of the

syren, and hence of the pipe, and fork
Tabulate your results as follows:

10 November, 1898

Fork “A” marked 256
Open pipe to act as resonator = 34000/512 = 66 cms.

Reading on syren dials at beginning of minute 800, 220, 410

» » end » 910, 835, 1020
Dafferences 610, 615, 610
Mean 612

No. of holes 1n disc of syren =25
Frequency of fork ... =256
10—2



SECTION XXXIL

VELOCITY OF SOUND IN AIR AND OTHER BODIES
BY KUNDT'S METHOD.

Apparatus required : Kundt's apparatus, rods and rubber

Kundt’s apparatus consists of a glass tube of about 200 cms
length and 5 cms diameter into one end of which a rod of wood,
metal or glass projects (Fig 56).

L T

Fig 56.

The rod is securely clamped to the table at 1ts middle point,
and can be set mto vibration parallel to 1ts length by stroking
it, 1f wood with a piece of cloth on to which a little resin has
been rubbed, if metal with a leather rubber similarly treated,
or 1f glass with a damp cloth The end which projects into the
tube 18 provided with a cardboard disc which has a diameter a
little less than that of the inside of the tube

The tube contans a lttle lycopodium powder or finely
divided cork and the further end 1is stopped by a movable
plug. It 15 important that both tube and powder should be
quite dry

When the rod 1s set into logitudinal vibrations, the disc on
the end 1n the tube sets the air i the tube in vibration and
the powder 1s carried along with the air If the tube is long
enough, there are certain parts of it where the air 18 not n
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motion along the tube, and abt these parts the lycopodium or
silica remains 1n heaps undisturbed.

These heaps therefore indicate the positions of the nodes of
the vibrating column of air, and twice the distance between
consecutive heaps is the wave length of the vibration 1n the
gas with which the tube 1s filled—in this nstance air

Since the rod 1s clamped at its centre, this point will be
a node 1 the rod, and the two ends will be the centres of
vibrating segments, so that the wave length of the vibration 1n
the rod 1s twice the length of the rod.

Since the frequencies of the rod and of the gas in the tube
are 1dentical, the ratio of the distance between the two heaps of
lycopodium or silica to the length of the rod, is the ratio of the
velocities of sound 1n the gas and 1n the material of the rod.

Determine by this method the velocity of sound in brass
and 1n glass, given the velocity of sound in air, and compare
the velocities of sound in air and in coal gas.

Clean and dry the tube provided, and scatter in 1t a small
quantity of finely divided silica Clamp the brass tube at the
middle pomnt to the support, and clamp the support to the
table. Shde the tube over the rod and support 1t on blocks so
that the cardboard disc at the end of the rod can move 1n the
tube freely. Tap the tube sharply so that the silica collects 1n
a hne along the tube Rotate the tube about 1ts axis through
a few degrees, so that the line of silica 18 not at the lowest
pomnt of the tube. Rub the rod lengthwise with a piece of
leather on which resin has been rubbed, watching the line of
silica during the process If no motion 18 perceived, move the
plug at the further end of the tube a centimetre and repeat.
Continue till & position of the plug 1s found for which, when the
the rod 18 rubbed, some of the silica 15 blown along the tube
and falls to the lowest point 1n a number of heaps. Move the
plug by millimetres at a time till this action appears most
energetic, and when the heaps are distinct and nearly touch
each other, count their number and observe on the scale under
the tube, the positions of three consecutive spaces between the
heaps at each end of the tube Take the mean of the firs
three and the mean of the last three, subtract and divide by
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the number of heaps between the mean readings, 1e. find the
distance between consecutive heaps. Observe the temperature
of the air 1n the neighbourhood of the tube, and measure the
length of the brass rod. Substitute for the brass rod one of
glass, and repeat the experiment, then one of wood and agan
repeat

Record as follows :

21 January, 1897.

Brass tube 129 5 cms long
Readings of centres of mtervals between heaps of silica*

80 00 cms 91 50 cms

42 30 103 80

5470 116 20
Means 42 33 103 83

Difference = 61 50 cms for 5 intervals
.". Distance of heaps apart = 12 30 cms
Temp of air =18°C
Velocity of sound 1n brass / velocity of sound 1n air
=129 5/12'3 =10 53
Velocity of sound 1n air at 18°C = 341 metres per second.
. velocity of sound 1n brass = 3590 metres per second

Similarly for the other rods

By fitting corks to the ends of the tube and filling it with
some other gas, the velocity of sound in that gas may be
compared with the velocity 1n air  One of the corks should be
attached to the clamp suppoiting the vibrating rod.



SECTION XXXIII.

STUDY OF VIBRATIONS OF TUNING FORKS BY
MEANS OF LISSAJOUS FIGURES

Apparatus required: Two larqge tuming forks, one the
octave of the other, vibration muicioscope or lens and drop of
meir cury

When a tuning fork 1s set into vibration by one of the
prongs being displaced fiom 1ts normal position with 1espect to
the other, both prongs are set into oscillation by the elastic
forces which resist deformation of the fork These forces depend
mainly on the cross section of the prongs near their roots, while
the masses which most influence the movement are those near
the ends of the prongs The influence on the fiequency of a
fork of a small mass added to a prong near one end, may be
readily studied by the help of “ Lissajous’ figures”

Arrange the two laige tunming forks provided, so that the
directions of vibration of the prongs are horizontal and vertical
respectively To the end of one prong of the fork vibrating
vertically, attach a small microscope or lens of 2 or 3 cms focus,
and to the other prong a small weight to counteibalance the
lens. When this weight 1s 1n 1ts proper position the vibrations
of the fork continue longest tor a given blow. Place the second
fork 1n such a position that the outer end of one prong 1s seen
through the lens distinctly (Fig. 57) Rub a lttle giease on
the end surface of the prong, and rub a drop of mercury into
the grease with the finger The drop will break up into a
number of smaller drops which will adhere to the surface.
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Move the fork till one of the drops is seen distinctly through
the lens. Strike the piongs of the two forks with a rubber
stopper 1n the hole of which a short wooden rod has been
inserted to serve as a handle. On looking thiough the lens ab

Yig 57

the bead of mercury, a bright looped line 13 seen which changes
1ts shape more or less quickly according to the 1elative frequencies
of the two forks The time which the cuive takes to go through
a cycle of changes should be approximately noted The adjust-
able weights on the prongs of one of the forks should then each
be moved shghtly, say towards the ends of the prongs, and the
observation of the time of a cycle repeated. If 1t 18 greater
than the previous time, the shding weights should again be
moved in the same direction, if less, 1n the opposite, till the
time the curve takes to go through 1its changes of form 1s too
long for the vibrations to be maintained throughout 1t. The
two forks may then be considered in unison. Measure the
distances of the weights from the ends of the prongs, move
them both 1 mm. and observe the effect on the time the curve
takes to go through 1ts changes of form. Repeat the displace-
ment of the weights till as many observations as possible have
been taken on each side of the position for unwson,
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STUDY OF VIBRATIONS OF TUNING FORKS

Tabulate the observations as follows :

153

Dlstanog offw eights from Time for gain Vibrations
ends of prongs Displacement| of 1 vibration, | gamed per
seconds second
Upper Lower
67 cms 6 8 cms 0 cm. Unison 0
66 67 1 104 096
65 66 2 84 120
64 65 3 68 147
63 64 4 50 200
62 63 b 40 25
61 62 6 348 29
60 61 7 292 34
67 68 0 Unison 0
68 69 1 100 ‘10
69 70 2 86
70 71 3 72
71 &eo.
72
73
&e.

Draw a curve taking distance of the weights from the
position of unison as abscisse and the vibrations gained per
second as ordinates (Fig 58).

Gain

-
>

sCM



BOOK V.
LIGHT.

SECTION XXXIV,

MEASUREMENT OF ANGLES BY THE OPTICAL

METHOD,

Ir a body undergoes an angular displacement we may
measure the displacement by reflecting a ray of light from a
mirror attached to the body If the plane of the marror 1s
parallel to the axis of rotation of the body, the reflected ray
will turn through an angle which 18 double the angular dis-
placement of the body. It is often found more convenient to

measure the displacement of a ray of light
reflected from such a miror attached to
the body than to measure directly the
angle through which the mirror turns, al-
though theoretically as great an accuracy
may be obtammed by either method.

In (Fig. 59) let XO be a ray of light
incident on the mirror LM ; let ON be the
normal and OK the reflected ray, K being
the point at which the reflected ray cuts a
line drawn through X at right angles to
the incident ray If a 18 the angle between

\L
N—-

Fig 69.

the mcident ray and the normal, the angle XOK =2a and

hence

KX =0X tan 2a......

............ Q).
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If now the murror turns through an angle 6 so that a + 6
becomes the angle between X O and the normal, we shall have

K'X=0Xtan2(a+6). .. . ... .(2),

where K’ 1s the point at which the reflected ray cuts AB m
the new position of the mirror From the two equations
(2) and (1) we can determine 6

7’

26=arctan—]({)—X— —-arctang———;}’ e (B)

If the line AB 18 divided mto equal divisions K'X and KX
can be read off directly and hence 6 calculated from (8) after
0X has been measured

In order to make this method of measnring angles a practical
one, we must of course deal with a beam of light and not with
a single ray, and m that case the position of K will be well
defined on the scale only when the beam comes to a focus at
that pomnt In order to have the best definition the whole
mirror should be filled with hight, and hence the width of the
beam at X must be twice the diameter of the mirror 1f 1t 1s plane

Let in (Fig 60) AB be the divided scale, L a lens with
cross wires at /' which can be
illuminated from behind, then A
if the distance of the cross
wires from the lens 18 properly K
adjusted, a real 1mage will be
formed at a point K of the \
scale On the other hand if — O
K 18 a division of the scale (ED }<‘_____>§/
sufficiently well 1lluminated, L
an 1mage of X will appear at
the pomnt # This 1mage may
be magnified by an eyepiece,
and the observer looking Fig 60.
through what 18 now a tele-
scope with objective at L and eyepiece at S, will see the
divisions of the scale move through the field of view as the
murror turns round The first method called “the objective
method,” 1n which the source of hight 18 at ¥ and the motion
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of the 1mage at K 1s observed, is now very commonly employed.
The apparatus 18 compact and the readings can be taken more
quickly though not so accurately as with the other method
The objective method will be generally employed when, as 1n
the case of a Wheatstone bridge, we do not wish to measure
the deflections of a galvanometer mirror accurately, but only
to make electrical adjustments until there 1s no deflection
(null methods). It will also be employed when, as for instance
m electrometer work, the unavoidable sources of error are so
large that extreme accuracy mn the reading of deflections would
be waste of labour.

The second or “subjective method” will generally be used
when great accuracy 18 required ; but 1t 18 necessary, i order
to secure this end, that the galvanometer mirrors should not
be too small and that the whole scale of the dimensions should
be increased. This of course might also be done with the
objective method but other difficulties would then arise The
objective method requires that the scale should be properly
shaded so that the spot of light may be easily seen, the
subjective method requires that the scale should be properly
illuminated so that its divisions should clearly appear in the
telescope The former condition 18 more easily secured when
the apparatus 18 of small, the latter when 1t 1s of large dimen-
sions The large dimensions have the additional advantage
that the observer works sitting at some distance from the
mstrument and hence 1rregular disturbances due to his moving
about are often avoided.

In order to secure accuracy, 1t 1s 1mportant to adjust the
position of the scale, and to apply a few corrections to the final
result We shall describe the adjustments for the case of in-
struments 1n which the subjective method 18 used, as they are
then of special importance and may more easily be carried out.
The student will have no difficulty 1n applying what 18 said to
be the objective method. We shall assume the mirror to turn
round a vertical axis. The plan of the arrangement 1s that
shewn m Fig 60, but 1t 18 clear that the telescope must be
placed so that 1ts axis passes either above or below the scale.
The scale, mirror and telescope will therefore all be at different
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levels and the telescope must either pomnt downwards or up-
wards This introduces no error 1n the result as long as 0X
m Fig. 59 is taken to be the horizontal projection of the optical
axis of the telescope, as will be seen by considering that the
mmage of each vertical scale division will also be vertical If
the telescope is therefore turned round a horizontal axis perpen-
dicular to its length, the same division will always coincide
with the cross wire, and though we may have to raise or lower
the scale and mirror 1n a vertical plane in order that the 1mage
may appear 1n the field of view, no correction need be apphed
for want of horizontality of the optic axis If the diameter
of the marror 1s equal to half that of the telescope, we can only
obtain the maximum amount of hight if the optic axis cuts the
centre of the mirror, and 1n any case 1t 1s best to secure this
for 1easons of symmetry The adjustment may be made by
focussing the telescope on the mirror instead of on the image
of the scale, moving 1t if necessary until the cross wires cut
the mirro1 symmetrically, a httle practice will however enable
the observerto make the adjustment without altering the focus
of the telescope, for 1its field of view 1s generally sufficiently
large to see 1n addition to the scale a blurred image of the
galvanometer parts immediately surrounding the muror If
the clear 1mage of the scale 18 seen 1n the centre of the field of
view, the adjustment is sufficiently accurate.

In the equations (1), (2) and (3) 1t 1s assumed that the scale
stands at right angles to the horizontal projection of the optic
axis, and this adjustment must be made to the necessary degree
of accuracy This may easily be done, as the following 1nvesti-
gation shews that the error intro- ,
duced by a shight deviation from A
the correct position can readily be
elimimnated from the result

Let the projection of the optic
ax18 cut the scale at X (Fig 61) x o
and the mirror at O, also let 4 and
B be ponts on the scale equidistant
from X, then if the scale 18 properly f
adjusted 04 = 0B, ,ﬂ

The scale occupying the position Fig 6l
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A’B’, let & be the angle BXB' and ¢ be the angle between 0X
and OB
The triangle OX B’ gives

BX sin ¢ _ sing
- " cos (y—
sin (’)’+7;—'4’) s(r=¢)
— tan ¢
or BX=0X cosyFenytang . (4).

The angle v 1s supposed to be so small that 1ts cube may be
neglected compared to unity, and ¢ being also small we shall
neglect the higher powers of ytan ¢, the result will shew when
these sumplifications may safely be made If then we put

cosy=1—1v% siny=y,
equation (4) becomes
y 0X tan
BX =1 +rytzm¢i)§»y?
approximately.

It the scale had been placed 1n 1ts proper position the line

OB’ would have cut 1t 1n B so that
BX = 0X tan ¢.
The erior 1n the reading will therefore be
0X tan ¢ (— v tan ¢ + 3v2).

If the mirror 18 deflected through the same angle but to
the other side we find similarly the error of reading

OX tan ¢ (ytan ¢ + §v?)

If then « is so small that o* may be neglected the readings of
the scale will be as much too gieat on one side as they are too
small on the other, and hence if the mean of the two deflections
18 taken the error will only be dependent on the square of the
angle through which the scale 1s turned

Our adjustments must be made therefore with sufficient
accuracy to allow 49* to be neghgible compared to umty. If
the scale 1s one metre long and divided into millimetres, we
may estimate the tenth part of a division and therefore we may
if necessary aim at an accuracy of one part in ten thousand.
The angle  for which 44* 1s 0001, 1s about 45’, so that the
inchination of the scale should not exceed this value. The

=O0X tan ¢ (1 —ytan ¢ +4y?)
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difference 1 the deflection right and left are according to the
above formulee
20Xy tan? ¢ = 2X By tan ¢
In actual experiments tan ¢ 18 not likely to be more than #, and
if ¢ 1s 01, the differences 1mn the reading would be X15/200.
If the scale 1s a metre scale so that the greatest value of
XB 18 50 centimetres the difference 1 the reading of equal
deflections on the two sides will for the greatest deflection
which can be read by the mstrument be 25 mms If then the
mirior 18 deflected so that the end of the scale appears against
the cross wune, and two equal deflections on opposite sides do
not give a difference in the reading of more than two and a
balf scale divisions or geneially 0025 of the total length of the
scale, the adjustment 15 sufficient even 1f the greatest possible
accuracy 18 requued As 1t 18 difficult to produce with certainty
equal deflections, 1t 1s advisable to test the position of the scal:
by some direct measurement.
Fig 61 shews that

04' X4’
0B~ XB”
honcs 04'- 0B _XA'-XB
0% X5

Substituting XA'-XB =2XBytan ¢

we find to the required accuracy
OA’'— OB = yAB,

which determines the gieatest allowable difference between the
lengths 04’ and OB

By means of a string or long rod 1t is not difficult to secuie
that the two ends of the scale shall be at the same distance from
the centre of the mirror to within the hundredth part of the
length of the scale, which will secure a maximum value of 01
for v If the mirior 1s enclosed n a case with a glass window
1t will be sufficient to measure to the centre of the window

To obtain the angle of deflection we use the formula (1) and
deduce

KX
2a = arctan 0x"
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For small angles it is often more convenient to calculate
arctan %X‘LX_ than to look 1t up 1n a table of tangents.
Using the series
arctan ¢ =¢ — §¢*+ 4¢* — ... &ec,
we obtain by substitution, writing # for KX and d for 0X,

e 1ot 12° 1 la® 1af
§(a-§aﬁ+szs“"-)=érz(”‘édﬁszf- )
The convemence of the formula consists in the fact that the
terms after the first may either be neglected or determined
approximately and that if only relative values are required
we only need to calculate the bracket.

It 18 often necessary to find tana, sina, or sin %, instead of

a and the following approximate formule may then be employed-
x x\?
. @ 3/ x\!
°m¢=%z{1—§<§a)}'

ado 2y U(ey
inf =311~ 7 (aq) J-
These formulse will be sufficient for nearly all purposes, but

in case the third term of the series has to be taken into account,
the first formula becomes

- it () (&)

If 1t is not necessary to obtain the values of tan ¢, but only
values which are proportional to them, 1t is easier to calculate
the value of

2d tan ¢, 2dsin ¢ or 4d sin(—g.

Thus for instance, if « is 392'8 scale divisions and if the
distance d of the scale from the marror 18 2500 scale divisions
the calculation might be made and tabulated as follows :
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= . . . .. 3028
-21’”-= 07846,
x\? x\?
(ﬂ) = 00616, —m<§&> - - 241
(-2%)'= 00048, x(é%)'= + 19
2dtané= 3901

In the above investigation 1t has been assumed that the
normal to the mirror 1s at right angles to the axis of rotation,
and this 18 sometimes difficult to secure with great accuracy.
Calculation shews however that when the deviation of the
normal does not exceed one degree the results are sufficiently
accurate for nearly all purposes, provided that the distance d 1s
measured from the centre of the mirror along the line which
stands at right angles to the plane of the scale, to which the axis
of rotation 1s supposed to be parallel If as 18 commonly the
case the axis of rotation 1s vertical, d should be the horizontal
distance between the centre of the mirror and the plane of the
scale

Should 1t be necessary 1n exceptional cases to take account
of the mchnation of the mirror, this can be done by adding
@o (y — a) to the observed deflection #, where a and ¢ aie the
angles which a plane drawn at right angles to the axis of rota-
tion forms with the normal to the mirror and the optical axis
of the observing telescope respectively The angles a and «
must of course be measured towaids the same side of the
plane®,

* See F Kohlrausch, Wiedemann Annalen xxx1, (1887).



SECTION XXXV.
THE SEXTANT

Apparatus required : Seztant, fized marks.

The sextant consists of a graduated arc of a circle 4B
(F1g 62), of about 60°, and a movable arm 7, which turns about

the centre of the are, and 1s fitted with a clamp, a tangent screw,
and a vernier by means of which 1ts position on the graduated
arc can be accurately determimed

I@ 15 a plane mirror attached to the arm Z, and 1s called
the Index Glass HG 1s a second mirror fixed to the frame,
and known as the Horizon Glass Its upper half 1s left un-
silvered.
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T 18 a small telescope directed towards the murror HG
and placed parallel to the plane of the arc. By means of a
screw at the back of the mstrument, the telescope can be
moved at nght angles to this plane so as to vary the proportion
of hight received from the silvered and unsilvered portions of
the horizon glass. The horizon glass 1s so placed that a ray of
hght passing from the centre of the index glass to the centre
of the honizon glass, 18 after reflection directed along the axis
of the telescope (Fig 63). Let such a ray come originally
from an object @, and let another ray coming from a second

Fig. 68.

object P, pass through the unsilvered part of the horizon glass
and proceed mn the same direction The two objects when
viewed through the telescope are then seen to coincide, one
being viewed direct and the other after reflection from the two
murrors, and the angle between the two mirrors, when this 1s
the case, 1s half the angle between the rays from the objects

The graduations on the arc are numbered to read double
their real value, hence the reading on the arc gives directly
the angle between two lines one of which 18 drawn from the
centre of the index glass to @ and the other from the centre
of the horizon glass to P If the distance of the objects 1s
sufthciently great this will be sensibly the same as the angular
distance between P and () at the observer's eye.

11—2
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Adyustments

1. The plane of the index glass JG should be at right
angles to that of the graduated arc

Verify that this adjustment 1s correct by setting the index
at about 100°, placing the eye near the index glass, and looking
obliquely at the glass so as to see at the same time part of the
arc direct, and also 1ts reflection in the glass If the two
appear to be 1n the same plane, the adjustment 1s correct, and
the adjusting screws of the index glass need not be altered

2. The plane of the horizon glass HG should be at right
angles to that of the aic

Hold the mstrument so as to view directly with the telescope
some small distant object. On turning the index arm round, an
mmage of the object, formed by reflection at the two glasses,
will cross the field If the two glasses are accurately parallel,
this 1mage can be made to coincide exactly with the object
seen direct If the plane of the horizon glass 18 not at right
angles to that of the arc, so that the two mirrors are not
parallel, the 1mage will appear to pass on one side or other of
the object

By adjusting the top screw at the back of the horizon glass,
the 1mage seen after two reflections, and the object seen directly,
can be made to comncide exactly 1 one position of the index
arm.
When this 18 the case the two mirrors are parallel, and the
horizon glass 1s at right angles to the plane of the arc.

8 The axis of the telescope should be parallel to the plane
of the graduated arc

To test whether this condition 1s fulfilled with sufficient
accuracy, place two small sights of exactly equal height on
the divided circle. These sights are convemiently made by
bending strips of sheet brass into two parts at right angles
to each other, so that when resting on the sextant their upper
edges are horizontal and at the same level as the axis of the
telescope, the sextant being placed on a horizontal table. If
the sights are placed as far apart from each other as possible
and in suitable positions, the same distant object may either
be viewed through the telescope or by the naked eye looking
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over the sights. A point on the distant object which may be
brought mnto contact with the upper edges of the sights when
looked at by the naked eye, should then appear in the centre of
the field of view For accurate work with the sextant the ad-
Justment of the telescope should be coriect to within 10 minutes
of arc or 003 in angular measure Hence 1f the sights are
placed at a distance of 15 cms from each other, they should
be carefully constructed so that the two upper edges are hori-
zontal and within half a millimetre of the same height above
the divided circle If the adjustment 1s found wrong 1t may
be corrected in well-made sextants by two small screws 1n the
frame which cariies the telescope

Determnation of the Index Correction

When the two mirrors are parallel, 1t may be found that
the Vernier index does not read exactly zero The reading 18
termed the index error, and the index correction 18 the index
error with the sign reversed

To determine the mndex correction, direct the telescope to a
distant object and turn the index arm till the two images of
the object appear 1n the field of view Then clamp the index
arm, and bring the images mto coincidence by means of the
tangent screw Read the Vernier, and notice whether the
reading 1s positive or negative

The reading of the Vernier with the sign reversed 1s the
mdex correction.

Exercise

Standing on the given spot, determine the angle subtended
by each pair of three given points.

Hold the sextant n the right hand, with the arc downwards.
Look through the telescope at the lower one of two of the objects,
holding the sextant so that the plane of the arc passes through
both objects Move the index arm along the arc till both
objects appear at the sarc time 1n the field of view, then clamp
the arm by means of the screw behind the scale, and bring the
two 1mages mto comcidence by means of the tangent screw.
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Read the position of the index, repeat the observation, and
record as follows Proceed in the same way with each other
pair of objects

10 May, 1899.

The reading when the two 1mages of the same distant object
coincided was found to be as a mean of 3 observations —2’12",
Readings when the 1mages of the given points comncided -

Points — Left and Middle |Middleand Right| Left and Right
11° 30’ 20” | 20° 8 10”| 31° 35 20"
80" 30" 3 0 35" 40"
30" 00" 3’ 20 35" 40"

i
Means 11° 30° 17" | 20° & 107 | 81° 35 383"
I[é((l)ﬁectmn } + L ¥ ¥
Angle o ’ ’r o ’ 7 o ’ ’"

subtended 10° 32" 29 20 5 22" 31° 37 45

The observed points were nearly 1n a straight line

It will often be found difficult to find suitable objects at
a great distance If the distance 1s less than 1000 yaids, and
the measurements of different observers are to be compared
with each other, caie must be taken that the observer does
not change his position during the observations and that the
position 18 well marked Students will get a good 1dea of the
delicacy of the observations by obseiving two objects at a
distance of 1000 yards and at an angle of not less than 10°
from each other, receding from or approaching the objects
by a yard ought to make an appreciable difference in the
comncidence of the images

It would be difficult to name a more useful or nstructive
instrument than the sextant, and, if time allows, students should
obtain a little practice in the determination of latitude and
local time by means of 1t The study of errors introduced by
imperfections 1 the adjustment of the different parts, will form
an excellent foundation for the study of other optical nstru-
ments.

Consult: Chauvenet, Spherwcal and Practical Astronomy,
vol. 1L



SECTION XXXVI.
CURVATURES AND POWERS OF LENSES.

Apparatus required: Two large lenses, one concave, one
convex, one small convex lens, spherometer, scale, plane mw1or,
and symple optic bench

The radius of curvature of a spherical surface may be found
by means of a spherometer, or by using the surface as a mirror,
and determining the positions of conjugate points Both
methods will be used 1n what follows

Place the spherometer provided on a plane surface, eg, a
sheet of glass, and turn the milled head till the pomnt of the
screw just touches the surface The exact point may be known
either by the slight increase of the resistance to rotation of the
screw, or by the rocking of the spherometer on the surface as
soon as the point of contact 1s passed

Take three readings of the zero of the spherometer 1 this
way, and then place 1t on the surface the curvature of which 18
required, in this case a lens mounted 1n a ring to prevent the
curved surface being scratched when the lens 1s placed on the
table.

Again turn the screw till the pownt just touches the surface,
making the adjustment three times and
taking a reading each time

The pitch of the screw 1s marked on
the spherometer.

In order to determine the 1adius of
curvature of the surface from these
observations, we require to know the
distances between the feet and point
of the spherometer. Place the sphero- Fig 64
meter on a sheet of paper, and press it down gently, so that
the positions of the feet and point are indicated by shight
depressions 4,, 4,, 4,, ¢', m the paper (Fig 64). Measure
by means of a scale with 1ts graduations in contact with the
paper or by means of compasses, the distances 4,4,, 4,4,,
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A,4,,C'A,, C'A,, C'4,, call them a, b, ¢, @', b, ¢, The radius of
the circle circumscribing the triangle 4, 4,4, will be given by

abe
r= ,
4Vs(s—a)(s=b)(s—c)

a+b+c

where §=—y .

If a = b=c this reduces to

_a 28

T=Y3T3y3"

In practice a, b, ¢ will not be exactly equal but nearly so,
and in that case we may use the second form of the last

equation.
In order to see within what limits of accuracy this 1s allow-
able put a=3s+a, b=3s+B, c=3s+v,

where a, 8 and « are small, then by addition
a+b+c=2s+a+B+7,

or since a+b+c=12s,

1t follows that a+B+y=0

On substituting we now get
2 (s+3a)(s+18)(s+1y)
r=g575. A e T

33 s (s —3a) (s —3B) (s — 37)

If we expand the products we find that there is no term
containing the first power of a, B, v because these quantities
only occur in the combination a+ B+, which 18 zero. The
term 1nvolving squares and products of a, 8 and « does not
vanish, and 1if we write

t=%(@+8+y)
=_(B'Y+'Ya+a18)v
since (a+B+9)=0,
1t is easily found that to this degree of approximation

2s 9
r= '3-7/§ (1 + 3 ;a) .

As an accuracy of one part in 500 will probably not be
reached in this exercise unless the mean of a large number of
determinations 18 taken, we may write
_2 s
=573’

r
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whenever t/s is less than ‘031, If the second term cannot be
neglected 1t 13 easily computed with sufficient accuracy.

If the spherometer were accurately made, the centre of the
screw would move along a line through the centre C' of the
circumseribing crcle A4,4,4,, perpendicular to the plane
A,4,4,. If 1t does not pass through C but through a pomnt
¢’ distant o, ¥, ¢’ from the pont A,A4,4,, then the distance
CC’ (=d) 1s given approximately by the equation

B=42(r—a"+r=b +r—C)+r—ar—"b
+r—d'r—c+r—-br-c).

Now consider a section of the surface by a plane through
O and the centre of curvature of the surface C’C, 1e¢ the
carcle ANDN' (Fig 65) The plane
through the points 4,4, 4;1s represented A 2N _p
by the line ACD clic

Assuming that when the instrument
18 placed on a horizontal suiface the axis
of the screw 1s vertical, the distance A
through which the pont of the screw has
to be moved when the instrument 1s
placed on the spherical surtace, will be PN
C'P. Fig 65.

Now C'P.C'P'=C'A.C'D and :f ON=R,

P'=2VRi—d* and C'P'=2VR*—d*—h.

©

Hence h(2VR*—d? —h)=(r—d) (r+d),
: p(1tR—dY
B di= 4h? ’
R= ——~/ (7" + b2 — d?)* + 4?1,
or if d is small, R = (r* + 1*)/2h.

Calculate R from one of these equations, and determine
similarly the radius of curvature of the other surface of the lens

Verify by the following optical method the values found :

I For a Concave surface

Place a screen provided with the hole and cross wires ab
one end of the optic bench with the white side towards the
centre of the bench. Place a bright flame behind the screen.



170 LIGHT XXXVI

Place the lens on the bench with 1ts axis parallel to the
axis of the bench, and the surface the curvature of which 1s
to be measured towards the screen. Find the position of the
surface when the image of the cross wires on the screen pro-
duced by reflection at the surface 18 most distinct The cross
wires are then at the centre of curvature of the surface

II. If the surface 18 convex the radius of curvature may
be determined optically by the following method —

C (Fig 66) 18 the lens the radu of curvature of which we
have to determine. B 18 an auxihiary lens provided with a stop

c
B

7 et S

Fig 66

of small diameter A4 is the screen 1 the centre of which 1s
a small hole with a cross wire, which 1s 1lluminated as shewn
Keeping the distance 4B, which must be greater than the focal
length of B, constant, we can find a position of C' such that
the rays of light, after passing through B, strike the surface of
C perpendicularly, and returnming along the same path, form
an image of the cross wire on A4 Take the reading of the
position of C, then remove C, and place a screen .D 1n such a
position that a distinct 1mage of the cross wire 18 obtained on
1t, the lens B being kept in the same position The distance
from the lens to D is then the radius of curvature of the
face nearer the cross wire By turming the lens €' round, the
radius of curvature of the other face 18 sumlarly obtained.
The apparatus used 18 shewn m Fig 67.

Fig 67.
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Determine approximately the focal length of the lens, if
convex, by placing a screen behind 1t at such a distance that an
inverted 1mage of some distant object 18 formed on the screen
The distance of the screen from the nearest point on the surface
of the lens 18 the focal length approximately.

To determine 1t more accurately, 1f the lens 18 a converging
one, mount 1t with a plane mirror i1mmediately behind 1t
Place the mounted lens and the mirror on the optic bench

Behind the hole and cross wire place a luminous burner,
and find the position of the lens and mirror for which a distinct
1mage of the cross wire 18 projected on to the screen, 1n the same
plane and as nearly as possible comncident with the cross wires
themselves (F1g. 68)

e c

|

Fig. 68.

The light from F 1o the direction FA4 is refracted by the
lens and proceeds after refraction in the direction AD If AD
is perpendicular to the surface of the murror, the reflected ray
traverses the same path as the incident, and 1s, therefore,
brought to a focus again at F

In order to determme the distance of the surface of the lens
from the screen read the position of some part of the lens-stand
on the scale of the optic bench used Move the lens towards
the screen tall 1t touches one end of a rod of known length the
other end of which touches the cross wire Agamn read the
poaition of the lens-stand. The sum of the length of the rod
and the distance through which the stand has been moved 1s
the distance of the surface of the lens from the cross wire The
focal length of a symmetrical lens may be found from this by
adding to it § the thickness of the lens.

If the lens 1s a divergent one, place between 1t and the cross
wires a conveigent lens, Place behind the two and close to
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the divergent lens, a plane mirror (Fig. 69). Move the diver-
gent lens and plane mirror till a distinct 1mage of the cross
wires 18 formed on the screen close to the wires Note the
position of the divergent lens, remove 1t and the mirror and
place behind the converging lens a screen 1n such a position

c
8 b

Fig 69.
that an image of the cross wires 1s formed on it The distance
from the screen to the position previously occupied by the
divergent lens 18 the focal length required.
The focal length of a lens 1s connected with the radii of
curvature of 1ts surfaces and with the index of refraction u of 1ts
material by the equation

1 1.1 1//1 1
7= e (grg) o wo1=3/ (g4 E):
where R, and R, are taken positive for convex and negative for
concave surfaces,
Calculate u from the observations, and tabulate as follows.

10 February, 1899
Lens No. 2 double convex

a=06'14 cms. a=— 03 cms. a?= 0009
b=603 ,, B=-14 B*='0196
c=633 y=+16 , i = 0256
., 8=9167 , and r= 3560 , .. 83=023
gs=6167 9t3/4s* = -0008,
a’ =8 55 cms, Sor—a'= 01
V=854 ,, r—-b= -02 .. d%="0005.
=857 , r—¢=-="01,
By spherometer %, ="1564 cm. hy="1567 cm.
Hence R,=4060 cms. R,=4052 cma.
By reflection R,=399 ,, R,=400 ,,
J (measured) =405

Hence 4 (calculated) = 150
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DETERMINATION OF THE INDEX OF REFRACTION
OF A LIQUID BY TOTAL REFLECTION

Apparatus required: Horzontal graduated scale with
upraght and sht, ebonite block, and glass cube

When a ray of hight traversing an optically dense mediumn
mmpinges on the surface of separation of that medium from
a rarer medium, making an angle with the normal at the point
of mncidence greater than the “ Critical Angle,” the ray 1s totally
reflected, no part of 1t entering the rarer medium If NV 1s the
ndex of refiaction of the denser, n that of the rarer medium,
the least value of the angle of incidence for which total
reflection can take place, u.¢, the Critical Angle, 18 given by

the equation
sin @ =n/N.

A glass cube of about 4 cms. edge 18 provided. On one face
a line parallel to and about a cm from an edge has been drawn
with a diamond

Put a few drops of water on the ebonite block provided, and
place on 1t the cube with the face on which the line 18 drawn
vertical, the line 1tself horizontal, and a em above the ebonite
A film of water will be formed 1n immediate contact with the
lower face of the cube Now place the ebonite and cube on
the scale and about 30 cms. behind the slit in the upright.
Place the scale on a table in front of & window through which the
sky can be seen. Look through the sht at the lower surface of
the cube, and notice that on moving the cube and block towards
the slit, the appearance of this surface changes from bright to
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dull, and at the point of change a coloured band extends across
the surface from left to rght. Adjust the distance of the cube

!

3

\

Fig 70.

from the sht till that part of the coloured band where violet
shades off 1nto green coincides with the diamond scratch on the
face of the cube

Measure %, the height of the sht, and &, the height of the
line on the cube, above the surface of the scale, and d the
horizontal distance between the face of the cube and a per-
pendicular let fall on to the scale from the slit.

Fig 71,
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Then if 7= angle of emergence of the ray from the cube
(Fig 71), tane = (h, — hy)/d.

If r =the angle of incidence of the internal ray at O, and
N =the index of refraction of the cube with respect to air for
the light used, s ¢. that near the F line, then

simi=Nsinr.

Since total reflection just begins at B, se., the angle of

incidence at B 1s the crtical angle,
n=Ncosr,

where n = the index of refraction with respect to air of the
hquid at B

Squaring and adding the last two equations we get

n? + sin?e = N?

or n =~ N?=sn’s.
From which n» may be calculated 1f N 1s known and » 1s found
by measurement of &, h;, and d

Determine by this method the value of N for the cube for
the line F, taking the index n for water to be 1'337.

Having found & find n for ethyl alecohol

Arrange your observations as follows —

25 January, 1893.

Water film h, =215 cms
h2= 31 ,,
d=213,214, 212 cms. mean =21 3 cms
18 4 \
tani = 2—1*3 = 862

o =40° 45", sini= 653
N*=(1337)+( 053y =2 2140

N =1488
Alcobhol film h, =215 cms
h2 = 3 1 »
d=256,253,256 cms mean = 25 5 cms.
184

1=385°48", sin1='586
n*= (1 488) — ( 586)?
Son=1368
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MAGNIFYING POWERS OF INSTRUMENTS.

Apparatus required: Telescope, macroscope, mullimetre
scales, scale with bold dwisions about 10 cms apart, small prism
or marror

When an object 1s viewed through an optical 1nstrument,
such as a telescope or microscope, the apparent size of the
mmage 18 in general larger than that of the object as seen
direct, and 1t 18 the purpose of this exercise to determine the
amount of magnification.

TELESCOPE.

The magmfying power of a telescope 18 defined as the ratio
of the apparent size of the image seen through the telescope to
the apparent size of the object as seen direct, the eye being 1n
the same condition during the two observations. If F 1s the
focal length of the objective, f that of the eyepiece, and D 1s
the distance of the object from the objective, 1t may be shewn
that the magnifying power

=§(1 + 21)17—') approx.

To determine the magnifymg power, direct the telescope
towards some surface on which 1s a regular well-marked pattern
of some kind, such as a divided scale or the dividing lines 1n
a brick wall, and when the pattern has been focussed, look at 1t
through the telescope with one eye and with the other direct.
If the observer’s two eyes are not alike, 1t 18 better to place
a parrow strip of mirror half over the eyehole with 1ts normal
at 45° to the axis of the telescope and a larger mirror parallel
to the first at the side of the instrument By this means
the same eye 1s used for wision through the telescope and
for vision by successive reflection at the two mirrors Move
the head a hittle to the right or left and notice whether the
pattern seen through the telescope appears to move across the
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pattern seen direct  If so the focussing of the telescope should
be altered shghtly till one pattern 18 not displaced with respect
to the other when the head 18 moved There 1s then no “parallax.”
Count how many times some convenient length in the magnified
pattern contains the same length of the pattern seen direct.
This number 18 the magnifying power of the telescope as used

Measure the distance of the telescope from the pattein,
move the telescope to another position and agamn find the
magnifying power, and repeat the observations at 5 positions
varymg from as close to the wall as possible to a distance of
40 or 50 metres away.

Measure the focal length F of the objective by taking out
the eyepiece of the mstrument and holding a sheet of paper at
the eye end, so that an 1mage of a distant object formed by the
objective 1s m focus on the sheet, the distance # of the paper
from the objective 1s the focal length of the objective Record
as follows .

TELESCOPE A

F =220 cms

Magnityin F F

D ems power & D 7
7000 16 3 003 16 3
3000 16 3 007 16 2
1300 167 017 16 4
500 16 9 044 16 2
200 183 ‘11 16 5
Mean 16 3

Hence the focal length f; of the eyepiece = 22/16 3 =1 35 cms.

MICROSCOPE.

The magnifying power of a microscope is defined as the
ratio of the apparent size of the image as seen thiough the
strument, to the apparent size of the object, when each 1s at

8 P 12
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the standard nearest distance of distinct vision from the eye,
16 25 cms

If £ 18 the focal length of the eyepiece, f, that of the
objective, d the distance of the first focal plane of the eyepiece
from the objective, and d, the standaid least distance of distinct
vision, the magnifying power of the instrument

dd,
= - appioximately.
o/
In most cases d is nearly equal to / the length of the instrument,
and the magnifying power then

= %: approximately,

Place a millimetre scale* on the stage of the microscope, and
focus 1t distinctly. Mount another scale graduated in milh-
metres horizontally 24 cms. to the left or 11ght of the eyehole
of the nstrument with 1ts centre in the same horizontal plane
as the eyehole.

Place on the eyehole of the instiument a small strip of
plane unsilvered glass mounted so that its normal makes an
angle of 45° with the axis of the microscope Look down the
microscope through the glass, keeping the eye one centimetre
above the eyehole. Adjust the glass till an image of the
central part of the horizontal scale 1s seen covering the central
part of the image of the scale on the stage of the microscope
If the image of the stage scale 1s now indistinct, focus the
microscope again. See that there 13 no parallax between the
horizontal scale and the image of the stage scale, then read on
the 1mage of the scale the number of divisions equivalent to
one of the stage scale. This 18 the magnifying power of the
mstrument. Measure the length of the micioscope from the
objective to the eyehole. Draw out the tube of the instrument,
so that the length 1s increased about 3 cms  Raise the horizontal
scale by the same amount and repeat the observations. Continue
the process till the tube 1s as long as 1t can be made. Measure

* If the magmfying power of the instrument 1s large a scale divided into
tenths and hundredths of & millimetre should be used on the stage.
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again the distance of the vertical scale from the eyehole Divide
each observed magmfying power by the corresponding length

and take the mean of the results This 1s the value of f f
0/1

Dividing this by d,, which 1n the above case was taken to have
the standard value 25 cms, we have the value of =—— 7 f If the
01

focal length of the objective f, 18 known we may therefore
calculate f; the focal length of the eyepiece.
Tabulate observations and results as follows:

Marcroscope B, objective 3 8 cms (f,), eyeprece C.

Magnifying dy
hl —
Lengt power m Joh
26 2 cms 395 151
293 440 150
322 ,, 48 1 149
351 ,, 525 150

Mean 150

1
o 7 »= 060 and f; =43 cms,

7t &

In normal use the microscope 18 focussed so that the image
seen 18 at a great distance from the eye in order that the
muscles of the eye may be at rest. This reduces shightly the
magnification obtained.

d,=24+1=25cms

12—2
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ADJUSTMENTS AND USE OF THE SPECTROSCOPE

Apparatus required: Spectroscope, platinum wires jfor
beads, salts, and crayons

Vision through a prism. Let a lummous pont S (Fig 72)
send out a pencil of homogeneous
hght, the rays of which, after re-
fraction through the prism, seem to
diverge approximately from a point
8’ An eye at £ will therefore see
the luminous pomnt n a displaced Fig 72,
position, the amount of displacement
depending on the refractive index of the prism for the rays and
on 1ts angle. If the light sent out by the luminous point 1s not
homogeneous, but 1s of two kinds having different refractive
ndices, there will be two separate 1mages side by side, which
will be coloured differently 1f the difference mn the refractive
index 1s sufficiently great If, finally, the luminous point sends
out white light, there will be an infimite number of 1mages
shewing a succession of all the colours of the spectium from red
to violet.

Seal about four or five centimetres of platinum wire of
‘2mm diameter into a piece of glass tubing, and bend the end
of the wire into the shape of a loop thus -

%N

Fig 78.
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Wet the loop shightly, dip 1t 1nto a mixture of common salt and
borax 1n equal proportions, and heat carefully 1n the edge of
the flame of a Bunsen burner, until the salt fuses and forms
a transpaicnt bead If the loop 1s not completely filled by the
bead, place some more of the substances on 1t and repcat the
process of fusion Then fix the glass tube to the stand pro-
vided, and place 1t so that the bead touches the flame and
colours 1t The platinum wire should dip shghtly downwards
(¥1g 73), otherwise the bead has a tendency to run back along 1t.

Hold the loose prism provided 1n front of your eye, and turn
your head until you see the displaced 1mage of the flame.
Next take a second prece of wire, and having prepared a bead
of a lithium salt, place 1t 1n the flame along with the sodium
bead. Make a sketch in your note-book of what you see.
What conclusions do you draw respecting the light sent out by
a flame containing both sodium and hithium ?

Look now at a lummous flame, again sketch the appearance
in your note-book, and explain 1t

Cut a shit not broader than a millimetre 1n a piece of card-
board Hold the caidboard 1n yoursleft hand so that the sht
18 1 front of a Bunsen burner containing both a hthium and
sodium salt, hold the prism 1n the right hand 1 fiont of your
eye and look at the image of the sht Sketch the appearance
1n your note-book

Such a combination of sht and prism forms the simplest
kind of spectroscope, and 18 often useful for the rapid examina-
tion of light sent out by a flame, or an electric discharge

In practice the virtual image of the sht produced by the
prism 13 magnified by being looked at through a telescope ~ But
this cannot be done with advantage without some further

Fig 74

change in the optical arrangement, to obviate the so-called
“aberiation” of the rays. Foi if rays of hight diverging from
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a pont are traced through a prism, 1t 1s found that after emer-
gence they do not accurately diverge from a point, but the
section of the pencil will have the appearance of Fig 74 This
does not sensibly affect the sharpness of the image when looked
at with the naked eye, or even under small enlargements such
as are used 1n pocket spectroscopes, but when higher power 1s
required the aberration must be obviated. This may be done
by the introduction of a lens placed 1n such a position between
the shit and the prism, that the beam of light coming from any
pownt of the shit becomes parallel before 1t falls on the prism
As a parallel pencil of light will remain parallel after retraction
at any number of plane surfaces, there 18 no aberration in this
case. We thus arnive at the arrangement shewn m lig 75

Ing 75

A tube carries at one end the shit S and at the other the lens L,
the sht being 1n the focal plane of the lens  This tube 1s called a
“colhmator.” The pencils of ight from the sht rendered parallel
by L fall on the prism P, and after passing through 1t are re-
ceived by a telescope 7. The eye, on looking through the
telescope will see an 1mage of the slit, which 1s displaced by the
prism, but 1s sharp provided the sht 1s illuminated by homo-
geneous hight. If, on the other hand, the light falling on the
shit consists of groups of waves differing 1n wave-length, each
group will give a separate image of the shit If further the
wave-lengths, and therefore the refrangibilities, vary continuously
over a certain range, the images of the slit will lie side by side
or even overlap, so that a continuous band of light will be seen.

We call the appearance presented when the light of a
luminous body 18 examined by means of a spectroscope the
“spectrum” of the body. We say that the body has a
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“continuous spectrum” when the band of coloured light 15
continuous We say, on the other hand, that the body has
a “hine spectrum,” 1f a nuniber of separate coloured lines are
shewn, which we have seen ate only 1mages of the sht If the
slit 1s curved the lines will be curved, if the shit 1s broad the
lines appear broad, and nariowing the slit will narrow the lines
down to a certain limit, which depends on the diameter of the
object-glass used A “band-spectrum ” 18 a spectrum consisting
of bands which are broad even with a narrow shit These bands
are often sharp on oue side and fade away gradually on the
other.

As the spectrum of a body, whether 1t 1s a line or band
spectium, 18 found to be charactenstic of the body, 1t 1s neces-
saty to determine the positions of the lines and bands on some
convenient scale.

The arrangement generally adopted in one-prism spectro-
scopes 18 shewn m Fig 76 A small tube Q
MQ has at one end a scale of fine equi-
distant lines @, at the other end a lens M,
the scale being at the principal focal plane
of the lens The tube 1s placed so that the p
hght rendered parallel by the lens M, 1s re- T
flected at the surface of the prism into the
telescope I When the scale 1s 1lluminated by
a small gas flame, the observer sees not only
the spectrum of the body, but superposed on
it the 1mage of the divided scale, and he can
read off the position of each separate line on this scale

Fig 77 shews a spectroscope cousisting of collimator, prism,
telescope, and scale-tube. The colhmator 18 provided with a
projecting metal sheet, and the scale-tube with a projecting
metal cylinder, to prevent the flames used being brought so
pear as to injure the instrument.

Adjustments of the Spectroscope: It has been shewn
above that the light leaving the collimator should consist of
parallel rays To secure thus, 1if the distance between the shit
and collimator lens can be altered, the telescope and collimator
are adjusted as follows .—

g 76.
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Place the spectroscope near a window and turn the telescope
tall a distant object 18 observed thiough1t  If the object 1s seen

clearly, the telescope 1s 1n adjustment for parallel ight If not
adjust by means of the focussing sctew Remove the instru-
ment to a darkened room, illuminate the sht of the collunator
by a sodium flame, and move the collimator m and out till
the 1mage of the sht seen i the telescope 1s sharp and
dwistinct  Place a small luminous burner m front of, but not
too near to, the end of the scale-tube, and adjust the scale-
tube till both the scale and the sodium line are seen sharp
at the same time, Move the scale-tube at the same time until
the sodium line stands at a convenient number of the scale*.
The best test of good adjustment 1s the absence of parallax,
that 1s to say when the eye 1s mnoved a httle to the left or right
the sodium line should not change 1ts position relative to the
scale Accurate measurements with the spectroscope are 1mpos-
sible when parallax exists to an appieciable degiee.

If the position of the sht of the collimator cannot be changed,
the telescope must be adjusted by illuminating the slit with a
sodium flame, and focussing the telescope so that the yellow line
appears sharp  The scale 18 then focussed as described

Before proceeding unth any further measurements, consult
one of the Demonstrators to see that your adjustment ws corr ect.
With a narrow slit the sodwum line should just appear double.

® As the soale divisions may differ in different 1nstruments, a label 18
attuched to each spectroscope, on which the number with which the sodium
line should be made to coincide 18 indicated
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As 1t 18 generally necessary to have the spectra as bright
as possible 1t will be useful to remember the following facts
Let SL (Fig 78) be a horizontal section of the collimator, S
being the shit and LL’ the lens. Let AB be a flame sending
out hght the spectrum of which 18 to be examined The
light from the part of the flame near 4 will illuminate the
part of the collimator lens near L, the rays of light going from
A through the sht to L,similaily the hght from the part
of the flame near B will illumnnate the part of the lens
near L' The whole collimator lens 1s thus filled with light
When the whole collumator lens s filled with light mazvmum
braghtness of the spectr um 1s secur ed

Fig 78

If the burner 1s placed at 4,B, close to the slit, it is only
the light from the central parts of the flame which reaches the
collimator lens. the rest of the hight falls on the 1nside walls of
the tube, which are blackened to prevent reflections In this
case, therefore, although the flame 1s nearer, a smaller part of
the flame illuminates the collimator lens, so that nothing 1s
gamned 1 brilhancy, the brightness of the spectrum being
exactly the same as before If, on the other hand, the flame
18 too far away at A,B,, the outer portions of the lens are not
illuminated at all, 1n that case the brightness of the spectium
18 reduced When the collimator lens 1s not filled with light,
as 1n this last case, beside loss of light there 18 the disadvantage
of worse definition, so that in spectroscopic work 1t 1s generally
of 1mportance that the whole collimator lens should be 1llumi-
nated, but when that 1s secured no further increase i brightness
18 possible

Where the source of light 1s very small, as 10 the case of an
electric spark, with a narrow shit the collimator lens would not
be filled with hight unless the source were brought inconveni-
ently near the st A lens P (Fig 79), should therefore be
placed 1n such a position between the spark E and the shit §
that the rays traverse the paths shewn, and an image of the
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spark is formed on the slit Here, agam, 1t does not matter
how the distances of lens and spark from the slit are adjusted,
nor how bright 1s the 1mage of the spark seen on the slit plate
The filling of the collimator lens with light 1s the sole circum-
stance on which the brightness of the spectrum depends We

P v
|
L
Fig 19

may even move the lens so that the 1mage of the sht is out of
focus without producing great loss of light The use of the lens
has the further advantage of enabling us to examine the spectra
of different parts of the spark separately,

Mapping Spectra: When the spectroscope 1s in adjust-
ment and the sodium line at the proper scale division, place
a luminous burner behind the sht of the collimator so as to
produce a continuous spectrum Draw the spectrum which you
see, representing as nearly as possible with the crayons provided,
the colours and shades and their extent on the spectroscope
scale. Use for this purpose a sheet of paper on which scales
with the distance between the scale divisions approximately
equal to one millimetre are printed.

Next prepare six pieces of platinum wire sealed into glass
tubes, as described at the beginning of the section The platinum
should not be thicker than 2mm , 1t must be perfectly clean,
and before use be heated to a red heat in the Bunsen flame,

Adjust the height of the burner so that the hottest part of
the flame, which 1s just above the top of the inner cone, lies
about the level of the lower portion of the sht

Place a small quantity of barum chloride on the platinum
wire, wetting the latter first with a httle dilute hydrochloric
acid  Support the wire 1n the stand provided and insert it
mto the hottest part of the flame. After a few seconds the
upper part of the flame will be green coloured, and on looking
through the spectroscope you should see a spectrum of bands,
with a line 1n the gieen which 1s sharp and bright. If this line
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does not appear, the adjustment of your spectroscope 1s probably
faulty or your shit 1s too wide. If the spectrum 1is very faint,
either the flame 18 not placed properly 1n front of the sht, or the
latter 18 too narrow  The best width of slit 1s only obtained by
trial  For the observation of the spectra of the alkali metals
with small spectroscopes, the sht ought not to be so narrow
that the sodium line appears double, but 1t ought to appear
a sharp line and not a broad band

Represent on the paper scales provided, by means of shading
with a sharp black pencil, the appearance of the bands and lines
seen 1n the spectroscope After you have made an independent
drawing, consult some atlas of spectra and compaie yours with
the drawing given there. If you find that you have not seen
all the bands shown there, repeat your experiment Some of
the fainter bands may however escape your notice, as they
require a completely darkened 100m.

Make similar drawings of the spectra of lithium, thalhum,
strontium, and caleium chlorides  Notice that the spectrum of
the last-mentioned salt gradually changes The spectrum first
seen 18 due to the chloride of calcium, and 18 gradually replaced
by that of the oxide Make separate drawings of the first and
last stages through which the spectrum passes.

During the observations, check from time to time the
position of the sodium lime. If you find that a shight change
has taken place, 1t 18 not necessary to alter the position of the
scale-tube, apply 1nstead a correction to your readings Thus,1f
the sodium line reads 8 1 1nstead of 8, you may correct all other
readings by subtracting ‘1.

As a last example take a bead of potassium chloride. You
should have no difficulty 1n seeing a line m the red, which 18
really a double line But there 1s also a line at the extreme end
of the visible violet, which requires special precaution to see.
Not to have your eye disturbed by extraneous hight, move the
telescope until the red and green are out of the field of view, so
that when looking at the continuous spectrum of a gas flame
you only see the violet; also remove the burner which illumi-
nates the scale. Carefully introduce the potassium salt into
the hottest part of the flame while you are looking through the
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telescope; with a little practice this 1s easily done. If you fail
to see the potassiam line, shghtly open the sht. As soon as
you can see 1t, 1lluminate the scale a little and take a reading
Finally, move the telescope back, and without altering the
width of the sht, take a reading of the sodium line The
measurement of the potassium lhnes should be made several
times 1 order to secure greater accuracy

It will be noticed that while thallum, sodium, potasstum
and lithium give line spectra, the spectra of the alkaline earths
consist of bands These latter are due to the metallic oxides
or chlorides, while in the case of the alkali metals the salts are
decomposed and the spectra of the metals themselves appear

Instead of making shaded drawings of the appeaiance of
spectra, they may be represented diagrammatically, as 1n
Fig 80, where the mtensities are represented by the lengths of
the lines  Thus B 15 a sharp line,
the intensity of which 1s estimated A S R

to be about § that of another sharp MN-L’.MLL&L’.M
line A, D a band having a sharp y v
edge at 1130 but fading away Fig 80

gradually to the other side, the

Limit of visibility being about 117, ) on the other hand, a band
which 1s brightest 1 the middle and ends abiuptly at 18 6 and
13 84



SECTION XL.

REDUCTION OF SPECTROSCOPIC MEASUREMENTS TO
AN ABSOLUTE SCALE

WHEN the spectrum of a given substance 18 mapped, the
relative positions of the hines will be found to differ according
to the mstrument used KEven if the sodium line 1s at the
same scale division 1n each, the readings of the other lines will
differ 1n the different instruments, since they depend on the
dispersion of the prism and on the distance between the divi-
sions of the scale In order that measurements taken with
different instruments may be comparable, 16 15 necessary to
have some method of representation which 18 independent of
the instrument employed

It is usual to take the wave-length 1n air as that which
characterises a given light vibration, and the spectrum mapped
according to the wave-length scale 1s called a “normal” spectrum
Instead of the wave-length scale, we might adopt the “wave-
number,” ve the number of waves per centimetre, or the “ time
of vibration ” as the characteristic property of a set of waves,
and such scales present many advantages. The time of vibration
t 1s connected with the wave-length A by the relation A=t
where v 1s the velocity of ight. If a set of waves 1n air, from
a source sending out homogeneous light, enters a diffcrent
medium, as for instance a glass prism, the time of vibration will
be the same 1n the glass as 1n air, but the velocity of propagation
of the waves, and hence the wave-length, will be different
When a particular kind of homogeneous light 1s defined by 1ts
wave-length, we must theielore state the mcdium 1n which that
length 1s mcasuied.
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The most scientific proceeding would be to take the wave-
length 1n vacuo as the standard, but as all direct measurements
of wave-lengths are taken in air, and the reduction to vacuo
mvolves an accurate knowledge of the refractive index of air, 1t
1s usual to take the wave-lengths in air as standards. To be
strictly accurate we must define the pressure and the tempera-
ture of the air, since 1ts refractive index depends on 1ts density.
Rowland’s table of standard wave-lengths is generally used,
and holds for a pressure of 76 cms. and a temperature of 20°C
In certain investigations 1t 18 necessary to know the wave-
lengths 1n vacuo, and Tables have been constructed (Watts'’s
Indez of Spectra) by means of which the conversion to vacuo
may be easily eftected.

In order to avoid having the decimal point at an incon-
venient place, wave-lengths are usually given not 1n centimetres
but 1n so-called tenth-metres (written X*® metre) the 10*th part
of a metre or the 10°th part of a centimetre. According to this
scale the wave-lengths of the two sodium lines i air are
589018 and 5896 15, and the correction to vacuo 1s + 1 60.
Spectroscopes containing one pusm of the usual size only
barely separate the sodium lines, and measurements with such
mstruments can only be accurate to two or three X' metres,
All figures beyond the decimal point may therefore be left out
of account 1n what follows.

It 1s sometimes advantageous to consider the wave-
numbers, or number of waves per centvmetre rather than the
wave-lengths If there are » waves 1n one centimetre vA =1,
and hence the wave-number 18 simply the reciprocal of the
wave-length  For the least refrangible sodium Lne the wave-
number 18 therefore

10®

Different methods may be used to reduce measurements
taken on an arbitrary scale to wave-lengths, and it 1s necessary
to gamn practical experience of the most important of these.
In each method the positions of two or more lines the wave-
lengths of which are known, are observed on the arbitrary scale
of the spectroscope, and the unknown wave-lengths of other
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lines obtained from them by interpolation. It 1s1in the process
of 1nterpolation that the methods differ.

Method I. Graphical wnterpolation by means of a wave-
length curve.

When the same spectroscope 1s always used by the same
observer and 1ts adjustments remain unaltered, 1t 1s generally
sunplest to draw once for all a curve connecting the scale read-
mgs with the wave-lengths To do this, the positions of a
certain number of so-called “standard lines” are observed on
the spectroscope scale, and a curve having the scale divisions as
abscissae and the wave-lengths as ordinates 18 drawn, The
shape of the curve will resemble that
shown mm Fig 81. It 1s 1mportant to
choose the scale of the curve suitably.
If the paper 18 divided 1nto millimetres, wav |~
each scale division may be made to cor- ‘'
respond to one millimetre, as 1t wall
enable subdivisions to be estimated to
the same degree of accuracy on the curve
as 1 observing a lme As regards the
scale of ordinates, 1t must be remembered that the wisible
spectrum ranges from 7,900 to 3,900 X' metres, and that 1t
will not be possible to determine with an ordinary one-prism
spectroscope the last figure accurately. Hence 1f one millimetre
1s made to correspond to 20 X** metres, the scale will be suffici-
ently large, and the total length of paper necessary for the curve
will be 20 centimetres

Once the curve 18 drawn the wave-length of any unknown
line may be obtained immediately by inspection A list of
convenient standard hines 1s given at the end of this section

Scale reading
Fig 81.

Exercise I. Draw a curve connecting the wave-
lengths with the scale readings of a spectroscope.

From the observations you have made of the lnes whose
wave-lengths are given 1n the Table at the end of the section,
draw the curve as described, and prepare a Table giving the
wave-length for each tenth scale division of the nstrument you
have used, thus:
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SPECTROSCOPE A.

Sodwum lines placed at 8.

Scale Division W%{&Luelztgzl: mn

4 7862
5 7239
6 6669
7 6281
8 5893
9 5622

10 5351

11 5180

&e &e

The Table should extend over the whole of the visible
spectrum

Method II. (Graphical Interpolation by means of a curve
of wave numnbers.

The curve given 1n Fig. 81 has a some-
what large curvatuie, hence the number
of standard lines required to draw 1t accu-
rately 1s comparatively large To obtain a
cuive which 1s more nearly straight, and
can therefore be drawn with greater accu-
racy, we make use of the wave-numbers » as Bcale reading
ordinates mstead of wave-lengthsA (kg 82). Fig 82

To find the wave-length of an unknown line 1ts scale reading
18 taken and the corresponding value of » found by the curve,
The required wave-length will then be the reciprocal of the
value found The wave-numbers per centimetre of the red
and the blue potassium hnes are respectively 13016 and 24717,
If therefore, each millimetre of the squared paper corresponds
to 50, the veitical distance requured will be 24 cms

Wave number

Exercise II. Draw a curve connecting the inverse
wave-lengths or wave-numbers with the scale readings.
Prepare a second Table from this curve, thus —
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SpPrcTROSCOPE A Sodwum lines at 8

Scale Division Wavemgsngth ‘Wave Numbers
4 7860 x 10~° 12723
5 7 238 13816
6 6712 14895
7 6277 15931
8 5893 16969
&e de &e

Method III. Graphical wnterpolation by Hartmann's
method

This method which consists 1 plotting 1/(A —1,), where
Ao=2700 X** meties approximately, agamst the scale 1eading,
will be found to give a curve very nearly straight, but 1t involves
an increased amount of calculation

Method IV. Anrithmetical wnterpolution of wave-lengths

It 18 sometimes possible to find two known lines near to,
and one on each side of, the line to be measured Calling the
wave-lengths of these two lines A, and A, and their scale readings
n, and ny, 1t 18 seen that a distance of n, — n, on the scale core-
sponds to a change of wave-lengths A, =2, Ience 1f n 13 the
reading of the unknown line and X\ 1ts wave-length, a difference
n—mn, on the scale must correspond to a difference \;—A m
wave-length, and 1f change in wave-length 1s proportional to

change 1n reading
M—A _n-m
M—A, n—ng "

Hence

L P=m
A=t n,—-nl()“ r)

an equation which we may use to calculate A when the three
lines are near together, but not 1n other cases.

Method V. Arithmetical wnterpolation by means of wave-
numbers
The use of this method will be understood from what pre-

cedes.
8 P 13
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Method VI. Arithmetical wnterpolation by means of
Hartmanw's formula.

It bhas already been stated that equal distances on the scale
correspond very nearly to equal differences in the reciprocal
of A —2g, where A;=2700 X* metres approximately. Hence
calling y,, y, and y the reciprocals for the two reference lines
and for the unknown line respectively we have -—

y=3/1+£::%(?/a"?/1)-

From y, the wave-length 1s found by calculating Ao+ 1/y.

When the reference lines are not very close together this 18
the method which should always be adopted when arithmetical
1nterpolation 18 employed, and that value of A, should be adopted
which gives the nearest appioach to a straight line graph for
the instrument used.

Exercise III. Map a spectrum on the normal scale.
Using the curve obtained 1n Exercise 1L, make as accurate a
drawing as you can of the calcium spectrum on a scale of wave-
lengths, representing the characteristic teatures of the spectrum
by one of the two methods of mapping spectra described on
pages 185 and 186.

Exercise IV. Using the measurements previously made,
calculate, by Methods IV. and VI. above, the wave-length of
the sodium line, having given the wave-lengths of the hithium

and thallium lines.
Enter observations and results as follows —

Wave lengths 1n Xth metres
Lune Scale Division & Calculated Calculated
1ven Method TV | Method VI
Liathium .. 615 6708
Thallium .. 10 55 5351
‘ Sodium oes 80 5932 5898

P

Correct Wave-length = 5893.
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Notice that Method IV. gives only an approximate value, but
that Method VI gives a fairly accurate result This shews that
the reference lines are too distant from the unknown line for
the first method of direct interpolation to be applicable, and for
very accurate work even the method of 1nverse squares should
not be used for lines which are so wide apart as these.

TABLE
Wave length ‘Wave number Inverse Square of
Reference Lines Xth Metres per Centumetre ‘Wave-length
m ar m awr m ar

Kred Centreof| 7682 5 13016 6 1694 3 x 10°
double Iine
La red 6708 2 14907 1 2222 2
H,red (C) 6563 05 15236 8 2321 6
Na yellow Cen- 5893 17 16968 8 2879 4

tre of double

line (D)
Tl green 5350 65 18689 3 3492 8
Hpg green (F) 4861 60 20569 8 4231 2
Sr blue 4607°51 21703 6 47105
Ca blue 4226 90 23658 0 5597 0
K violet Centre 4045 82 24716 9 6109 3

of double line

The wave-lengths and wave-numbers are here given to six
significant figures, as the more complete values may be useful
for reference, but for the purposes of the above exercises 1t will
be sufficient to use four figures The wave-lengths are taken
as far as possible from Rowland’s maps, 1n the case of Potassium,
Lathium, and Thalhum the numbers are those given by Kayser
and Runge.

13—2



SECTION XLI.

THE SPECTROMETER AND ITS ADJUSTMENTS.

Apparatus required Spectrometer, with Gauss eye-prece,
plane parallel glass on stand

An 1nstrument m which the deviation produced by the
passage of a beam of parallel light through a prism or other
apparatus can be measuted 1s called a spectrometer It
consists of a collimator S, a telescope T, and a horizontal
divided circle O (ig 83) The telescope moves about a vertical
axis> passing through the centre of the circle Attached to
the telescope 18 an arm carrying two vermers V, V' opposite

Fig 88

each other, which move along the circular scale, so that the
angle through which the telescope 1s turned may be accurately
measured®. Above the divided scale 18 a table B, on which
prisms or gratings may be placed. In some instruments

* In Fig. 83 the circle and verniers are enclosed in a case, and are read
through windows in the case.
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this table 1s fixed, but 1t ought always to be capable of bemng
turned about an axis coincident with the axis of rotation of the
telescope. The way in which an angular displacement of the
table 1s measured differs in different instruments If the
divided circle 1s fixed to the collimator, the table should carry
a second set of verniers. But 1n many instruments the divided
circle 18 attached to the table In that case, care must be
taken that between any two readings of the verniers either the
table only, or the telescope only 1s moved If both are
displaced, the vernier readings will only shew the difference
between the angular displacements of table and telescope, not
the actual displacement of exther.

It 1s difficult to secure that the axis of rotation passes
accurately through the centre of the divided circle The eiror
thereby 1ntroduced called “error of eccentricity,” 18 eliminated
by having two veinieis opposite each other as described The
angle measwed by means of one vermer exceeds the correct
value by as much as the angle measured on the other falls short
of 1t, so that the arithmetic mean of the two results gives the
correct angle  For a proof of this see Note, p 204

Examine the scale and vernier, and determine the value of
the smallest subdivision of the principal and vernier scales
If eg the circular scale 1s subdivided 1nto 20 minutes of arc,
the vermer will probably be divided into 20 parts, of which
every fifth will be numbered, and each of the 20 may be sub-
divided 1nto 2 or 3 parts, which will allow the measurements
to be made to 30 or 20 seconds of arc In entering an obser-
vation 1 your Note-book, write down separately the readings
of the two scales Thus if the angle to be read off were
4'7° 43 20", the observation would be entered as follows —

Principal Scale .. 47° 40" 0"
Vermer . . . ¥ 20
47° 43 207
A wooden model of the vernier 1s placed in the laboratory,
and the student should practise reading 1t until he 18 quite

familiar with 1t
Before proceeding with the exercises students should study
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the construction of the instrument they are using, and refer to
a more detailed description, which will be supplied with the
mstrument Special care should be taken to be famihar with
the object of the various screw heads, which serve either to
clamp some part of the instrument, or to give that part a slow
motion If the telescope, for instance, 18 to be pomnted 1n any
direction, 1t 18 first moved by hand as nearly as possible into
1ts right position It 1s then “clamped” by the proper screw,
and finally brought to the proper position by means of a “fine
adjustment sciew,” which can, within certain limits, alter its
direction  For the purpose of clamping, 1t 1s not necessary to
use great force If the screw s screwed up gently o will be
sufficient  If force 1s used the wnstrument unll be damaged

Other moveable parts of the instrument will also 1n general
be provided with a clamping arrangement and fine adjustment

Before moving any part of the wnstrument care must be taken
that the clamping screw of that part is released All parts
should move easily, and no force should ever be used

In order to fix the direction in which the telescope
points, a mark 18 placed 1mn the focal plane of the object lens.
This mark consists generally of a cross formed by two cocoon
fibres, spider’s threads, or very thin platinum wires This
arrangement, called the “cross wires,” can be turned i 1ts own
plane, so that one of the wires may be placed vertically, or they
may both be placed at an equal inclination to the vertical. The
latter position 18 most convenmient when the telescope 18 to be
pomnted towards the image of a sht, for 1t 1s found easier to

A
A

8
Fig 84. Fig 85.

place the centre of the cross on the image when the cross has
the position shewn in Fig. 84, where AB represents the image
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of the sht, than when one of the wires 1s vertical, as in Fig 85.
For when the slit 1s narrow, as 1t should be, the vertical wire
will be difficult to see against the dark backgiound.

When the field of view 18 dark, 1t may be necessary to throw
some light mto the telescope 1n order to see the cross wires
distinetly This 1s best done by means of a sheet of white
paper held 1in the hand and placed obliquely near the object-
glass of the telescope, the light scattered from the white paper
will 1lluminate the field of view sufficiently

To focus the eye-piece on the cioss wires, there must be
some means of altering the positions of one of the two If the
cross wires are fixed 1 the draw tube, the eye-piece may be
moved shightly outwards or inwards, 1f the eye-piece 1s fixed the
wires are mounted on a frame which admits of a small motion
Turning the telescope towards a biight surface, such as an
lluminated sheet of paper, move the eye-piece or the cross
wires until you see them distinctly. The eye will be least
fatigued, if the cross wnes are so placed that thewr image
is as far from the eye as 1s possible, consistently with distinet
vision

To focus the telescope turn 1t towards some distant object,
and alter the distance between object lens and eye-piece till a
distinct 1mage of the object 1s produced at the cross wires.
Move the head sideways to see that there 18 no parallax

If a parallel beam enteis the telescope 1n such a direction
that 1t converges to the cential point of the cross wires, a line
drawn through that central point parallel to the original
direction of the beam, 1s the “line of sight” of the telescope.
If the hight comes from a star, the line of sight 1s the hne
drawn fiom the centre of the cross towards the star. This line
of mght should be perpendicular to the axis of rotation of the
telescope (see p 201)

In order to adjust the collimator to give a parallel beam of
hght, turn the focussed telescope so as to look straight into the
collimator tube. Place a luminous burner 10 cms. behind the
slit of the latter and focus the collimator until the edges of
the sht look perfectly sharp Place the cross wires on it, move
the eye to the right or left and see that there 1s no paraliax.
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The level of the collimator must now be fixed, so that a
point near the centre of the sht shall have 1ts image covered by
the cross wire For this purpose a fine wue or thread should
be stretched across the centie of the shit If the level of the
collimator admits of alteration, 1t should be adjusted until the
mmage of this thread coincides with the centie of the cross If
the collimator 1s fixed, the position of the thread on the sht
must be altered until the condition 1s nearly satisfied, great
accuracy of this adjustment not being essential

Another method of focussing telescope and collimator 1s
sometimes found more convenient,
as 1t does not mvolve removing the
prism or other apparatus from the
table This method 1s based on the
fact thatif a beam of hght diverging
from a powmt S falls on a prism, the
distance of the wvirtual image S’
from the p11sm 18 greater the greater
the angle of 1ncidence of the onginal beam If the prism 1s
placed 1n the position of minmnmuin deviation (Fig 86), the
virtual 1mage will be at the same distance as the object, but as
the prism 1s turned 1n the duecction of the hands of a watch,
the virtual 1mage will move turther away If the distance of
S from the prism 1s very gieat, so that a parallel beam of light
falls on the prism, the rays will remain parallel after 1efraction,
whatever the angle of incidence If the origwnal beam s
parallel therefore, and only wn that case, will the position of
the prism have no effect on the dustunce of the virtual vmage from
the observer This furmishes a delicate test of the parallelism of
a beam of hght. If the light 1s not parallel the adjustment
may be made as follows —

Place a prism on the spectiometer table approximately in
the position of mimmum deviation Illuminate the sht with
sodium hight and turn the telescope so as to see the sodium
line Fix the position of the telescope so that when the prism
1s turned round, the 1mage moves across the field of view and
comes to minimum deviation just at 1ts edge or a little beyond,
It 15 clear that there will now be two positions of the

Fig 86
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prism for which the sodium lime will be in the centre of the
field of view In the first position, which we may call the
“glanting position,” the incidence of the beam on the prism 1s
greater than at mimmum deviation, while 1n the second which
we may call the “normal position” the incidence 1s smaller
Rotate the prism to the slanting position, and focus the
telescope carefully until you see the edges of the sht quite
shaiply, 1t 1s better for this purpose not to have too nariow a
shit Now turn the prism into the normal position. If the
focus 1s still good, the collimator supplies a parallel beam.
But 1f the image 1s out of focus, this shews that the collimator
18 not n adjustment, and as we know that the change of
position of the prism must have brought the image neurer, we
may remove 1t to 1ts old position by adjusting the collvmator
When this 1s done the prism 1s turned back to the slanting
position  In domg so we remove the 1mage still further, and
must focus again, but this time with the telescope

Repeat the process several tumes, taking care always to focus
the telescope when the prism s wn the slanting position, and the
collumator when the prism 18 w the mormal position  After
three or four changes 1t will generally be found that the image
remains 1n focus during the displacement of the prism, and the
adjustment 1s then complete

If the telescope 18 now dirccted straight towards the
colhmator, the image of the slhit should be in focus at the
cross wires, and there should be no parallax on moving the eye
to the right or left When the prism 18 1n use, if the faces of
the prism are not quite plane, 1t may happen that the focus 1s
slightly different according as light passes through the prism,
or 18 reflected fiom one of its faces. Unless the image 1s
rendered markedly indistinet 1t 18 best, however, not to alter
the focus The prisms generally supplied with spectrometers
of ordinary size are sufficiently plane not to require any
readjustment of focus

We have seen that the line of sight of the telescope should
be at right angles to the axis of rotation, u.e, parallel to the
plane ot the divided circle

This adjustment 18 more dufficult to carry out. Fortunately
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the errors introduced when the condition is not accurately
fulfilled are not very great, and unless great accuracy 1s required
1t need not be carried out. The method 18 1nstructive however,
and should be understood

In Fig 87 let AB be the axis of rotation, LM the line of
sight of the telescope Also let HK be a piece of plane parallel
glass, placed so that a ray of light passing along ML 1s reflected
back along the same lme LM, ve with HK at right angles to

H
N’ g . M
D L L /D/
K
B
(&4 0

[y

A
Fig, 87.

LM If now the arm OCD is rotated through two right angles
round AB, until the hine of sight comes into the position L'M’,
an inspection of the figure will shew that the surface HK will
no longer be at right angles to L'M’, unless the line LM was
orgunally at rght angles to AB.

It remains to be shewn how the line of sight of the
telescope may be adjusted to satisfy this condition. The
telescope 18 provided with an eye-piece having an aperture
at the side, through which light may fall on an inchned piece
of glass inserted between the two lenses of the eye-piece. The
hght from a luminous burner 1s reflected from the glass plate,
and illuminates the cross wires (Fig. 88).

H ¥
T —————13

K

Fig 88,

The light diverging from these wires is converted by the
object-glass of the telescope into a parallel beam of Lght,
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which is reflected from the plane surface HK along 1ts own
path, if that suiface 1s at right angles to the line of sight of
the telescope. An 1mage of the cross wire will be formed,
which will comncide with the wires themselves if all the
adjustments are perfect. A shght displacement of HEK will
displace the mmage of the cross wires, and unless HK 1s
approximately 1n the right position, the image may not appear
1n the field of view at all In making the adjustment proceed
as follows Place the glass plate on the table of the spectro-
meter so that the plane of the plate 18 perpendicular to the
line joining two levelling screws of the table, and loosen the
clamping screws of table and telescope Tuin the table until
the line of sight of the telescope 1s, as far as you can judge by
the eye, at right angles to the glass plate. Place your eye near
the eye-piece of the telescope, and look at the image of the
telescope 1 the glass plate. This 1mage should be 1n line with
the telescope 1tself as 1n Fig 89.

o, B,

Fig 89. Fig 90

If the image points downwards, as i Fig. 90, the plate
should be tilted backwards by means of the levelling screws
A little practice will enable you to set the plate nearly right
m this way by eye. When this 18 done, clamp the table, place
a lght at the side of the eye-piece, and look through the
telescope. A small angular movement of the telescope to the
right or left should now bring the 1mage of the cross wires mnto
sight Now level the glass plate till on moving the telescope
the image of the cross wires coincides exactly with the wires
themselves.

The adjustment having been made on one side, turn the
telescope through two right angles, and see whether the image
of the cross wires formed by reflection from the other sde of
the plate coincides with the wires. If this is the case, the line
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of sight 18 at right angles to the axis of rotation as required.
If not, bring the two 1mages mto coincidence by first tilting the
telescope until their distance apart has been halved, and then
tilting the glass plate until the images are in coincidence
Turn the telescope again through two right angles, and if
necessary repeat the adjustment till the 1mages comncide with
the cross wires 1n both positions of the telescope

If the two images of the cross are not both sharply defined,
the telescope has not been properly adjusted for parallel rays,
or the glass plate 18 not perfectly plane.

Note.

In Fig. 91 let C be the centre of the divided circle. In
any position of the telescope let one of
the verniers be at A and the other at A’,
and let O be the axis of rotation of the
telescope. Let the telescope be rotated
till the verniers are at BB’. Then BOA
will be the angle through which the
telescope has been rotated, while BCA
and B'CA’' will be the apparent angular
displacements of the two verniers as read
off on the divided circle.

But

BCA =20BA=B0A +0BA-0ADB
and

B'CA'=204B =B0A +04AB - 0B'A
Hence by addition BCA + B'CA'=2B0A
which shews that the angle through which the telescope is

rotated, 1s correctly obtained by taking the arithmetic mean of
the angles read off on the vernier scale.




SECTION XLIL

DETERMINATION OF THE REFRACTIVE INDEX OF
A SOLID BY THE SPECTROMETER.

Apparatus required Spectrometer in adjustment, glass
prism, small myrror and reading lens, sodwum bead and flame

The method used 10 determining the refractive index of a

solid 18 1dentical with that explained 1n the elementary exercise*
on the same subject, with which the student 1s supposed to be
familiar  The first step 1s to determine the refracting angle of
the prism  For this purpose the prism must be placed on the
table of the spectrometer so that 1ts two refracting faces, and
therefore their intersection, are perpendicular to the plane of
the graduated circle The table of
the spectrometer ought to consist (o \7°
of a platform which can be levelled \
independently of the circular scale.
If this 18 not the case, the prism
should be placed on a separate
support provided with levelling
screws

In Fig 92 PQR are the three Fig 92.
levelling screws, and the prism 1s placed 1n the centre of the
table 1n such a way that one of the faces, say AC, 18 at right
angles to the line joiming two screws, say R and @ This
may be done with sufficient accuracy by eye. To adjust the
faces of the prism, place the collimator and telescope at a small
angle to each other, illuminate the sht and turn the table of
the spectrometer until an 1mage of the sht, formed by reflection
at AC, appears m the centre of the field.

The slit should be sufficiently narrow to allow you to place
the cross accurately over 1ts 1mage, but 1t 18 not necessary to
have 1t as nariow as you would use 1t 1n spectroscopic work,

* Intermediate Practical Physics, Sec, xxvur.
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unless you desire to resolve the double sodium line and measure
the refractive index for each line separately

The spectrometer table must now be levelled so that the
mage of a thread stretched across the centre of the slhit
comncides with the centre of the cross wires of the telescope.
The table 1s then turned till the reflection of the sht 1s
obtaned from the face 4B, and the 1mage of the thread made
to comncide with the centre of the cross wires by levelling the
prism by means of the screw P, which 18 the only one that does
not alter the inclination of the face AC, but only turns that
face 1 1ts own plane After the face AB has been levelled 1n
this way, return to the face AC, 1f you have not ongmally
succeeded 1n placing AC at right angles to QR, you may have
shightly altered the inclination of the face If so, set 1t night
again by the screw  which least disturbs the face 4B

Gomng backwards and forwards once or twice will always
enable you to secure that the two faces are both properly
adjusted

Proceed next to measure the angle of the prism Keep
the telescope fixed, and turn the prism so that the intersection
of the cross wires lies exactly on the image of the shit formed
by reflection at one face of the prism Read both verniers,
In order to see the vernier divisions distinctly reflect light from
a gas or electric lamp on to the scale by means of a small piece of
mirror glass held near the scale Next turn the prism till the
mmage of the slip formed by the second face 1s on the cross wire,
and again read both vermers If the table has been turned
through an angle 6° between the two observations, the angle of
the prism 1s 180° — 6°,

If 1n moving from one position to the other, a vernier
passes over the zero of the scale, 360° must be added to the
smaller reading, and the higher reading subtracted from 1t.

Alter the position of the telescope by a few degrees, and
repeat your observations, obtainng a second value for the angle
of the prism, which should agree closely with the first

This method 1mplies that the table of the spectrometer 1s
moveable If 1t is not so, the method desciibed in the Note
P 209 must be adopted.
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Enter your observations as follows :
Jan 24, 1894.
Spectrometer 4, Prism 4.
Determnation of Angle of Prism.

Vernier A. Vernier B
First position of prism ... 350° ¢’ 0” 170° 2" 20”
Second ,, ” . 110° 13" 0” 290° 11" 0~
Dafference . .. 120° 7 0" 120° 8 40’
Mean .- . 120° 7' 50”
‘. Angle of prism .. 59° 52 10”

Similarly for the second measurement

Having determined the angle of the prism proceed to find
the mimmum deviation for hight of the kind for which the
refractive index of the prism 1s required, eg, sodium lhght
Place a Bunsen burner with a sodium bead 1n 1t behind the
sht, and without altering the adjustment of the prism turn the
spectrometer table so that the hight cuming fiom the collimator
18 refiacted through the prism Find the refracted image of
the sht 1n the first place by eye, and follow the 1mage while
the prism 18 slowly turned round till the position of mimmum
deviation 18 found roughly When this 1s done bmng the
telescope 1nto this position, and find the image of the sht
the telescope. Watch this 1mage while the table of the spec-
trometer 18 slowly turned If the direction of rotation 1s
properly chosen, you will find the image moves slowly
in the plane of deviation, comes to a standstill, and moves
back agamn Leave the prism 1n the position for which
the deviation 18 least, place the cross wires of the telescope
approximately on the 1mage, clamp* the telescope and adjust
the cross wires more accurately by means of the slow motion.
Now turn the prism again backwards and forwards, making
sure that the centre of the image of the sht just comes up to
the centre of the cross wires, but does not pass beyond it.
Adjust the telescope 1f necessary until you are quite satisfied
that this 1s the case, then clamp the table of the spectrometer.

* See remarks as to clamping, &¢, p 196,
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Now read both verniers Remove the prism, unclamp the
telescope, turn 1t so as to pomnt directly towards the colli-
mator, and adjust 1t until the image of the sht 1s bisected by
the cross wires Read the verniers to determine the position
of the telescope when there 1s no deviation of the ray The
difference 1n the readings n this position and in the position
of mmimum deviation gives the angle of mimimum deviation.

Obtain two independent readings of the position of minimum
deviation so as to secure accurate results,

When the spectrometer table 1s fixed, 1t 1s not maternal
whether the direct reading 18 taken before that of mimimum
deviation or wice versd  But when the graduated cucle moves
unth the spectrometer table the above order must be adhered to
For 1t has already been pointed out that correct values will in
that case only be obtained 1if either the telescope only, or the
table only, 18 turned round between two readings As the
adjustment to mimmum deviation necessarily involves the
turning round of the table, this should be done first and the
table be clamped before the telescope 1s moved round to take
the direct reading

The observations are entered as follows —

Determwnation of Mwnimum Deviation

Vernier A Vernier B
Prism at mmmmum deviation 143° 40’ 00” 323° 40" 40"
Direct reading 94°¢ 13’ 00” 274° 147 20/
49° 27° 00” 49° 26" 20”
Angle of mmmimum deviation . 49° 26" 40”

Simularly for the second experiment
Angle of mmmmum deviation .. 49° 27' 40"

Mean D . 49° 27" 10”
Angle of prism a 59° 52' 10”

D+a =109° 19’ 20"
(D + a)/2 = 54° 39’ 40"
a2 = 29° 56’ 05"
sin D+a
2

=16347.
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The observations should be sufficiently accurate to give the
third decimal place with certainty, and the fourth decimal
place with fair accuracy The numerical calculation should be
carried out with a table of seven figure logarithms

Calculate the error produced 1n n on the supposition that
an erior of half a minute has been made, () 1n the mcasure-
ment of the angle, (b) 1n the determination of the mimimum
deviation.

Note.

If the table of the spectrometer 13 not moveable, the angle
of the piism may be measured as follows —Place the prism
with 1ts refracting edge towards the collimator 1n such a
position, that about half the beam of
light falls on one and half on the other
face ot the prism A reflected 1mage ™~
may now be obtained from each face, and
if the telescope 1s first placed so as to
pont to one 1mage, and then turned until
1t pomnts to the other, the angle through
which the telescope has been turned 1s
twice the angle of the prism In Fig 93, let I be the virtual
mmage of the shit formed by the collimator, 4 BC' the prisn, 7,
and I, the two 1mages formed by reflection at the faces 4B
and AC of the prism By the laws of reflection we have the
angles

“

A

1) <

Iig 98

TAI =21AN,
IAI,=2IAN,

o LAL=2N,AN, = 2a

The images I, and I, therefore subtend an angle 2« at the
refracting edge 4, and 1f the telescope 1s pomnted first towards I,
and then towards Z,, the angle thiough which it turns will be
2a, 1f the axis of rotation of the telescope 18 at A4, or 1f J 18 at
an nfinite distance. Hence, 1n order that this method should
give correct results, the collimator ought to be well adjusted
for parallel light, and to correct any error due to a faulty
adjustment, the refracting edge should be placed nearly over

8 P 14
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the axis of rotation of the telescope. The errors introduced may
otherwise be quite appreciable If, for instance, the distance
between the refracting edge and the axis of rotation 1s one
centimetre and the image of the sht at a distance of 50 metres,
which 1s quite possible if the collimator 1s of ordinary size, the
error may amount to over a minute of arc

Quite apart from this source of error, which might be
avoided, the method 1s not a good one, for each 1mage 18
formed by an unsymmetrical beam of lght, filing at the
utmost only halt the telescope lens, and serious eriors may
creep 1 due to the aberrations of the lenses.



SECTION XLIII

DETERMINATION OF THE INDEX OF REFRACTION
OF A LI1QUID. SPECIFIC REFRACTIVE POWERS.

Apparatus required: Spectrometer, hollow glass prism,
alcohol, thermometer, Bunsen flame, and sodium bead

When the 1ndex of refraction of a hquid 18 to be determined
the liquid 1s placed 1n a hollow prism the vertical sides of
which are two plates of glass If these glass plates are accu-
rately plane parallel they produce no deviation of the rays of
hght passing through them, and the deviation observed 1s due
to the hiquid only. Hence the angle of the prism of hiquid may
be measured, and the refractive index determined by the dewvia-
tion, just as 1n the case of a solid glass prism If the plates
of glass are shightly prismatic their effects on the apparent
angle and deviation must be ehminated To enable this to be
done they are not cemented to the rest of the pri<m, but are
made moveable, and are kept 1n position by rubber bands or by
chips  After observations of the angle of the prism and of the
deviation have been made each plate 1s rotated about 1ts normal
through 180° and the observations repeated. The means of the
two sets of observations of the angle and of the deviation are
the required angle and deviation of the hquid prism.

Clean the prism provided, and fill 1t with absolute alcohol
at the temperature of the room

As the prism may leak a little, 1t 1s not placed directly on
the table of the spectrometer, but 1n a shallow metal dish which
stands on three short legs on the table, and 1tself supports the
prism at three points

The adjustment of the prism and the determination of the
angle and deviation are made as i1n the previous section. In

14—2
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determining the angle the stronger of the two reflected images
of the slit seen 1n the telescope should be used 1n each case.
It 18 formed by reflection at the air-glass surface, while the
weaker is formed by reflection atv the glass-liquid surfoce.

The glass plates forming the sides ot the prism are then
rotated as described above and the observations repeated Each
plate 1s provided with a mark, the position of which should be
recorded, along with the observations

The mean deviation D and the mean angle a are then
found and the refractive index calculated from them in the
usual way

Enter your observations and results as follows —

15 October, 1895
Prism II. ABSOLUTE ALCOHOL

Determimnation of deviation produced by prism when the
marks on the glass plates are near angle of prism —
Vermer 4 Vermer B

With  pnsm ... . 229° 507 49° 4 30”
Without , e 2390 203 7 30
25° 56’ 0” 25° 57 0"
Apparent deviation .. 25° 56" 307
Determination of angle of prism when the marks on the
plates are near angle of prism —

First position e 246° 29° 30”7 66° 29’ 30”
Second ,, .. 126 29 O 306 29 30
Dafference .. 120 0 30 120 0 O
Mean . 120° 0’ 15",
.". Apparent angle of prism = 59° 59’ 45”.

Give similarly the readings of the verniers when the plates
have been rotated and the marks are near the base of the prism,
and collect the results as follows -—

Mean minimum deviation=D .  25° 36’ 30"
Mean angle of prism = a . b9 b1 42
.* Refractive mndex ... .. 13635
Temperature of alcohol . .. 18°C.

Refractive index calculated from re-

fractive powers ... } 1365



XLITI REFRACTIVE POWERS 213

If greater accuracy 1s required several measurements should
be made and the mean of the results taken.

The observed refractive index may be compared with the
index cadculated by a method founded on the following facts —

If p 18 the refractive index and d the density of a substance,

the value of the expression p1 18 called by Gladstone the

d

specific refractive power of the substance It 1s not sensibly
altered by variations of temperature or pressure, but changes
when the substance passes from the liquid to the gaseous state.
Lorenz and Lorentz have from theory deduced another expression,
namely, —; 3 which remains nearly constant, even when
the substance changes 1ts state For the purpose of this
exercise 1t will be sufficient to use the former expression, as
1t more easily lends 1tself to numerical calculation The refrac-
tive power varies with the wave-length of the hight used, and
we shall take u to refer to sodium light.

It 18 found by expcriment, that the refractive power of a
mixture of substances 13 equal to the mean refractive power of
the constituents Thus, if p,, p,, ps, &c. grams. of a number of
hiquids are mixed together, we have

N-1_ -1 —1 p-1
PT *-P dl + P2 "d’—'+ps*'d' + &,

where P=p,+p,+ps+..., and (VN —1)/D 1s the refractive
power of the mixture.

It has also been found, that for a compound, the molecule M
of which contains =, atoms of an element the atomic weight of
which 1s m,, n, atoms of an element the atomic weight ot which
18 my, and so on, the weights of the different elements in the
combination bemng therefore n,m,, n,m,, etc, we have

p—1 -1 -1
M T _""1’”1’1,‘1d‘l +ns'nz#’2€‘l,“'-+&co

If we call m, ”"i—l the atomic refractive power of the first
1

element, and designate 1t by r,, and so on for the other elements,



214 LIGHT XLII

and M ’%! the molecular refiactive power R of the compound,

we have then the equation
R=nr+nr+ &e,

or in words —the refiactive power of a compound 1s the sum of
the products formed by multiplying the atomic refractive power
of each element by the number of atoms of that element con-
tamned 1n the molecule of the compound

We cannot directly determine the atomic refractive power
of an element entering 1mnto a compound, but we may find 1t 1n-
directly. If, for instance, we take three compounds containing
carbon, hydrogen, and oxygen 1n different proportions, we obtain
three equations to determine 7y, 75, and 7, the atomic refractions
of carbon, hydrogen, and oxygen respectively, and if we find that
the refractive mdices of other compounds may be determined
with the help of the values so found, we shall have justified the
above statement. It appears, however, that the way in which
an atom 1s combined affects 1ts refractive power, and to obtain
consistent results 1t 18 necessary to assume, for instance, that
oxygen 1n the carbonyl group has a different rehactive power
from the hydroxyl oxygen.

Calculate the refractive index of ethyl aleohol C,H,O,
making use of the following numbers

Atomic refraction of H(H =1) 147
of O 1n alcohols (O = 16) 265

” ” of C(C=12) ... . 471
Density of ethyl alcohol, at 20°= ... .. 788
Coefficient of cubical expansion= .. «. 0010
Calculated 1ndex of alcohol at 18°C = ... 1359
Measured " . = ... 1363

» »”
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PHOTOMETRY

Apparatus required : Photometer, scale, sperm candles or
a standard electric lamp, and gas-lamp.

The photometer 1s an instiument for compaiing the 1llu-
minating powers of different sources of light. One of the
most accurate foims of the mstrument 18 that in which the
two sources are placed on opposite sides of a scieen capable of
partly reflecting and paitly tiansmtting the light from each
source. When this screen 1s placed in such a position that the
straight lines drawn from 1t to the two souices make equal
angles with the scieen, and the illumination of the two sides
of the screen appears the same, the amounts of light to be
compared are to each other as the squares of the distances of
the sources from the screen

The standard source 1s a sperm candle flame consuming
120 giains of sperm per hour, and the standaid direction any
Iime 1n a horizontal plane If the consumption of sperm differs
from the standard rate by less than 10 grains per hour, the
llumnating power may be taken as proportional to the con-
sumption

Candles are too variable to provide an accurate standard
and an mncandescent electric lamp standardised and run at a
stated voltage 1s generally substituted. In what follows 1t 1s
supposed that candles are used

Arrange the two sperm candles, the photometer, and the
gas flame provided, 1n a straight line 1n the order named, the
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two candles being mounted about 5 cms apart 1n a direction
perpendicular to the straight line, on a stand capable of moving
along a graduated scale parallel to the line, F1g 94  Place the

I3

[

Fig 94.

gas flame at some convement fixed distance from the photo-
meter screen, say 1 metre, with a flat surface towards the
screen, light the candles and after a few minutes move them
backwards and forwards along the scale, till the illumination
of the two sides of the photometer screen 1s equal If the
sumple Bunsen screen 1s used, this 18 the case when the semi-
opaque and semi-transparent parts of the screen appear of equal
brightness, and 1f the Lummer-Brodhun mstrument® 1s used,
when the mmner and outer parts of the field of view of the
telescope through which the screen 1s viewed appear of equal
brightness If it is not possible to produce equality of brightness
without moving the candles inconveniently near to or far from the
photometer, mcrease or decrease the distance of the gas flame,.

Blow out the candles, weigh and replace them, and at a
given 1stant rehght them  Move them till equality of
brightness of the screen 13 produced, and determine the
distance of the candles from the screen by reading the scale
position of a pownt vertically under the candles If the
photometer screen can be reversed this should be done and
equality of 1llumination again secured by moving the candles
Their position should agamm be 1ead on the scale These
observations should be repeated three or four times and the
means taken

Rotate the gas flame so that the flat surface 1s now inclined
at 45° to the line drawn to the photometer, and repeat the
observations. Rotate the flame again through 45° so that the
edge 13 presented to the photometer, and repeat. Continue

1 This 18 the mnstrument shewn 1n Fig, 94,
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the rotations and observations till those first taken have been
repeated

Blow out the candles, noting the time, and again weigh
them \

Record as follows —

19 Jan, 1897.
Tuhp gas-burner.

Distance D of gas flame fiom photometer screen =80 cms.
Weight of candles when lighted at 10h 40m 154 2 grams.

» o ow om » Dblownoutat1lh 10m 1460 ,,
8 y
Sperm consumed 1n *5 hrs. { 2 gws
= 127 grains
127 .
. Candle power of candles=L = X190 = 212 standard
candles
Mean
Gasg flame c‘:t::i';g:?: (::!:‘ di D: | Dyds | g: %’:;Ef
screen=
R I
(1) at 46° 3 %
Edge (a) % &e 2
(2) at 45° 3 z
Flat (1) 3

Represent these results graphically as follows —

Draw a plan of the gas flame as seen from above, and draw
from the centre of the plan lines through the edges, and lines
inclined at 45° and 90° respectively to the surfaces of the flame.
Along each e take a length proportional to the candle power
observed 1n 1ts direction. Join the points so determined by a
smooth curve This 18 known as a “honzontal photometer
curve” for the flame. By taking observations in directions
inclined at intermediate angles 1t can- be drawn with greater
accuracy.
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INTERFERENCE OF LIGHT.

Apparatus required: Bunsen flame, sodwum bead, slit,
biprusm, micrometer macroscope, metre scale

When two beams of homogeneous light coming from the
same soutce cross each other after having described paths
differing 1n length, the vibrations due to the two may be 1n
opposite directions and neutrahise each other at certain points
of the region where the beams cross At such pomnts the joint
action of the two beams will produce partial or total darkness,
and 1f a screen 18 placed 1n this region, a series of light and daik
“1nterference ” bands will be seen on 1t

In the case 1n which the source of light 1s a narrow vertical
sht behind which a sodium flame 1s placed, and the two beams
are produced by the passage of the light from this sht
through a double prism the section of which 1s 1ndicated
m Fig 95, the distance « between consecutive dark
bands on the screen, 1s related to the wave-length A of
the light, the distance a of the sht from the screen, and
the distance apart ¢ of the two virtual 1mages of the slit Fig 95,

formed by the biprism, by the equation Ag '?5 .

This method of producing interference bands may therefore
be used to determine approximately the wave-length of light

The experiment 18 performed on an “optical bench,” a
simple form of which 18 shewn in Fig. 96.

The sht consists of two brass plates with straight bevelled
edges, attached by screws to a wooden stand provided with
levelling screws,



XLV INTERFERENCE OF LIGHT 219

The brass plates should be adjusted so that their edges are
about 1 mm. apart and parallel to each other. This 1s most

Fig 96.

easily done by placing a strip of thin writing paper between
the edges, pressing the plates together and screwing them
firmly to the wood, and then removing the paper

The biprism 1s mounted on a similar stand

The micrometer microscope consists of an eyepiece mag-
mfying a few times, across the focal plane of which a cross wire,
or by preference a pomnted vertical needle, can be moved by
means of a screw with a graduated head on which the number
of turns can be read The arrangement 1s mounted on a heavy
wooden base.

The three stands described above shide along a wooden
bench provided with a groove i which two levelling screws
of each stand shde, and with a graduated scale.

Place the slit vertical at one end of the stand, and the sodium
flame behind 1t, about 15 cms 1n front place the biprism,
and about 45 cms 1n front of the biprism the micrometer eye-
prece If the sht, edge of biprism, and centre of field of view
of the eyepiece, are 1n a line, and the edge of the prism 18 nearly
parallel to the slit, a series of light and dark vertical bands
should be seen on looking through the eyepiece If no bands
are visible move the biprism backwards and forwards along the
bench and tilt 1t shightly mn 1ts own plane till bands are
visible. Now watch the bands and continue the tilting by
means of the single screw at one side of the biprism stand
Stop the tilting when the bands are most distinct The edge
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of the biprism will now be parallel to the slit The biprism
and eyepiece should now be moved along the bench till the
bands are both distinct and at a convement distance apart for
measurement When this 18 the case adjust the re‘erence
mark 1n the focal plane of the eyepiece to the centre of a light
band, read the screw head, move to the next band, read, and
repeat the process for 5 bands to the left of the centre, then
omit 5 bands, and read the positions of the next 5.

Place a metre scale over the sht, biprism, and eyepiece
stands, and determine their distances apart.

Record as follows :—

2 May, 1900,
Sodium Flame
Band Reading Band Reading
1 3772 11 41 48
2 3812 12 41 85
3 38 54 13 42 20
4 38 84 14 42 59
b 39 25 15 42 93
Mean 38 494 42210
Dafference 3716
Difference for 10 bands . =38716 scale divisions
1 scale division . «. = 05cms
Distance apart of bands ... ="0186 cms.

To determine the distance apart of the two virtual images of
the sht formed by the biprism, place a lens of about 7 cms
focal length, provided with a stop of about 5 cm diameter, in
such a position between the biprism and eyepiece, that the
two 1mages of the sht are in focus. Measure the distance of
the images apart by the micrometer, and the distances of the
lens from sht and eyepiece by the metre scale. If a second
position of the lens can be found for which the images are
again in focus repeat the observations.
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The virtual 1mages since they are formed by prisms of small
refracting angles for nearly normal 1ncidence, are at the same
distance from the prism as the object If therefore u 1s the
distanqe of the shit from the lens, 1t will also represent the
distance of the virtual 1mages from the lens The measuied
distance between the real 1mages 1n the focal plane of the eye-
piece being c;, the distance between the virtual 1mages will be
given by ¢=cu/v, when v 18 the distance between the lens and
the focal plane of the eycpiece. For a second position of the
lens, 1f ¢, 18 the observed distance between the 1mages, ¢ = ¢v/w.

Eather of these observations will give ¢, but the measurement
of u and » may be avoided altogether, for 1f we multiply the
equations together we have ¢ =v¢,c,.

Arrange observations and work as follows —

Distance of lens from sttum:ap:ft images
sht=u screen =v dlsxz?(l)is cms ¢
197 cm 40 3 cm 7 80 390 191
40 2 198 193 0915 189
Nees, | +189
~
Mean 190
u+v=600cms =a
0 1
o ap =202 0186 X 190 _ 00 0589 = 5:89 x 10~ cms.

Known wave-length of sodium hght = 5 893 x 10~* cms.
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MEASUREMENT OF THE WAVE-LENGTH OF LIGHT
BY THE DIFFRACTION GRATING

Apparatus required: Spectrometer, dyfraction grating,
Bunsen flame, and sodwum bead

When a beam of homogeneous hight diverging from a point
passes through a transparent plate on one suiface of which a
sertes of equidistant fine parallel lines has been ruled, the
emergent light appears to diverge from a number of virtual
1mages, one of which 1s coincident with the luminous point, the
others, which lie on either side of the luminous point, are called
diffraction mmages The surface on which the lines are ruled 1s
called a diffraction surtface or grating.

The connection between the relative positions of the various
1mages, the distance apart of the lines, and the wave-length of
the lght transmitted, can be calculated, and experimental
observation will therefore furnish a means of measuring the
wave-length of hght

In the case of a thin parallel plate of a transparent medium
with equidistant parallel lines ruled on one surface, 1f the hight
incident on the ruled surface 1s a parallel beam, each diffracted
beam will also be a parallel one, and will be deviated by the
angle 6, where n\ = b sin 6, n being an 1nteger called the order
of the 1mage, and b the distance of the lines apart measured from
centre to centrc Hence 1if the grating 18 placed on the table
of a spectrometer, the collimator of which furmshes a beam of
parallel hght, and the telescope of which 1s focussed for parallel
rays, the whole of the images will 1n turn be wisible through



XLVI THE DIFFRACTION GRATING 223

the telescope as 1t is moved fiom one side to the other The
deviation of each diffracted beam may therefore be deter-
minated on the graduated circular scale of the instrument. If
& narroy luminated sht 18 used 1nstead of a luminous pomnt,
the 1mages will be linear

Adjust the spectrometer as described 1n section XLI
Place a sodium flame behind the sht. Using the Gauss
eyepiece 1n the telescope direct 1t towards the collimator
adjust the centre of the cross wires to the image of the sht
and clamp the telescope.

Place the diffraction grating on the table of the instrument
with the plane of the ruling perpendicular to the line joining
two of the screws of the table

Rotate the table till the 1mage of the créss wires formed by
reflection at the surface of the grating 1s seen in the field of
view. Adjust the table by means of the levelling screws till
the reflected and direct 1mages of the wires comcide The
grating 1s then perpendicular to the axis of the collimator and
telescope.

Remove the Gauss and substitute an ordinary eyepiece
Rotate the telescope till the first diffracted 1mage 18 on the
cross wires If 1t 18 mdistinct the screw of the table which
will tilt the lines of the grating in their own plane, should be
rotated till the 1mage 18 as distinct as possible The width of
the sht should then be varied till the two sodium lines are
resolved quite distinctly.

Adjust the telescope by means of the tangent screws till
the centre of the cross wires coincides with one of the lines,
and read the vernier of the circular scale. Adjust to the other
lime and agan read. Now rotate the telescope, adjust to the
dnect image and read the circular scale Then rotate further
i the same direction till the first diffracted 1mage on the other
side 1s seer adjust and read the scale for each hne. Agan
return to the direct 1mage and take readings By rotating
still further in each direction, the 2nd, 3rd, & 1mages may be
found and their positions read.

To obtain the wave-length of light the distance b between
the lines must be known. In an absolute determination the
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most dafficult part of the measurement consists in finding this
distance. It may be determined by comparing 1t by means
of a microscope, with a stage micrometer scale graduated in
01 mm, using a high power objective, then comparing the
micrometer scale with a milhmetre division on a standard
meter scale, using a low power objective. In the present
exercise b will be assumed to be known,
Record the observations as follows .—

6 Jan., 1899
Spectrometer A  Giating 4.
Most refrangible Sodium line.

Vernmer A Vernier B
First order, right 202° 11’ 30" 22° 11’ 00"
Direct reading 179 10 30 359 10 00
First order, left 156 9 30 336 9 30
Dewviation, right 23 100 23 100
” lett 23 100 23 0 30

» mean 23 100 23 0 45

Mean deviation for first order spectra ... 23° 0’ 52”

Simularly for the other line, and for the spectra of the 2nd
and higher orders.
Tabulate results as follows —

6 Jan, 1899,

G ating space of 4 ... =b= 00015062 cms.
" Angle o; r(l)evmhon PR S_IDTQ b(-gx;xl_O:)\
1 23° 0’ 52" 3909 3909 000,05888
2 51 26 0O ‘7817 +3908 *000,05887

Mean | -000,05888

If the telescope is now turned to one of the first order
images, and the table on which the grating 18 placed 1s slowly
rotated, 1t will be seen that the position of the image, and
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therefore the deviation, change A position of the grating can
be found for which the deviation 18 & mmmum Adjust the
telescope on the image when least deviated, and read the
verniers Keeping the table fixed, rotate the telescope till
the direct image 1z scen Read the verniers Now rotate
table and telescope till the minimum position of the first
mmage on the other side 1s found, and repeat the observation
of the deviated and of the direct 1mage.

The minimum deviation ¢ 18 connected with A and b by the

equation 2bsin {213= nA, hence A may again be determined.
Tabulate as follows —

First order spectra.

Vernier 4. Vorner B

Deviated reading right 202° 42" 0"  22° 42’ 30”
Direct » 180 8 30 0 10 0
Deviation tonght .. = 22° 31" 30"  22° 32’ 30”

Mean v = 22° 32" 0’
Dewviated reading left =
Direct ., ,, e = &e.
Deviation to left e =

Mean =

Mean deviation for first order spectra = 22° 32" 15",

Similarly for the second order spectra, collecting the results
in tabular form as follows —
6 January, 1899,

¢ ¢

n ¢ é 8In § ¢

1 2b ¢
Esm 5 - s1n ‘-z-.-x

1 22° 32’ 15" 11° 16" 7" 1954 1954 | -000,05887
2 46 2 0 23 10 3910 1956 5889

Mean | -000,05888

By using the grating so that the diffraction images are
formed by rays 1eflected at the ruled surface, further deter-
minations of A may be made,

8 P 15
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SECTION XLVIL
ROTATION OF PLANE OF POLARISATION I

Apparatus required: Two Nwcol's prisms, two tuves with
glass ends, Rochelle salt, a lithwum and a sodwum flame.

When a beam of homogeneous plane polarised hight 1s
transmitted through certain solids, liquids, and solutions, 1t
1s found that the plane of polarisation 1s rotated thiough
an angle R proportional to the length I of the path of the
1ay 1n the substance, to the density d of the substance, and
dependent on the nature of the substance and of the light used,
1e R=d.l.p, where p 18 known as the specific rotatory power
of the substance for the light used In general p increases as
the wave-length of the light used decreases, hence the necessity
for homogeneous hght 1n making measurements

The object of the present section 1s to verfy the laws of
rotation of the plane of polarisation of light by solutions of
ceitain substances 1 a hiquid which does not itself produce
rotation  In this case the rotation 1s very nearly proportional
to the mass of dissolved substance per cc of the solution
The rotation produced by a layer 1 cm. thick of a solution
containing 1 gram per cc 1s called the specific rotatory power
of the substance dissolved, for the kind of light used.

If a solution contamns 1n 1 ce a grams of a substance the
specific rotatory power of which 1s p, and a beam of homogeneous
plane polarised hght passes through I cms of the solution, and
R 1s the rotation of the plane of polarisation produced, then

R=al p

Take about 75 ce of water, add to 1t 20 grams of Rochelle
salt KNaC,H,0,, When the salt has dissolved add water till
the volume =100 cc

If Rochelle salt 1s not available add 10 grams of sugar to
85cc. of water. When the sugar has dissolved dilute the
solution till its volume=100cec.

If the sugar solution 18 coloured, nix with 1t about 2 grams
of bone black, allow 1t to stand a few minutes and then filter
If the filtrate 18 then bright and clear 1t may be used
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Arrange the solution tube provided, which 1s a glass tube
closed at the ends by moveable plane glass discs, and two
mounted Nicol's prisms, in such a way that the hight of a
Bunsen flame containing a bead of a sodium salt can be seen
through the tube and prisms.

The Nicol without the cicular scale 1s to be placed between

the flame and one end of the tube, 2¢ used as the “ polariser,”
and that with the 1ndex and circular scale graduated 1o degrees,

(= ﬂ@

Fig 98,

Fig 97

placed between the other end of the tube and the eye, 1e used
as the “analyser,” Figs 97 and 98,

A thin sheet of yellow glass may be placed between the
flame and polarser to cut off the blue light of the flame, and 1f
necessary & lens may be used between the analyser and the eye.

Wash out the tube thoroughly, and after filing it with
distilled water plate 1t between the prisms and rotate the
analyser till no light passes through the system. This will
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be the case when two lines simlarly placed in the Nicol’s and
at right angles to the line of sight are also at right angles to
each other. Read the circular scale on the analyser.

Repeat the observation several times, approaching the point
of extinction from opposite sides each time, and take a mean of
the results

Dry the tube by passing through 1t a plug of cotton-wool,
and then fill 1t with the salt or sugar solution, place 1t between
the prisms, and determine as before the position of the analyser
when no light passes. Repeat, and take the mean

The difference between the two means 1s the rotation
of sodium lght produced by the solution

To test the truth of the law expressed by the equation
R=a.l p, take 20 cc of the solution, and dilute to 40 cc.
Fill a tube with this solution, and determine the rotation
produced. It should be half the amount previously obtained
Wash out another tube, fill with the solution, and place
1t between the prisms so that the light now passes through
the two tubes mn succession  Determine the reading for
extinction The rotation produced by both tubes will be
found to be double that produced by one, and equal to
that produced by one tube of double the strength

Substitute a lhthium flame for the sodium flame and
determine the rotation produced by a tube of the original
solution. It will be found less than that for sodium lLght

Wash out the tubes thoroughly before putting away the
apparatus

Arrange your results as follows —

17 Oct, 1895
Rotation of plane of polarisation by sugar solution.
A. Sodwm Laght.

Reading for darkness, with water tube . e 1672°
" ’ with original solution 156 4°
Rotation for original solution ... = 108°

Reading for darkness, with solution of half strength = 1617
Rotation for solution of half strength = 55°

Reading for darkness, with 2 tubes of solution of half strength = 15661°
Rotation for double length of solution of half strength = 111°

B.  Lithwm Iaght as above
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SECTION XLVIIIL
ROTATION OF PLANE OF POLARISATION II.

Suaccharimetry.

Apparatus required : Laurent or other polarvmeter, sugar,
and sodwum flame

With the apparatus used in the previous exercise the eye
has been called upon to judge the point at which the minimum
hight passed through the Nicol’s prisms As the estimation
of the exact position for a mmimum 1s difficult and the
practical determination of the amount of sugar in a sample
18 made to depeud on 1ts power of rotating the plane of
polarisation of light, several instruments have been devised
for getting over the ditficulty, one of these being the Laurent
polarimeter provided. By their means 1t 18 possible to cstimate
the position of extinction to a small fraction of a degree,

The Laurent instrument 1s arranged as shewn in Iigs 99,
100.

u®
E
[ﬁﬂ%%m T

Fig 99.

D
o
>

y

The light from the Bunsen burner 4, in which a bead of a
mixture of equal parts of sodium diborate and common salb
is placed, passes through the lens B, the small hole 1n the
diaphragm O, which 1s covered by a thin plate of bichromate
of potash to cut off all but the yellow light, and falls on the
lens and Nicol prism D. The plane polansed light which
emerges from the Nicol falls on a plate of quartz E, which
covers half the field. The quartz plate 18 cut so that the
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optical axis is parallel to the edge which bisects the field The
plane polarised light falling on the plate 1s decomposed into
two rays, one polarised 1n a plane parallel to the edge of the
plate, the other m a plane perpendicular to this edge The
two rays traverse the plate with different velocities, and the
thickness of the plate 1s so arranged that a dufference of phase
of half a wave-length 18 produced The effect of this 1s, that
if the light passing through the uncovered half of the field
15 polarsed, say m the direction C4 1inclined at an
angle @ to OB the edge of the quartz plate, then that
which has passed through the plate 1s polarised
the direction U4’ such that BCA’'= BC4. On looking ¢
through the analysing Nicol X of the eyepiece, the two
halves of the ficld will appear unequally bright, unless
the principal plane of the analysing Nicol makes equal
angles with the directions 04, C4’, ve, 15 ether parallel or
perpendicular to CB. If 1t 1s parallel to CB the halves are
equally bright, 1f perpendicular cqually dark The dark position
18 the one made use of, and the instrument 1s more sensitive
the smaller 6 1s consistently with sufficient light passing
through the apparatus Generally 8 does not exceed 2°

Adjust the eyepiece till the dividing line between the fields
18 seen distinctly when one half of the field 1s dark and the
other light.

The Nicol D 1s connected to a horizontal moveable arm,
shewn in Fig 100, and may be rotated within certain hmits In
order to get the position of greatest sensitiveness, determine
first the position of the arm when the two halves of the field
are equal 1 brightness whatever be the position of the Nicol K
This should be done with an empty tube at ¥ Now rotate
D through a small angle not exceeding 2° by means of the
moveable arm It will then be found that the two halves of
the field are equally dark for a certain position of K, the left-
hand half increasing, the other decreasing, mn brightness 1f X 1s
moved 1n one direction, and the right-hand half ncreasing, the
other decreasing, 1f the 10tation 18 1n the opposite direction

By means of the rotating screw @, adjust the vermier to
read 0, and by means of the tangent screw H, rotate K till

ABA

Fig 99a
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equality of fields 13 again produced. The instrument now
reads 0 when no active material 1s present
Insert at F a tube filled with distilled water, and determine

Fig 100

the reading for equality of the fields, the adjustment being
made alternately from opposite sides of the position of equality.
This reading should still be O if the water was pure, and the
glass ends of the tube unstrained.

Now insert a tube filled with a sugar solution containing
10 grams of sugar per 100 ¢ ¢ made and clarified according to the
structions, p 226, and take readings several times as before

The sample of sugar from which the solution has been
derived may contain both cane sugar and invert sugar, and
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impunities which will be assumed to be inactive. The cane
sugar rotates the plane of polarsation to the right, and the
mvert sugar to the left. The observed rotation will be due
to the dufference of these effects

To determine the amount of each constituent present, we
make use of the fact that when cane sugar 1s heated gently
with acid 1t is converted into invert sugar, so that the whole
of the sugar then present in the solution 1s invert sugar

From the two observations of the rotation the amount of
each constituent present can be calculated.

Take 20 cc. of the ornginal solution of sugar in a flask, add
to 1t 01 grams of strong hydrochloric acid per gram of sugar
present, 2 e in the present case about 2 drops, add water till the
volume 18 22 cc, and warm gently for 10 minutes, kecping the
temperature about 70° C

Cool the resulting invert sugar solution by placing the flask
for 10 minutes 1n cold water, and after 1ts temperature has
fallen to about 20° C. note the temperature, msert the solution
mn the tube, and determine the rotation produced

Let R, be the rotation observed with the original sugar
solution, and let R, be that observed with the invert sugar,
rotation to the right being considered positive and to the left
negative Let p, be the specific rotatory power of cane, p, that
of vert sugar, and let a, grams of cane sugar and a, grams
of 1nvert sugar be present in 1 gram of the sample.

Then 1n the first experiment,

10a 10
Ri=pi. 58 20+ p7p0 20
=2p,a, + 2p, 0y CTUITIIIE cerarnes (1),

and in the second experiment,
_ {10a, 360 , 10a;) 20
R"”’{mo@@é*i@o}ﬁ
The factor 360/342 bemng due to the change from C,,H,0,

to CjuHy Oy 1 1nversion of the sugar, and the factor 20/22 due
to dilution with acid. Reducing we have

L'1R, = 2p, {@, 360/342 + Gy} cvevvverren.n(2)

20.
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Subtracting (2) from (1) we have
'Rl b l.l.R’ = (2Pl - 2 105P’) a]o

Hence
=———""2 and a,= = L s,
= o= 2105p,” ¢ @ Pa 202 (93p: — pa)

The quantity p, has been found to be nearly independent of
temperature Its value 1s + 6 65 degrees

p, is negative and depends on the temperature ¢ Its value
for sugar inverted 1n the way described 18 — 200 + 031 (¢ — 20)
degrees

Record observations and results as follows —

15 Jan, 1896.
Solution containing 10 grams of sample per 100 ce.
Reading with water 1n tube oo 0°10’ to nght.
Do sugar solution ) o irr
12044, 12°50', 12°50, 12°44) 8% 1274775
. . Rotation at temp 18°C ... oo 12237, ,

Reading with invert solution o iy
4
3°90', 4°0, 335, 3 45 | M 340 to left

.*. Rotation at 18°5"C. 350,
Value of p, ,, ,, ... =—2° 04

R, =12°62, R,=-3°83.

_1262-11(—383) 1683 _
Hence “"‘1330—2105(—204,)‘1759‘96’

Or the sample contains 96°/, of cane sugar and 4°/, of
nvert sugar

Wash out the tubes thoroughly with tap water before putting
away the apparatus.



234

BOOK VI

MAGNETISM AND ELECTRICITY.

SECTION XLIX,

THE MEASUREMENT OF MAGNETIC FIELDS.

Apparatus required: Mwrror magnetometer, lamp and
scale, bar magnet, and wbration box

The intensity of the magnetic field at a point is measured
numelically by the force on a unit pole placed at that point.
It can therefore be represented by a straight line, the direction
of the line representing the direction, and the length representing
the ntensity, of the force If two fields are superposed on each
other the intensity of the combined field may be obtained m
the same way as the resultant of two forces If OP, Fig 101 q,
represents the direction and magmtude of the magnetic force
on a umt pole placed at O, due to one of the fields, and 0Q
that due to the other, the combined effect will be represented
by the diagonal OR of the parallelogram OPQR The magni-
tude and direction of the resultant field may be calculated like
the corresponding quantities 1n the case of a resultant force,
by the following equations

OR*= OP* + 0Q* + 20P . 0Q cos POQ... .. Q),

OP _ 0Q _ OR )
sm QOR ™~ sin POR s POQ """ " ).
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Two special cases are of frequent occurrence If OP and
0Q are at right angles to each other (Fig 101 b), the magnitude
of the resultant 1s given by

OR*= 0P+ 0Q*
and 0P
tan QOR ZUQ esee  sse s . (3).
Q R Q E
. R

A
0 P 0 P 0 P

Fig 101 a. Fig 101d Fig 101e.

The second case (Fig 101 ¢) 18 that in which the resultant
OR 1s at rght angles to one of the forces OP. Then

OR: = 0Q* — OP",

OP
sin QOR = Z—)Q .
Ezercise—The magnetic force on umt pole at a pomt
distant 7 cms. from a straight wire of infinite length through
which a current of strength 2 umts 1s passing, 1s equal to
2/r, and the Lines of force are circles having the wiue as axis.
If the wire 18 vertical and carries a current of one unit find by
calculation or geometrical construction the direction in which
a small magnetic needle will point when placed respectively
east, west, north, south, and north-east of the wire at distances
of 4, 11, or 15 centimetres from the wire. The earth’s hori-
zontal magnetic force may be taken as 17
If the magnetic field 18 due to a magnet having 1ts north
pole of strength w at B and 1ts south pole of strength — u at 4,
the magnetic force on unit pole at a point P due to the north
pole at B 18 u/BP? that due to the south pole at 4 18~ u/4AP?
If the point P 18 on the straight line through the poles 4 and
B, the two forces act in the same straight line, and have a

and
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resultant in the direction of the stionger, of intensity I such
that
I= (L - L) -, ABBP+AP)
~H\BPTAP) T BPAPT
If we call the magnetic moment uwAB ot the magnet M, the
distance of P from the centre of AB d, and 1f [ 18 half the
distance between the poles, 1¢ about £ the length of the

magnet, the resultant imtensity

2Md 2d
I=azyary =Y @

If the point P 1s so far from the magnet that I 1s small

compared to d, we have simply =M d“

It the axis of the magnet 1s at right angles to the magnetic
mendian, and H 1s the earth’s horizontal force at the pomnt P,
the angle 6 which the resultant force makes with the magnetic
meridian 18 such that

tan 8 = —i—[,
M_ (da — lz)a
or E——-2—d———-tan0 .o 4)

A small magnetic needle placed at the pomnt at which the
resultant has been calculated will set 1itsclf i a direction
forming an angle 6 with the magnetic meridian, and therefore
enable ¢ to be found.

The resultant magnetic force at a point P due to a magnct
4 B, which 1n the above case has been calculated when P 1s on
AB produced, may also be easily determined when P les on a
line through the centre C' of the magnet perpendicular to 4B

Since AP = BP the magnetic forces due to the two poles
are equal, and their resultant bisects the angle between therr
dxrectlons 1e 1s parallel to 4B Each force having an in-

tensity — P’ has a component 1 PO,’ parallel to AB, hence the

intensity 1 =—§‘;,,—C .

Wrniting again M for the magnetic moment of the magnet,



XLIX THE MEASUREMENT OF MAGNETIC FIELDS 237

l for half the distance between the poles, and d for the distance
M

of P from C, we have I = @+ B If P 1s so far from C that

¢ 18 small compared to d, this becomes I =fi—¥.

Hence the field at a distance d from the centre of a
short magnet along the axis of the magnet, 1s twice the field
at the same distance along a line through the centre of the
magnet perpendicular to the axis. If the law of force had
been the 1nverse nth power 1nstead of the inverse square, the
former force would have been found to be n times the latter.
Hence an experimental determination of the ratio of these
forces will furmish a proof of the law of action of magnetic
poles on each other

If the axis of the magnet 18 at right angles to the magnetic
meridian, and H 18 agam the earth’s horizontal foice, the
resultant of the two fields will make an angle & with the
meridian where

I
tan&:E,

or g=(d’+l’)9 tanf ... oeesceennn. (5)
The angle 6 may as before be determined by placing a

small magnetic needle at the pomnt P, and observing the

deflection produced when the magnet is placed in position
The apparatus provided Fig 101d consists of a small

Fig 101d
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magnetic needle to which a mirior 1s attached, suspended by
a fine fibre, the torsion of which may be neglected The centre
of the needle 1s situated 3 mms above the middle point of the
upper of the two horizontal graduated scales placed at riglit
angles to each other One of the scales 1s placed 1 the
magnetic meridian, 7e parallel to the axis of a magnetic needle
brought near 1t. For convenicnce this scale should be about
2 mms below the other The rotation of the mirror 1s deter-
mined m the usual manner by the motion of the image of
a cross wire formed after reflection by the murror, on a scale
placed parallel to the mirror when 1n 1ts central position The
cross wire 1s attached to the scale and illuminated by a lamp.
(For the method of obtaining the angles of rotation see
Section XXXIV)

The position of the image of the cross wire on the scale 1s
first read .

The deflecting magnet provided 18 then placed on the scale
running east and west, say to the west of the needle, with
1ts north pole towards the needle, the positions of the ends of
the magnet are observed, and the scale reading of the cross wire
18 taken. The magnet 1s then reversed so that 1ts south pole
now pomnts towards the needle, and the deflection agamn ob-
served. It is then transferred to the east of the needle and
the two deflections again observed.

To make the corresponding observations with the magnet
north and south of the needle, the magnet 1s placed on a frame
which slides along the scale in the magnetic meridian, the
magnet 1tself being at right angles to the meridian. The
beight of the frame 1s such that the magnet 1tself will be at
the same level as when placed on the other scale. The frame
18 moved along the-scale till the centre of the magnetic axis
18 at the same distance from the centre of the needle as pre-
viously, the north pole of the magnet being say to the east.
The deflection of the cross wire 1s observed, the magnet 1s
reversed so that 1ts north pole points to the west, and the obser-
vation repeated The frame and magnet are then transferred
to the other side of the needle and the observations repeated.

A set of observations should be taken for each of three
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distances of the magnet from the mirror as far apart as possible,
and each set recorded as follows —
18 March, 1895
Determination of M/H at station B
Deflecting magnet A, length=60 cms . =25 cms
Magnetometer B, distance of scale from mirior =103 cms.

Tosition of Magnet Magnetometer
T ~| mean tan 26 tan 6
N end S end Middle Reading |Deflection
cms cms cms cms oms
Position of rest 500 £Z6ro
250 W 310W 280W 68 5 185
3L0W 250 W 280 W 316 184
310 E 250E 280 E 69 3 1938
250 E 310E 280 E 30 2 198 190 184 092

Similarly for the north and south positions
For the E and W positions in the above example we have —

M_@-F) g 28 "5&2 57F 092 = 996.

H 2d

Similarly for the other positions

In order to determine both M and H 1t 18 necessary to find
the value of some combination of the two other than the
quotient, and the most convenient combination to determine
experimentally 18 the product MH, which 18 connected with
the time of tortional oscillation T of the magnet about a
vertical axis through 1ts centre of gravity, by the equation

Il
T=27T'\/1Tﬂ7’

where 7 18 the moment of 1nertia of the magnet about the axis
of oscillation.
4]

Hence MH = ——

7

To determme the product MH, place the magnet which has
been used as the deflecting magnet, 1n a hight paper or silk
stirup supported by a long thin fibre the torsion of which can be
neglected, so that 1t can oscillate 1n a horizoutal plane about a
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vertical axis. To protect the magnet from air currents suspend
1t 1n a box. Observe the times at which one end of the magnet
passes a fixed mark on the bottom of the box in one direction,
for s1x consecutive passages, the arcs of vibration not exceeding
20° Wait a time nearly equal to that between the first and
last observations, and then take six more observations Arrange
as follows :—

Pagsage First Set Pagsage Becond Set 10 cime of
0 lh 8m 2s 10 1h 4m 11s, 69 secs
1 9 11 17 68
2 16 12 24 6s
3 23 13 30 67 ,,
4 29 14 38 69 .
5 36 15 43 67
Mean - .. =068 secs
Time of one oscillation 7 .. .. =608

”»

Determine the moment of inertia of the bar magnet by
weighing 1t to 01 gram, and measuring 1ts length and breadth
The moment of 1nertia 7, 1f m 18 the mass of the magnet, 2a 1ts
length, 2b 1ts breadth, 18 given by the equation

I=m (a*+b%)/3

In order to determine whether a magnet 1s weak or strong,
it 1s advisable also to calculate the magnetic moment per unit
mass

Arrange observations and calculations as follows —

Mass of magnet 4 =11 01 grms

a=30 cms. a’=90 .
b= 23 , b= 05} @ +b*=9 05,
I=1101x302=332
and MH =4 x 987 x 332/46'2 = 28 4

Having obtained M/H and MH, M and H are determined
as follows .—

M=J(M/H)(MH)=./996 x 28 4 = /28300 = 168.
H=J/MH[M[H) = /28 4/996 = /0285 = 169.
Magnetic moment of magnet per gram = 168/1101 =15 2.
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SECTION L.

MAGNETIC SURVEY OF THE LABORATORY

Apparatus required : Magnet, nbration bozx, and watch

If magnetic observations are taken in a room not specially
constructed for magnetic work, 1t 1s quite possible that 1on
beams or ron pipes about the room may have an appreciable
mfluence on the results It becomes advisable under these
circumstances to make a magnetic survey of the room, that 1s
to determine the intensity and diurection ot the earth’s magnetic
force at a considerable number of points n 1t

As change of direction of the horizontal magnetic force 18 in
most cases less objectionable than change of intensity, attention
should be given chiefly to the latter It will not be necessary
to measure the horizontal force at ditferent places, but only to
compare them with each other This 18 done 1n the simplest
way by measurning the times of vibration of a magnetic needle
about a vertical axis of suspension, as the horizontal forces wll
be 1nversely proportional to the squaires of these times

The glazed box supplied 1s provided with a horizontal
circular scale of degrees which enables the
direction of the magnetic force, 1 e of the mag-
netic mericdhan, to be determined A magnetic
needle to which a pomter moving over the
scale 18 attached, 1s suspended from a rod
which projects through the sides of the box,
by means of a fibre which should be free from
torsion To secure this, take out the needle and suspending
fibre, and holding the needle 1n the hand allow the suspending
rod to hang down untal the fibre 1s completely untwisted

The direction and magnitude of the earth’s magnetic force
are to be determined at each of the places shewn 1n the plan of
the laboratory?

1 A plan of the laboratory with the positions at which observations are to be
taken marked on 1t should be suspended 1n the laboratory

8 P, 16
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At each place the box within which the magnet swings 1s to
be placed with the zero line of the circular scale parallel to the
outer wall of the laboratory. The needle should then be set
mnto oscillation about the axis of suspension by means of a
small magnet brought for a moment near 1t, and the readings
of one end at five successive tuining points, thiee on one side of
the position of rest and two on the other, taken The mean
of the three on one side, and the mean of the two on the other,
should then be found, and the mean of these means taken
Repeat, reading now the other end of the needle The mean of
the results for the two ends 18 the angle between the magnetic
meridian and the outer wall of the laboratory

To measure the time of oscillation with sufficient accuracy
for our purpose, note down to the nearest second, as in the
example given below, the times at which the necedle passes
thiough 1its position of equilibrium i the same direction,
during say six successive swings not greater than 20°

Then wait a time approximately equal to that between the
first and last observations and take another set of six observa-
tions of the times of passage

Two columns may now be formed by entering the observed
times as follows .—

——
Osfliation First Set Oseillation | gecond Set Tire of 10
—— - — e ]
0 11h 23m 3ses | 10 23 m 49 secs 46 secs
1 8 ., 11 53 ,, 45,
2 ! 13, 12 59 ,, o ,,
3 17 13 2%m 4, 47,
4 21 ,, 14 9 ,, 48
i) 25 ,, 15 13 ,, 448 ,,
Mean=| 467,,

Time of 1 oscillation= 4 67 ,,

The differences in time between corresponding passages 1n
the first and second sets are entered n the third column and
the mean taken. This mean should be correct to half a second,
1 6. the error should not exceed 1 per cent.
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In order to make certain that no mistake in the number
of oscillations has been made the experiment should now be
repeated

If during your experiments there are any movable masses
of ron within a metre of the magnetic needle record the fact
and state their positions

The horizontal force being 1nversely proportional to the
square of the time of oscillation, we may obtain numbers pro-
portional to the horizontal force by calculating the reciprocals
of the squares of those times (Barlow’s Tables will save much
arithmetical work )

Taking the given values of H and of the magnetic declina-
tion for the point of reference marked in the plan, determine
the 1ntensity and direction at the other points

Enter results as follows, giving also the plan with the
points of observation marked on 1t.

26 Maich, 1900

Angle to Angle to
()lilenrcvengim T 'Tl} H u‘w:‘;fsw G%)g;t; Yll’lllﬁn-l Remarks
1 11 61 00741 192 19°E 3°W
2 10 61 885 221 8°E 14°W
3 14 61 467 126 69° B 47°E much
4 8 77 01299 | 323 21°E 1°W disturbed
5 10 81 856 | 221 R 13°'W
6 12 38 653 168 8°E 14°W
7 12 27 662 172 3°wW 25°'W
8 12 33 00657 170 5°E 17°W reference
point

In the neighbourhood of points at which the value of H
differs greatly from 1ts normal value, further observations
should be taken with a view to plotting the lines of force
throughout the disturbed region The shapes of the lines
will generally enable the cause of the disturbance to be located.
In the above example the abnormal values at points 2 to 5
were found to be due to an 1ron pipe 1n the wall of the rvom

16—2
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SECTION LI

THE TANGENT GALVANOMETER AND OTHER
CURRENT METERS

IF a wire 1s bent 1nto the form of a circle of radius r, and a
current of strength 2 cgs units 1s sent thiough 1t, a magnetic
field 1s produced, which, at the centre of the circle, and at
distances from the centre not greater than 08 of the 1adius,
18 sensibly umform, of strength F = 2mifr, and 1n direction
perpendicular to the plane of the wire The total field at the
centre of the circle 18 the resultant ot the fields due to the earth
and the current in the wire respectively, and a magnetic needle
supported at 1ts centie wall set 1tself along the direction of the
resultant field If the plane of the wire 1s coincident with the
magnetic meridian, the component forces are at right angles,
and 1f @ be the inchination of the resultant to the magnetic
menidian, and H the earth’s honzontal force, we have

tan0=E

H

Hence, substituting the value of F 1n terms of ¢, we have
1= rH tan 6,
2

which will enable us to determine ¢« 1f H and r aie known, and
6 15 observed.

From the presence of the tangent in this expression, this
arrangement of a circular coil of wire with a magnetic needle at
1ts centre is called a Tangent Galvanometer.



LI CURRENT METERS 245

In order to make the instrument more sensitive, the current
to be measured may be sent through a wire coilled n times
round the needle In that case the magnetic field produced by
the current 18 n times that produced by a single wire of radwus
equal to vhe mean of the radu of the n turns, and we have

rH
1= é‘l‘?]—r tan 6 - (1).

The practical unit 1n which currents are measured 1s the
Ampere, which 18 one-tenth of a ¢gs umt, hence, 1if we call 4
the number of amperes passing through the coil, we have

SrH
nmw
Or putting G =nm/(57), ve the magnetic field produced at
the centre of the coil when one ampere flows round 1t, we have
A=(H/@) tan 6
Since G depends only on the coils of the galvanometer, we
may call 1t the “coil constant of the galvanometer”
If the galvanometer 1s used 1n a fixed position, H will be
constant, and we may write H/G=%k We then have

A =ktan6,

where k 15 the cuirent 1 amperes which produces a deflection
of 45° and 15 generally called the “current constant of the

galvanometer.”
It 18, however, unsafe to assume that H 1s umform through-

out buildings, owing to the irregularity of the distribution of
the earth’s line of force, produced by masses of iron in the
walls and floors

Hence, 1if a current 18 to be measured 1 amperes by means
of a tangent galvanometer, the horizontal component of the
earth’s magnetic field at the pomnt of observation must be
determined This 1s best done by taking the times of oscil-
lation of a magnet about a vertical axis, at the pomnt of
observation, and at some pomnt at which the value of H 1s
known (Seep 241 Magnetic Survey, or Intermediate Practical
Physics, p 184)

In order to form a judgment of the power of the instru-
ment, we must estimate the accuracy with which an observation

A:

tanf.... . (2)
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of the deflection may be taken, and calculate from this the
error which may be introduced m the result If the circle of
the galvanometer 1s properly graduated, we ought to be able to
read the deflections to ‘1 degree, but 1t would be difficult to
secure a much greater accuracy An error of 1 division will
according to the investigation p 6 affect the determination
of the eurrent much more 1 some parts of the scale than i
others

NumericAL. Exercise  Calculate the percentage error
introduced 1n measuring a current by an error of 1 degree
in the reading of a tangent galvanometer, the deflections
bemng 10°, 20° 30° and so on to 80°

When the deflection of a galvanometer needle changes, 1ts
poles trace out a circle, and 1n order that the tangent law may
be accurate, the magnetic forces F' and H should be the same
at all points of the circumference of this circle. We requure,
therefore, to know how long the magnetic needle may be
without the deviations from the tangent law 1ntroduced
by vanations of F exceeding the errors introduced in other
ways It may be shewn that the greatest error due to the
fimite length of the needle 1s 1ntioduced when the deflection
15 60°, that 1t 18 proportional to the square of the length, and
that if the ratio of the length of the needle to the diameter of
the coil 1s less than 08, the error introduced by the want of
uniformity of the field 18 never greater than that caused by an
error of 1°1n the reading of the deflection

Equation (2) shews that the sensitiveness of a tangent
galvanometer may be increased either by diminishing the
radius 7, or by dimimishing H, or by increasing the number of
turns n.

If the radius of the coil is too much diminished, the tangent
law ceases to hold unless the needle 1s also shortened.

The horizontal force H may be diminished and the sensi-
tiveness of the galvanometer in consequence 1increased by
permanent magnets placed near the instrument in such a
way as to counteract the earth’s magnetic force.

It should be noticed that a varation of the magnetic
moment of the suspended needle will not affect the sensitive-
ness of the instiumeut when used 1n measuring steady cuirents.
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NuMeRIcAL EXERCISE Design a tangent galvanometer of
one turn which, when placed 1n a field of strength 17, will give
a deflection of 45° for a current of 1 ampere

Adjustinent of the tanyent galvanometer A tangent galva-
nometer before use should be adjusted so that the plane of the
coll through which the cuirent 15 to be sent 18 parallel to the
magnetic needle The coil will then be 1n the magnetic meridian,
and the current 1n the coil propoitional to the tangent of the
angle of deflection  As the deflected magnet 1s short, a ponter
18 attached to 1t, so that the rotations may be more easily read
off on a circular scale, to avoid parallax a murror 1s placed
under the scale, so that the eye when taking a reading
may be dunectly over the end of the pointer When the
needle 13 1n the plane of the galvanometer coil the pointer
should stand at the zero of the scale. As this condition may
not be accuiately satisfied, any error 13 eliminated by sending
the curient through the galvanometer first 1n one direction and
then 1 the other, the deflections being noted each time If
the zero of the scale 13 correctly placed, the two deflections will
be equal and opposite If the adjustment 18 not quite 11ght,
one deflection will exceed the true deflection by the same
amount that the other 18 in defect, and the mean of the two
will give the true deflection

If the axis about which the needle rotates is not quite at
the centre of the scale, small errors will be introduced, which
are, however, eliminated by reading the two ends of the pointer
(see note p 204) Each observation of a tangent galvanometer
consists, therefore, of four 1eadings, the mean of which gives as
cortect a value as 1s obtainable with the nstrument.

The 1nconvemence of an instrument the constant of which
dcpends on the value of the earth’s magnetic field at the point
where the instrument 18 placed, has led to the construction of
mstruments 1 which the needle moves 1n a magnetic field due
mamnly to permanent magnets attached to the instrument.
The part of the field due to the earth then bears only a small
ratio to the total field, and the constant varies only to a
small extent with the position of the instrument

Another type of galvanometer which has come much 1nto
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use 18 the D’Arsonval or moving coil instrument It consists of
a movable coil suspended 1n such a way that 1t can rotate about
a vertical axis 1n a magnetic field due to permanent or electro-
magnets which form part of the instrument When a currens
18 sent through the coil, the plane of which 1s paral.el to the
lines ot the field, 1t tends to set itself so that the greatest
number of lines of force pass through 1t. The rotation 1s
resisted by the suspension, and a deflection results which can be
read off by means of a marror fixed to the coil, and a scale The
magnetic field of the instrument being many times stronger
than the earth’s field, 1ts indications are independent of mag-
netic disturbances, such as occur in the neighbourhood of
electric raillways

Many of the most accurate current measuring instruments
m ordinary use—* Ammeters "—are constructed on this
principle

In a further type of current measuring instiuments, known
as electio-dynamometers, the magnetic needle of the ordinary
galvanometer 1s replaced by a coil of wire through which the
current to be measured 1s sent The passage of the cuirent
through the coil makes 1t behave as 1f 1t were a magnet with 1ts
ax1s along the axis of the coill  The coil will therefore set 1tself
with 1ts axis along the resultant field due to the carth and
to the current in the fixed coill In general the movable coil
1s suspended by means of the wires which carry the current
to and fiom 1t, and the suspension introduces another force,
tending to keep the coil in the position 1t occupies when no
current passes, ve. with 1ts axis in the plane of the fixed coil.
A relation will therefore exist between the strength of the
current 1n the two coils and the deflection obtained Instead,
however, of allowing the movable coil to be deflected we may
mcrease the force due to the suspension, by twisting the
head carrying the upper ends of the suspending wires mn a
direction contrary to the deflection, till the deflection 18 reduced
to zero. The magnetic force tending to deflect the movable
coul, 18 then equal and opposite to the force on the coil intro-
duced by the rotation of the torsion head The magnetic force
18 proportional to the magnetic mowent of the suspended coil,
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and to the strength of the field 10 which 1t 18 placed If the
field due to the earth 1s small compared to that due to the
current 1n the fixed coil, 1ts effect will be neghgible, 1f 1t 18
parallel to the axis of the moving coil, its effect will be zero
The rotation of the torsion head will therefore be proportional
to the square of the current, since both the strength of the
field 1n which the suspended coil moves, and the moment of
the magnet to which the suspended coil 1s equivalent, are pro-
portional to the current

In the Siemens electro-dynamometer the torsional force 18
provided by a spnal spring, to the top of which a pointer
moving over a dial 1s attached This ponter 1s rotated by
means of the torsion head till a second pointer attached to the
moving coll 18 at the zeto of the scale The planes of the two
coils are then at right angles to each other, and the torsional
force exactly balances the magnetic force. The torsional force
bemng proportional to the angle 6 of twist of the torsion head,
we have C?w 6, or C= KV, where K 1s the constant of the
strument

In order that the deflecting effect of the earth’s field on the
suspended coll may be least, that coil should be placed with 1ts
plane perpendicular to the magnetic meridian

Another form of instiument depending on the action of
currents on currcnts, 1s the Kelvin current balance, where two
horizontal coils are suspended from the arms of a balance, and
each 1s acted on by two similar coils placed above and below
16 respectively. The current to be measured 1s sent through
all the coils, 1n such directions that the suspended coil on the
left 15 pulled down and that on the right pulled up. This pull
1s balanced by a weight shiding along a scale attached to the
arm of the balance, and the distance through which this weight
has to be moved to produce equilibrium will be proportional to
the square of the current passing through the coils.

If the current an instrument 18 intended to measure 18 very
small, the coils consist of a great many turns of fine wire, and
if the resistance of the instrument, which 18 in consequence
high, 18 constant, the indications may be taken as measures of
the electromotive torces or differences of potential applied to
the terminals, + ¢ the 1nstrument may be used as a “ voltmeter ”
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SECTION LII
COMPARISON OF CURRENT METERS

Apparatus required: A small storage cell, a tangent
galvanometer arranged so that one, two, or three turns of wure
can be used, the constant unth the three turns bewng about 1, a
Swemens Dynamometer, hamng a constant about 2, a set of
reswstances each about 5 ohm which can be jovned up wn different
ways so as to alter the resistance wn curcuat, and a commutator to
enable the current to be reversed.

Fig 102a.

When instruments intended for the same purpose are con-
structed on different lines, 1t 1s advisable to compare their
mdications together, and the present exercise consists 1n com-
paring the indications of the tangent galvanometer with those
of an instrument such as the electro-dynamometer or Kelvin’s
“ampere balance,” constructed according to a different principle



LII COMPARISON OF CURRENT METERS 251

Connect the storage cell B (Figs. 102, 102 a) through the
resistance coils R to two opposite quadrants of the four-way
key K, the plugs being removed. Place the electro-dynamo-
meter S with the plane of 1ts fixed coil in the meridan, at
least 20 cms from the resistance coils, and the tangent galva-
nometer G with 1ts coil also in the meridian, a metre away
from the dynamometer Connect them 1n series with cach
othet to the other termimals of K as shewn See that the
galvanometer needle swings freely, then level the dynamometer,
and screw down the spring on the base till the movable coil
18 released Rotate the torsion head in the centre of the dial,
and observe whether the coil moves fieely

Arrange the connections to the 5 ohm resistance coils so
that only one 1s mm circmat Connect together the two wires
leading to the tangent galvanometer by placing both under
the same binding screw on the base of the instrument, and
make the circuit at K by inserting plugs i the two holes
m one diameter of the key. While contact 18 being made,
watch carefully the needle of the galvanometer in order to
detect 1f there 1s any displacement due to a direct action of
the current 1n the leads If so, twist the leads between X, @,
and S round each other. This probably will stop the action
If 1t does not, reverse the direction of the current by inserting
the plugs n the holes 1n the other diameter of the key and
see whether the effect 1s reversed ; 1if not, the cause 1s to be
found 1 a direct effect of the current in the coils R on the
galvanometer needle Change the position of R till this
effect disappears  All extraneous effects of the current on the
magnetic needle of G are thus got rid of before the galvano-
meter 1s used as a measuring instrument. In all future
experiments students will be expected to avoid errois due to
the magnetic effects of the leads on the measuring 1nstruments,

without being specially directed to do so.
Connect the wires leading to the galvanometer to the two

terminals of the nstrument between which 1 7' (1e one turn)
18 marked, and complete the circuit at the plug key A
deflection will be produced and the needle will take some time
to come to rest. Students should therefore practise making
connections 1n such a way that the needle 18 not set 1nto violent
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oscillations, introducing for the purpose an extra plug key into
the circuit close to the galvanometer The following rules will
be found useful .—If the needle 1s at rest in 1ts normal position,
send the current through the galvanometer for 4th of the com-
plete time of oscillation of the needle, then bieak the circuit
The needle will continue to move but with diminishing velocity
When 1t 18 on the pomnt of turming back, make contact agan,
this time permanently If the needle moved without friction,
1t would be brought to absolute rest in 1ts new position
of equilibrum During the “rst period the necdle moves
through half the ultimate angle of detlection, hence 1f the new
position of equilibrium 1s approxumately known, 1t will be
casier to fix the end of the period by the position of the
needle than by an estimate of time Thus, 1f 1t 18 known for
example, that the needle will be deflected through about 40°,
make contact until the needle passes through 20°, then break
cucuit The needle will continue to move owing to 1ts 1nertia
tall 1t reaches 40° As soon as it begins to turn back, make
contact permanently

If the needle 18 deflected by a current which 18 to be
mterrupted, break the circuit until the needle 18 half way
between 1ts original position and the zero point, make the
circutt again untill the needle comes to rest at the zero, then
mterrupt permanently

Students are recommended to practise these rules till they
are able to avoid producing large oscillations of the needle and
consequent loss of time

The student should prepare his note-book for recording
the observations by ruling columns according to the scheme
given further on The headings of the columns should be
written out completely before the experiments are com-
menced, so as to leave nothing but the actual numbers to be
entered

Break the circuit, adjust the torsion head of the dynamometer
tall the pointer attached to the coil reads zero, read to 1° the
position of the torsion head pointer, and of the ends of the
galvanometer needle and record as shewn below

Alter the connections to the resistance cous so that three
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of them are in series, re-make the circuit, adjust the toision
head till the powuter reads zero, read to 1° the position of the
torsion head pointer, then the position of each end of the
needle of the galvanometer, and finally again the dynamometer
Reverse the current and take the readings in the same order
In each set of observations there are, therefore, four 1eadings to
be recorded for each stiument

The galvanometer connections and resistances are to be

varied as follows, and obseivations taken as above —

I Current passing through one turn of wire on the
galvanometer (connect to terminals between which
1 7" 18 marked)
(1) 3 Resistance coils 1n series
(2) 1 Resistance coil only
(3) 3 Resistance coils 1n parallel

II  Current passing through 2 turns of wire on the
galvanometer (connect to terminals between which
2 T'1s marked)
The resistances to be varied as in I

III  Current passing through 3 turns of wire on the
galvanometer (connect two previous sets in series)
The resistances to be varied as in I

In order to compare the instiuments, calculate the current
indicated by the dynamometer from the formula 4 = Kyd
where d 15 the deflection and K 1s the coustant of the wustru-
ment Measure the outside diameter of the turns of wire of
the galvanometer and the thickness of the wire Calculate
the mean diameter of the turns Determine the value of the
horizontal component of the earth’s magnetic force at the point
of observation, by taking the time of oscillation of a horizontal
magnet at the pomnt, and at one at which the value of the force
18 known Calculate the current constant of the galvanometer.

Determine the mean deflections of the galvanometer to
two decimal places, and the currents by the formula 4 =« tan
to three figures, and tabulate as follows : —
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29 Apnl, 1896
Comparson of Tangent Galvanometer (4) with
Siemens Dynamometer (A)
Outside diameter of turns of galvanometer = 1986 cm
Diameter of wire, including 1nsulation = ‘12cm
Mean diameter of turn = 1974 cm.
Mean radius of turn (r) 987 cm.
10 6\2
Value of earth’s horizontal force = 17 (1 0«,7—)
=(H) . .. = 17
Calculated constant of galvanometer 1turn = 267,
” » 2turns = 134
» ’ 3turns = 89
D 1
g eiaie 18 e o™ Ratlo
Reswst | 2 - -
ances | 8 Readings Deflection @
g | Read |Mean rrid Y Ca= 00,
8| g |defitn) V el | Vo W end | E end |W end| Eend | Meen tan 8 |y grtang|| Co/Co
1° § | zero 5n|1°0s | zero
31n 24 2 . .
veres (|2 |193 522 5[4 78| 711||15 60|15 1s (150|141 | 1455 | 278 722 | 98
o |B|)35 223 5| 484] 727|143 |15 10| 148 |14 1 | 1405 | 286 | 740 || 98
single | B gi,‘?
556
» o |%1558
3m 80
parall {| %|{80 8
78
” ﬁ 776
15| zero

Make out similar tables for the observation with two and
three turns of wire on the galvanometer.
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SECTION LIIL
VERTIFICATION AND APPLICATION OF OHM'S LAW

Apparatus required: Tangent Galvanometer having a
constant about 1, or an ammeter, voltmeter reading to 2 wolts,
1 meter of No 25 platinowd, No 27 copper and No 81 wron
wire, 50 cms of No. 29 platinord unre, all mounted on graduated
boards, wire gauge

The law discovered by Ohm 1n 1827 states that the ratio of
the difference of potential between two pownts of a conductor
through which a current 1s flowing, to the current flowing, 1s a
constant which depends only on the material, temperature, and
shape of the conductor between the two pownts, and 1s indepen-
dent of the strength of the current It 18 the object of the
present exercise to verify this law and to shew some of 1ts
apphcations.

oty (3 y
—- \ ek — w&%— S
i e }\

Fig 103.
A C¢-@) B
1

B
r
Fig 108a.

Exercise 1. To verfy that the difference of potential be-
tween two points on a conductor 18 proportional to the current
passing through the conductor

In order to verfy this law, arrange (Figs 103 and 103a) a
storage cell £ mn series with a four-way reversing key K with
the plugs out, a tangent galvanometer or ammeter @, and a
meter of No 25 platinoid wire AB, stietched along a graduated
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board See that all connections are good, none of the wires
being loose i the binding screws Clean the movable knife-
edges provided, place them on the platinoid wire at C and D
20 cms apart, and connect them to the terminals of the volt-
meter or high rewistance galvanometer V, capable of re..ding up
to 2 volts Read the description of the mstrument and the
mstructions for 1ts use supphed with it.

See that the pointer swings freely and stands at zero when
the eiremat through the instrument 1s broken

Make the circuit at K, read the deflection first of V, then of
@, and again of V, estimating to tenths of a division Reverse
the current at K and repeat the observations

Insert a thin wire of copper mto the battery circwit,
series with the platinoid wire, and repeat the observations of
the deflections, keeping the contacts on the platinoid wire at
the same points

Introduce further a thin wire of iron into the circuit and
repeat the observations

Introduce lastly the short length of No. 29 platinoid and
repeat the observations

Break the circuit at K

If necessary reduce the readings of the instruments to
quantities proportional to currents, and record as follows

12 September, 1897

o Deflections

ommu-

Exp | tator D1¥¢;)(3: u:g:.?il;ng gaffriﬁ%z]:ter Tangents s
1| & ) 28 ?} 259 122}440 966 || 267
2| b §§Z}252 ﬁ‘;}wo 933 || 268
3| ¢ {ég} 143 §§§}285 543 | 262
4| b gg} 98 383}202 368 || 265

The constancy of the ratio i the last column verihes the
above statement.



LI VERIFICATION AND APPLICATION OF OHM'S LAW 257

The constant ratio of the difference of potential between
two points of a conductor, to the current which 1t produces in
the conductor, 18 called the “Resistance” of the conductor
vetween the two points.

Ezercise 2 To venfy that the resistance of a homogeneous
conductor of uniform cross section, 18 proportional to 1ts length

With the cell circuit arianged as at the last observation, place
one knife-edge on the platinoid wire at the division marked 10,
and keep 1t there permanently during the experiment Place the
second knife-edge at the division marked 20, close the circuit
at K, and keep 1t closed during the remainder of the experiment.
Wait one or two minutes till the wires, which are being heated
by the current, take up a stationary temperature, note the time,
then take readings of both instruments Move the kmfe-edge
from 20, successively to 80, 40, 50, 60, 70, and 80, and then back
again, reading the voltmeter at each position Read the current,
note the time, and recoid the observations as follows.

12 September, 1897

Detlections direct

Time of first reading 1h 43w Time of last reading 21 Om
Galvanometer 20 2 Galvanometer 20 1
Knife | Knufe Deflection ot
nire ) Knite Voltineter Deflection
Length Mean N ¢
(Xig: g‘gi ems |— — Deflection Difference length
w a 1st series | 2nd series
10 20 10 49 48 4 85 4 85 485
30 20 98 98 98 495 490

40 | 30 147 14 6 14 66 4 85 *488
50 | 40 198 195 19 65 500 491

60 | 50 245 249 247 b 05 494
70 | 60 295 29 6 29 55 4 65 493
80 | 70 342 34 2 34 2 465 489

If the strength of the curient has altered during the
experiment, the first and second set of readings will not quite
agree. But if the change 1n the current has been uniform, and
it the second set of readings has been taken in the reverse

8 P 17
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order to the first, the mean of the two sets should give the
readings corresponding to the time half-way between the
beginning and the end of the experiment.

The column headed differences in the table of results,
contains the differences between each pair of successive aumbers
in the previous column These differences, which correspond
to equal differences 1n the length of wire CD, should be nearly
equal

Small deviations from equality are produced by - 1st, errors
m reading, 2nd, want of uniformity in the wire AB, 8rd, errors
m the voltmeter scale If theie 18 a large deviation 1t 18
probably due to one of the contacts being bad

Reverse the commutator mn the cell circuit and repeat the
whole se1ies of observations, entering them in a second table
headed—Deflections reversed

Ezercise 3 To venify that the resistance of a homogeneous
wire varies mveisely as the area of its cross section

Without disturbing the cucuit through the tangent galvano-
meter, place the knife-edges on the No 29 platinoid wire, at a
distance of 10 ems apart, and observe the deflection of the
voltmeter Now place the knife-edges 10 cms apart on the
No. 25 platinoid wire and again observe the deflection.

Measwie the diameter of cach wire in the middle of the
length between the voltmeter contacts, and cnter the deflec-
tions, the diameters and areas of the cross sections of the wues,
as follows

a 202
Galvanometer reading 201,
b 200
Voltmeter
Commu- Voltmeter Diameter of Cross
Ware l tator deflection wire section iesﬂe?:ttﬁ)o;

No 25| ¢ 132}133 0504cm | 0020 | 0266
No 29 2 g?g}zm 0352 cm | 000973 | 0268

The Jast column shews that the above statement 1s correct.
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Ezercise 4. To find the relative specific resmstances of
copper, 1ron and platinowd.

Keeping the mam circuit undisturbed, place the kmnife-
edges connected with the voltmeter on the copper wire 80 cms.
apart, aud take readmgs of both ammeter and voltmeter

Remove the knife-edges from the copper, place them 40 cms
apart on the 1on wire, and read the voltmeter Now place
them 20 cms apait on the No 29 platinoid, and take readings.
The ammeter 18 read 1n order to make sure that the current
bas not changed during the experiment and the following
calculation 18 made on that supposition. Measure the diameters
of the wires at the loose ends which project over the terminals
to which the wires are soldered From the observations
calculate the deflections which would have been obtained with
1l em of each wire between the knife-edges Then calculate
what would have been the deflection 1if the cross sections of
the wires of 1 em length had been 1 sq cm These deflections
will be proportional to the specific resistances of the materials
of the wires.

Assuming the specific resistance of copper to be 1, calculate
those of wron and of platinod.

Tabulate as follows .

Jan 5, 1900.
Galvanometer Reading at beginning 201

» » , end 201
- C 1)‘ 11 4 Relati
Wire Length Xé’égﬁ(ﬁr D;&“&OD Diameter gg&’:n ;:{:i‘r?.n rfgﬁﬁé
Copper 27 |80 cms | ;g‘ 27 0325 | 0417 | 001,14 | 000,0369 1
Ion 81 |40 ,, 215 éf 156 | 890 | 0295 | 000,082] 000,266 | 72
Platinoid 29 (20 ,, | &1 §5E 1918 | 938 | 0352 | 000,961| 000,898 | 243

17—2
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SECTION LIV.
ARRANGEMENT OF CELLS

Apparatus required: Tangent galvanometer urth a con-
stant of 2 or 8, reversing key, four Damell cells, resistance
couls, and connecting wares.

The Tangent Galvanometer may be used to shew which of
the different ways 1n which voltaic cells may be joined together
18 the most advantageous under given circumstances, but a
more sensitive instrument than that used i the previous
exercises will be necessary

Set up four Daniell cells, having porous pots as nearly alike as
possible If the porous pots are dry, allow them to stand fully
mmmersed for half-an-hour in a bath of zinc sulphate solution,
in order to fill the pores of the pots with the solution Remove
them from the bath, and place each 1n a jar contamning a zinc
plate dipping into zinc sulphate solution  Then fll each
porous pot with concentrated copper sulphate solution, and
place a copper plate inside 1t

Place the galvanometer with 1ts coill in the magnetic
meridian and read the zero

In order to find the resistance of each of the four Daniell
cells, connect one cell through a commutator or reversing key,

PR
P

Qé;_/‘ P
|

.
e SEIATE]

— , g :
“(Umﬂil[lﬂ‘l! i WIS .lm. g . -
Fig 104,
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and a coil having a resistance of R ohms (about 4), with the
galvanometer, and observe the deflection, (1) with the re-
sistance of R ohms, (2) without the resistance, and (3) once
more with the resistance in circuit, two observations bemg
taken 1: each case, once with the current in one direction,
and once with the current reversed. Read agan the zero
Calculate the mean deflections and their tangents If ¢, 1s
the mean of the tangents i (1) and (3), and ¢, is the tangent
in (2), we have

, E
Kt'=gaih
. E
Kh=5rG

where K represents the galvanometer constant, & the
electromotive force supposed to remain constant during the
observations, B the resistance of the cell and @ the resistance
ot the galvanometer, which for the present purpose may be
neglected, as 1t 18 small compared to B and B Putting G =0,
we deduce from the two equations
tll
B = R ﬁ -

Proceed in this way to determine the resistance of each of
the four cells

Enter your observations and results as follows —

23 Jan., 1894. Resistance of Damell Cell 1.

IResstancel Readings Deflections Tangenta uhff'é'r’. .
1n Saroult - of means w¥t.h
ohms ast West East West | Mean resiatance
—
Sn 0 Zero |

355n | 3528 | 850n | 3528 : .
401 3 350s | 850n | 3558 | 350n |{ 353 | 705

4808 483n | 48 58 48 3n 04—
0 ,48711 4858 | 482n | 4868 (483 1122=¢, | 704=t)’

356n | 8508 | 350n | 3508
401 i 8505 | 8don | 3568 | sism || 351 | 708

5n 0 Zero

* The mean deflection can be obtained by taking the mean of the four
readings of the ends of the pownter without making use of the zero, but 1t 18
advisable 1n this exercise to adopt the method shewn in the example, as 1t
enables mistakes to be more easily detected and corrected.
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‘704
1122 - 704

Make out a sumilar table for each of the four cells

*. Resistance B, of cell 1 =401 =675 ohms,

Connect all the cells mn series through 8 ohms external
resistance (F1g. 104), to the galvanometer, observe the de-
flections and find the tangent of the mean angle of deflection
produced by the curient in the two directions

From the observed deflections with the separate cells,
calculate the deflection which ought to have been obtained,
as follows—

For the first cell we have—

SIS

»

S R

and similar equations for the others Hence

B+B,+B+8B _E
11 1 1 K

atete T
ie if 1—1(1+1+1+1)
! t 4 LTt

t will be the tangent of the angle of deflection when the cells
are all connected 1n series to the galvanometer. Hence if ¢’ 18
the tangent of the angle of deflection with 8 ohms 1n series,

Bi+B,+Bi+ B,
B +B,+B,+B,+8"

Calculated ¢’ = 649
Observed ¢ = 640

tl

Arrange all the cells 1n parallel, and observe the deflections
with 4 ohms 1n series with them. Calculate the tangent of
the mean deflection
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Also calculate the deflection from the observations made
with the separate cells, as follows —

For the first cell we have

h_bB
1K
. Bx

and simlarly for the other cells Hence

h+t+t+t, E
1 1 1 1 K
BYBTEYE
ve if t=t,+8,+1+1¢, ¢t would be the tangent of the deflection
if the cells were connected mn parallel with the galvanometer.
Hence 1f ¢’ is the tangent required, e for the case where the

4 ohms are 1nserted,
, i

71 1 11 :
4<E+E+E+E>+l
Calculated ¢’ =1118
Observed ¢ =1120

Arrange the cells 1 two parallel sets of two cells in series,
and determine the tangent of the detlection with 4 ohms n
series with the galvanometer

Establish a formula and calculate the deflection similarly.

Arrange the results as follows —

t series t parallel ‘ ¢ series parallel
Cell 4 Y R ] o s o e e e
Calc Obs Cale Obs Cale Obs

| |

1122 | 704 | 675 |

649 | 640 | 1118 | 1120

O

Determine by experiment which of the three arrangements
of the cells previously tried, gives the greatest current through
external resistances of 1, 4 and 8 ohms respectively.
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Tabulate the results as follows, underlining the maximum

deflection 1n each case —

Mean deflections
'E:iﬁ:‘:;le Cells in _ In two sets .
parallel in parallel In serles
1 ohms 65 3° 39 2° 42°
4 481 30 2 369
8 ;d—’; 215 371
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SECTION LV,
THE WATER VOLTAMETER.

Apparatus required: Water Voltameter, two storage cells,
tangent galvanometer (with a constant of 1 or 2), reversing key
and resistance couls

When an electric current decomposes a liquid through which
1t is sent, the hquid 18 called an “electrolyte,” and the process
of decomposition 1s called “electrolysis” The laws of electro-
lysis state that the weight of an element set free from a com-
pound by electrolysis, 1s proportional to the current, the time,
the atomic weight, and 1nversely proportional to the valency of
the element. One ampere flowing for one second hiberates, eg
0011183 grams of silver from any silver salt The amount of
an element liberated by a cuirent 1n a given time may theiefore
be used to determine the magnitude ot the current and hence
to standardise a cullent-measuring instiument,

In the prescnt excrcise a tangent galvanometer is to be
standardised by means of a water voltameter. There are two
ways of using a water voltameter, according as the hydrogen
alone 1s measured, or both oxygen and hydrogen are collected
together In the latter case we gain by having a greater volume
of gas to measure and being able therefore to reduce the time
of the experiment, but there 1s some danger of error owing to
the formation of ozone and 1ts absorption 1n the water It has
however been shown by Kohlrausch that 1f currents of over one
ampere are to be measured with an accuiacy sufficient for
commercial purposes, a voltameter in which both gases are
collected together, will answer the purpose. For smaller
currents the hydrogen only should be measured The difficulty
may also be overcome by using a solution of sodium hydrate
(between 5 and 10°/,) with nickel electrodes.

The volume of mixed gas produced by the passage of an
ampere for a second 18 1734 cc. at normal temperature and
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pressure. The gas 18 collected 1n a graduated tube and 1its
volume measured To reduce the observed volume to the
normal conditions, the temperature of the gas must be measured
by a thermometer placed, if possible, inside the voltameter tube.
The pressure 18 obtained by reading the barometer, b, applying
if necessary a correction for a difference of pressure inside and
outside the voltameter tube, and by deducting the pressure of
aqueous vapour wn the tube  As pure water offers a high resistance
to the electric current a hittle sulphuric acid 1s added to 1t If
the reductions are to be made to the highest possible accuracy,
account must be taken of the fact that the pressure of saturated
vapour of water 1s less over a solution of sulphuric acid than
over pure water But in the present exercise 1t 1s assumed
that the acid added to the watexr 18 not sufficient to produce a
sensible effect

One form of voltameter (Fig 105) consists of two portions,
a lower reservorr and a graduated tube which fts into 1t by

means of a ground jomnt The lower reservoir communicates
with the atmosphere through an opeming which can be closed
by a glass stopper During electrolysis this stopper must be
removed Pour water acidulated with about 159/, of dilute
sulphuric acid 1nto the reservoir so as to render 1t about three-
quarters full Insert the tube and stopper and tilt the volta-
meter so that the liquid runs into and completely fills the tube.
Place the 1nstrument 1n a tray and remove the stopper.
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Another form consists (Fig. 105 @) of a vertical tube
graduated m ccs, from the bottom of which
a narrower tube leads to the top of a tube
s.milar to the first By tilting the ap-
paratus t~ the left through about 90°, the
acidulated water can be made to fill both the
graduated tube and the narrow tube As
gas 18 generated 1n the graduated tube the
water expelled runs over from the top of
the parrow tube into the second wide tube,
and 1ts level in the narrow tube remains
constant.

Connect the galvanometer and voltameter
1 series with a reversing key, a resistance and two storage cells
or other battery having an electiomotive force of 3 or 4 volts and
a low 1nternal resistance The object of the reveising key 1s to
correct tor errors of zero of the tangent galvanometer, by taking
1ts deflections during half the tine 1n one direction and halt the
time 1n the other. The key might therefore be inserted so as to
affect the galvanometer only, leaving the current through the
voltameter 1n the same direction throughout the experiment

Adjust the resistance so that when the circuit 1s closed the
deflection of the galvanometer needle 1s about 45°

When this has been done, interrupt the current at the key,
and wait tall the bubbles of gas in the upper pat of the column
of liquid have ascended 1nto the space above Then read the
position of the top of the column on the tube, measure to the
nearest cm 1ts height above the hquid in the base, or 1n the
second form of apparatus 1ts depth below the top of overflow
tube, and note the temperature of the gas. Read the zero of
the galvanometer.

Now make the circuit at the key, noting the time, and at the
end of a minute read the galvanometer, repeating the reading
every two minutes till the tube 1s about § full of gas One
minute after taking the last reading, break the circuit, noting
the time After allowing the bubbles of gas in the column of
hquid to ascend, read the position of the top of the column
and measure as before the height of the liquid column, and the
temperature of the gas
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At a given mstant make the circut again, so that the current
passes 1n the opposite direction through the galvanometer for
an equal time Read the galvanometer every two minutes as
before, and the final position of the level of the hiquid

Read the barometer

Calculate for each of the three observations of the column
of hquid, the volume of gas reduced to normal temperature and
pressute, and subtract the first from the second and the second
from the third The differences are the volumes of gas produced
1 the obse1ved times by the passage of the current

Take the mean of the tangents of the galvanometer deflec-
tions for each period Then 1if d be the mean tangent, and K
the constant of the galvanometer, the average current passing
18 Kd amperes. If v cc of gas were hiberated 1n ¢ seconds,
then v=V Kd t, where V 1s the volume of mixed gas hiberated
by 1 ampére 1n 1 sec, both being measured at the same tempera-
ture and pressure

It v and V are the volumes reduced to a pressure of 76 cms.
of mercury and a temperature of 0°C, we may substitute for V
1ts numerical value 1734 and thus find

v
K=vmzaw

Calculate K from the observation in this way, arranging the
work as shewn below.

The two sets of observations are reduced separately so as to
afford a check on the calculations and a test of the consistency
of the results

Remove the tangent galvanometer, and substitute for 1t one
of the boxes used in the Magnetic Survey of the Laboratory
(Section L) Determine the time of oscillation of the needle
Determine also the time of oscillation of the needle when placed
at some pomnt of the Laboiatory at which the earth’s horizontal
magnetic force H 1s known, and from the observations calculate
the value of H at the place where the galvanometer stood.

From the value of H and the radius and number of turns of
the coil calculate the constant of the galvanometer (see Section
LI), and compare the calculated value with the result of the
experiment.
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Arrange your observations as follows .—

17 March, 1898

Voltameter A. Tangent Galvanometer B

Height of Barometer = 7567 cms

269

Voltameter observations I 11 111
Reading of voltameter tube*, c¢c 16 6 133 5 233 8
Height of column of water, cms 35 26 15

. ,» equivalent mercury column 2 58 191 111
Pressure of gas, cms 73 09 73 70 74 50
Temperature (Centigrade) 18°8 18° 7 18°5
Corresponding vapour pressure, cms 1061 160 158
Pressure ot dry gas, cms 7148 72 10 72 98
Volume of gas reduced to 76 cms

and 0°C, cec 145 118 6 228 7

Galvanometer Observations

The readings of the ends of the ponter, mnarked 4 and B,
are taken as positive when the deflections are counter-clockwise
as measured from the zeio divisions of the scale.

Current started at 11 h 57 m
» stopped at 12 h 07 m

* If the tube 18 not divided 1nto cubic centimetres, the value of the divisions
ought to be ascertained by experiment

Readings of Pointer l
Time - Deflections Tangents
End A End B Mean
11h 57m +0°0 +0°2 +0°1
11 58 +46 6 +46 6 +46 6 46 5 1 054
12 00 46 2 46 3 46 2 46 1 1041
02 455 457 45 6 455 1018
04 45 5 457 45 6 455 1018
06 453 455 45 4 45 3 1010
08 + 00 + 02 + 01
Mean = 1028
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Similarly for the observations during the second half of the

experiment

The results are tabulated as follows —

Volume generated Time tﬁi:gt K
118 6- 145=1041 600 secs 1028 974
228 7-1186=1101 600 ,, 1050 1007
. Constant of Galvanometer by electrolysis = Mean = 990

Constant of Galvanometer by calculation

Time of oscillation at place of observation

Value of H . . "
Value of H at place of observation
Radius of Coil of Galvanometer

Number of turns

drH
*. Coustant = ——
nir

standard position

]

1l

= 712 secs

716
171,
173

108 cms.

3

99
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SECTION LVIL

STANDARDISING CURRENT METERS BY THE
COPPER VOLTAMETER.

Apparatus required: Current-measuring instrument to be
standardised (an wnstrument intended to measure accurately one
or two ampéres 1s suitable), storage cells, copper depositing cell,
copper electrodes, plug-key, resistance couls, accurate balance

In the previous exercise the amount of electrolysis produced
by the passage of a curient was estimated by the volume of gas
generated. Sice volumes cannot be directly determined to
the same degiee of accuracy as masses can be weighed, more
accurate results are obtamned by the use of an electrolyte of
which one of the products of decomposition 18 a solid which can
be weighed Silver and copper salts are found to be suitable
for the purpose, as secondary reactions may be more completely
avoided than in the case of other metals For the most
accurate work the silver voltameter 18 used, but 1ts manipula-
tion requiring great care, and the materials being expensive,
copper may be substituted, and with pioper precautions an
accuracy of one part in a thousand may be attained.

In the present exercise a solution of copper sulphate in
water will be used, and a current meter will be standardised
by the weight of copper deposited. The example 13 worked
out on the supposition that the instrument to be standardised
18 a Kelvin Cuirent Meter, but any other accurate instrument
such as that shewn in Fig. 106 may be substituted.

Prepare a 20/, solution of copper sulphate, by adding 120
grams of copper sulphate crystals to 480 grams of water When
the crystals have dissolved, filter into the beaker provided and
add oue or two cc. of strong sulphuric acid
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Clean the three copper plates provided, two of which are to
serve as anodes and the third as cathode, with sandpaper. Dip
the one which 1s to serve as cathode mnto dilute mitric acid for
about three minutes, then remove 1t and place the three 1u
dilute sulphuric acid for about three minutes, finclly wash
under a stieam of tap-water

Place the first two plates in the side chips 4 of the stand
(Fig 106) provided, and the third plate 1n the centre clip

2 storage
1 cells

Fig 106

Jom up the copper voltameter, a plug-key K and an adjust-
able resistance to the instrument to be standardised, through
two storage cells or other battery of small resistance giving
an electromotive force of about 4 volts Be careful to connect
the terminals of the battery in such a way that the current
passes through the copper sulphate solution from the outside
plates (anodes) to the central plate (cathode) of the voltameter
If the instrument to be standardised gives deflections 1n different
directions when the current 1s reversed, a reversing key should
be serted so that the directions of the current can be changed
rapidly 1n the current meter without bevng reversed wn the volta-
meter, and that change should be made in the middle of the
experiment

Adjust the resistances until the current 1s of convenient
amount to be measured, then take out the plug key K.

Raise the plates out of the solutiun, take the copper cathode
from 1ts clip, wash 1t 1n clean water, and dry first 1n a sheet of
filter-paper, then before a fire, heating co1l, or gas flame, taking
care not to heat the plate appreciably. When the plate 1s dry
and at the temperature of the room weigh 1t to ‘1 milligram.
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As the absolute weight 1s required, the plate must be
weighed on both sides of the balance according to the method
described on p. 45, and trustworthy weights only must be used

Read the zero of the instrument

Replace the cathode and lower the copper plates into the
solution, make the circuit at K at a time to be noted in
minutes and seconds, and as soon as possible take a reading
of the instrument to be standaidised.

Take readings every five minutes for forty-five minutes or
an hour

The true readings will be the differences between the actual
readings and the mean of the zeros read at the beginning and
end of the experiment

Note the temperature of the electrolyte

While the electrolysis 18 going on, clean a beaker, fill 1t with
clean water, and add a few drops of sulphuric acid.

At the end ot the above period bireak the circwmit at K,
noting the time accurately, and read the zero of the instrunent.

Raise the electrodes, remove the cathode and dip 1t as
quickly as possible mto the prepared acidulated watci, then
hold 1t under a gentle stream of water from the tap for a
minute Now dry 1t as before, first 1n a pad of clean filter-
paper, then before a fire, heating coil or flame, and after cooling
weigh again to ‘1 milligram.

The relation between the current C, the electrochemical
equivalent of copper 2, and the weight W deposited 1n a given
time ¢ 18

W=C 2zt .'.C’=1V-.
z 1

In the absence of all secondary reactions the value of z
should be constant. But owing probably to the presence of
dissolved oxygen, the amount of copper deposited 18 not strictly
proportional to the current and depends to a small extent on
the temperature These effects can be taken into account by
making z depend on the current density at the cathode and on
the temperature. Thomas Gray, who has carefully mnvestigated

the amounts of copper deposited under different conditions, has
8 P 18
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given the following values for the electrochemical equivalent
of copper

Area of cathode 1n
sqg::ea;:;;ggl ez)t{es Temperature 12° | Temperature 2. °
ourrent
50 0003288 0003286
100 0003285 ‘0003283
150 0003282 0003280
200 ‘0003279 0003277

The results of this Table may be expressed by the equation

0003288 — 0000008 4 =22 0000002 *7 12,

where A 1s the area of the cathode surface per ampere, and ¢
the temperature The value of 4 1s found by calculating the
curient 1n the first instance approximately, using g5 as
the equivalent

Measure the total aiea of the two sides of the cathode, and
obtamn an approximate value of the area per ampere From
this and the temperature during the experiment find from the
table the equivalent which applies to your experiment.

Record and reduce the observations as follows —

15 June, 1899

Standardisation of Kelvin Balance A.
Weight of cathode before electrolysis ... = 203798 giams

w after » . = 215786
Amount of copper deposited o= 11988
Duration of expeniment =1h Om 25s ... = 8625 seconds
Cuirent approximately 1—————2;:),3800 <« = 10  ampére
Total area of cathode «e. = 66sq cm
Area of cathode per ampére of current = 06
Temperature = 18°C
Equivalent of copper e = 0003286
Current = — 11998 = 10064 amp}

0003286 x 3625 ' ampere
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Rea(%mg - g
(9 ™
Tume Kelvin Zero readlgg 2::: ‘
balance
11h Om. current made 4096 2 | 4094 | 2023
5 406 6 4064 | 2016
10 406 4 4062 | 2015
15 405 4 4062 | 2013
50 405 4 4052 | 2013
55 405 6 4064 | 2016
12h Om 258 current broken 406 4 2 | 4062 | 2015
Mean=| 20 14
Mean current 1 00¢
Constant; of balance = Mean square root of deflection 201
= 049¢
Constant given by nstrument maker .= 050C

Thus currents measured by the instiument using the co
stant 05 would agree to within one part in a thousand wit
their value as determined by copper electrolysis The constar
supplied by the maker of the Kelvin balance is equal to th
mean current divided by twice the square root of the reading
1e 025 1n the case of the above mstrument A table of double
squared roots 18 provided with the instrument, and the la:
column in the above Table may be replaced by one in whic
the double square roots are entered But the method her
adopted 1s applicable to all instruments of the dynamomete
type and the square roots are easily found 1n Barlow’s Tables®
It the instrument to be tested 1s a direct reading one, the las
column 18 unnecessary, and 1f 1t 18 of the tangent galvanomete
type 1t must be replaced by the tangents of the angles ¢
deflection.

* If the square root of ¢ g 408 4 18 taken from Barlow’s tables, interpolatio
would seem necessary between the values of the roots given for 408 and 409, bu
this may be avoirded by finding that number 1n the neighbourhood of 2000, th
square of which has for 1ts first four significant figures 4084, The position ¢
the decimal point 18 obvious.

18—2
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SECTION LVIL

ON MIRROR GALVANOMETERS AND THEIR
ADJUSTMENT

Apparatus required: Murror galvanometer and scale,
watch, umform wire

IN Section LI 1t has been explaimned that the sensitiveness
of a tangent galvanometer may be increased by diminishing the
radius of the coil through which the current 1s passing, but
that 1f the tangent law 1s to hold good the length of the needle
must also be diminished  In many experiments 1t 1s of gieater
mnportance to have the galvanometer as sensitive as possible,
than that the tangent law should hold accurately. We use 1n
such cascs a galvanometer the coils of which have as small a
radius as possible, with only just sufficient room 1nside for the
magnet to move Any movement of the magnet 18 rendered
apparent, and measured 1if necessary, by the help of a marror
attached to 1t, 1n the way explained 1n Section XXXIV  Several
small magnets are often used instead of a single one 1n order
to ncreasc the magnetic moment and so decrease the time of
osaillation, and these are erther attached directly to the back
of the muror by means of a httle shellac, or the mirror 1s
placed outside the coil and attached to a thin wue which passes
through the coils and caimes the magnets at its end The
suspended system must be free to move round a vertical axis,
and 1s for this purpose attached to a fibre just strong enough to
carry 1ts weight and as free from torsion as possible

The deflection of a galvanometer for a given current being
increased by a diminution of the intensity of the magnetic
field at the centre of the coil, we have a further means at our
disposal of rendering a galvanometer more sensitive, or of ad-
justing 1ts sensitiveness to any desired value within certain limits.
For this purpose a permanent magnet 1s placed near the 1nstru-
ment 1n such a position that 1t produces together with the
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earth’s field a reultant field of the desued strength. Such
a magnet 18 also necessary when the galvanometer has to be
set up with the plane of the coil not in the magnetic meridian.
The strength and direction of the earth’s field being given, 1t
18 theoretically always possible to produce a resultant field of
any desired strength and direction by placing a permanent
magnet with a sufficiently great magnetic moment 1n a proper
position. When great sensitiveness 1s required, and at the
same time the direction of the field 1s to be altered, 1t 1s
generally advisable to proceed by two steps With a magnet
of known magnetic moment, 1t will not be difficult to find by
calculation a position for 1t such that 1t will nearly neutrahse
the earth’s ficld A second weaker magnet may then be used
to regulate the stiength and direction of the field within the
coll of the galvanometer A galvanometer made scnsitive by
counterbalancing n this way the greater part of the earth’s
force by means of exteinal magnets, has the disadvantage of
bemng very sensitive to shght magneuc disturbances either
caused by actual changes of the terrestrial forces, or to
disturbing currents (electric tiams) or to the accidental dis-
placements of magnetic matenal (keys, spectacles, corset steels)
which are almost unavoidable i a laboratory To get mnd of
that portion of these effects which 1s nearly uniform throughout
the space occupied by the galvanometer needles, so called astatic
magnetic systems are often used These consist of two magnets or
two sets of magnets with nearly equal magnetic moments, ngidly
connected together, so that the similar poles of the two sets point
in opposite directions One of the sets 1s placed 1n the centre
of the galvanometer coil, the other above or below it, and in
some 1nstruments the second set will be placed in the centre of
a second galvanometer coil in all respects similar to the first,
but with the current passing round 1t 1n the opposite direction
The whole of the combination of magnets, called an astatic
system, will behave hke a very weak magnet towards the
earth’s force, and may set 1n a direction which 1t 18 1mpossible
to predict.

To make this latter point clear, let H represent the earth’s
field, m,, my the mwagnetic moments and a;, a, the angles between
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the magnetic meridian and the magnetic axes of the two sets.
The mechanical couples exerted by the earth’s field will be

Hm,sma, and Hmysina,
and 1n the position of equilibrium
m, sIn oy + my, 81N o, = 0.

If the angle between the two magnetic axes 18 very nearly
equal to two right angles we may write

G=a+m+3
where & 1s a small angle, so that
sin a, = — (sin @ + & cos a;)

Hence for equilibiium

tan a, = 8 .
7)21 - n‘«g
If my, =My
it follows that o =7/2,

hence the astatic system will set at right angles to the magnetic
meridian ; 1if on the other hand 6 =0 but m, differs from my,
2,=0 and the system will set 1 the meridian  As n practice
neither & nor m, —m, vamsh, but will be small, &, depends on
the ratio between two unknown small quantities

Directing magnets have therefore to be used with an astatic
system to bring 1t into 1ts proper position with respect to the
galvanometer coils and to regulate the strength of the field

The increased sensitiveness of an astatic galvanometer de-
pends on the fact that while the two sets of magnets oppose
sach other 1n so far as the earth’s directing force 18 concerned,
the electric current acts on both in the same direction. If
there are two galvanometer coils, the curient is led through
them 1n opposite directions, so that the couples exerted by
the currents 1n both coils have the same direction A galvano-
meter with two coils can also be used as a “differential galvano-
meter,” when 1t 18 required to test the equahity of two currents
or to measure very small differences between them. The two
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currents are 1n that case sent separately through the two coils,
so that their effects on the suspended system of magnets oppose
each other

While 1t 1s thus possible to increase considerably the sensi-
tiveness of a galvanometer, 1n so doing the periodic time, ve the
time of oscillation of the needle (see p 281) 1s increased This
to a great extent counteracts the advantage gamned by the
increased sensitiveness, especially when owing to disturbing
causes the zero of the needle 1s a hittle unsteady, for 1t becomes
1 that case 1mpossible to distinguish a true deflection from an
accidental shift In modern galvanometers imtended to be
highly sensitive the suspended magnetic system 1s made as
hight and small as possible 1n o1der to secure a small moment
of inertia and thus allow a corresponding decrease of the
directing field without increase of the time of oscillation. The
magnetic moments of the small magnets used are for the same
reason made as large as possible by magnetising the steel to
a high intensity.

In the case of a D’Aisonval or suspended coil galvanometer
the sensitiveness can be increased by increasing the number
of turns in the coil or by incrcasing the strength of the field in
which the coil 18 suspended, or by decreasing the toisional
couple due to the supporting fibre

The time of oscillation 1s mcreased by the weakening of the
couple due to the suspension, and must be kept down by a
corresponding decrease 1n the moment of inertia by the coil.
(See the equation for 7', p 281.)

Students should pay careful attention to the optical arrange-
ment on which the measurement of the angles depends. If the
objective method 18 used, they should secure a good i1mage of
a wire on the scale, and 1n every way try to increase the ac-
curacy of reading It must be remembered that doubling the
accuracy of reading doubles the effective sensitiveness of the
galvanometer just as much as halving the strength of the
directing field, without introducing the disadvantage of increased
periodic time  Insufficient care 18 often given by instrument
makers to the mirror of a galvanometer, which 18 a more 1m-
portant part of the instrument than many others, to which
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they devote great attention. The image formed should be as
perfect as the size of the mirror will allow; the latter should
be either plane or concave with a radius of curvature of
about one metre, If the instrument 1s home made, microscope
cover glasses are generally silvered for the purpose, an1 among
a number of them some are always found which give sufficiently
good 1mages before mounting, but after the magnets have been
fixed to the back of the mirror it often turns out to be useless
on account of the distortion produced by the matenal which 1s
used to attach the magnets It 1s therefore better to fix these
1 the first place to thin mica, and to attach the mirror to the
other side of the mica by means of a small drop of shellac
holding the mirror at one point only If the mnror hangs out-
side the galvanometer coil the difficulty does not arise. The
curvature of the mirror, and the definition of the image formed
by 1t, may be investigated by using a source of hght some
distance away, and determining whether there 1s a good re-
flected 1mage within a few feet of the mirror If there 1s,
the distances of object and image will determine the radius
of curvature If the muirror 1s plane, or nearly so, the 1image
may not be real or may be too far away, and 1n that case, must
be looked at thiough a telescope. The telescope being focussed
for the 1mage, we may easily determine the distance of a point
which when looked at directly 1s also 1n focus. From this and
the distance of the source of light, the focal length of the mirror
may be determined

The principal adjustments of mirror galvanometers consist,
according to the above explanations, (1) 1 securing that the
suspended system can turn freely round a vertical axis through
the largest angles on either side of the zero position, which
are likcly to be used during the observations, (2) 1n securing
that the resultant force on 1t with no current should be nearly
parallel to the plane of the galvanometer coils, and (3) n
adjusting the strength of the field to the required intensity.

If 1t 1s desired to adjust a galvanometer ab wnitio, the first
step should be to place the galvanometer on a firm support, if
possible 1n the centre of the room so that access may be had
to 1t from all sides. Freedom of motion of the galvanometer
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eedle should be obtained by adjusting the level of the in-
trument If 1t cannot be secured thus, carefully notice what
3 the cause of the impediment Possibly the needle hangs
20 low or too high, and 1n that case the suspension must be
Itered, ut this should only be done by expeiienced hands
Vhen the needle 1s free, observe 1its approximate position of
est  With non-astatic systems it should be in the direction
f the 1esultant field at the place of observation. If this 1s not
he case, the fibre is probably twisted. Unless the angle of
wist 18 very great, no serious error will result ; but instruments
hould be provided with some means of turning the suspension
ead, and thus untwisting the fibre so that the ncedle may
ang 1n the proper dunection It 18 always an advantage to
e acquainted with the peculiarties of each instrument, and
he ettects of torsion should be noted by twisting the upper
nd of the suspension through a measured angle and noting the
ngle through which the suspended magnet turns in conse-
uence. This angle of twist will prove useful in the future use
f the instrument, because if the suspended system 18 losing
S magnetisation, the angle will gradually increase, and shew
'hen the time has arrived for taking out the suspension and
emagnetising the magnets.

If the instrument 1s of the suspended coil type 1t should be
svelled so that the coil 18 midway between the poles, and the
a1ew ab the head of the suspension should be adjusted till the
lane of the co1l bisects the poles of the magnet

For the suspended needle galvanometer, if M 18 the
ragnetic moment, I the moment of inertia, 7' the time of
scillation of the magnets, H the strength of the field, and
7 the torsion per umt angle of twist, we have the relation

1
T=2”«/ﬂm'

nd 1f a twist through an angle a at the upper end of the suspen-
ton has produced an angular displacement 6 of the magnet

ystem .
N(a—60)=HMsné,
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where a will in general be sufficiently great compared to 8 to
allow the latter to be neglected on the left-hand side of the
equation If the suspension has been put together 1n the labo-
ratory, the weights and dimensions of different portions of 1
should have been noted, so that the moment of inert.a can be
calculated with sufficient accuracy. In that case, the above
relations will allow the determination of M and N

The value of N 1s of some 1nterest 1n mstruments mtended
for delicate work, for 1t determines the limit beyond which 1t 18
not possible to push the sensitiveness of the galvanometer, even
if the earth’s field be wholly neutralised

In the case of the suspended col instrument, 1f the damping
18 not very great, the time of oscillation may be obtained fiom
the above equation by putting M =0

The time of oscillation and the direction of the needle having
been noted, the position where 1t 18 desired to set up the galva-
nometer must be considered. This will generally be along a
wall of the laboratory, or at nght angles to 1t, and therefore not
necessarily 1n the direction of the magnetic mendian A 10ugh
calculation will give the strength of the requited magnetic field
which together with that of the earth will set the magnet of
the suspended type of mnstiument parallel to the galvanometer
coils, and give a time of oscillation which should not be greater
than 8 or 10 seconds If the focal length of the mirror 1s about
a melre, the scale may be set up at that distance fiom the
mirror, but 1f the mirror 1s plane a convex lens of one metre
focus should be fixed to the galvanometer as near to 1t as
possible. If the marior 18 neither plane nor has the required
radius of curvature, the focal length of a lens must be calculated
go that, when fixed near the minor, a point of light at a distance
of one metre should give a real 1mage at the same distance
The scale is now set at the proper distance, and the last ad-
Justment of focus 1s made either by altering shghtly this distance
or by mtioducing a weak lens to alter the divergence of the
beam incident on the mirror. A thin wire placed in the incident
beam, which may also be made movable for greater facility of
focussing, serves as the object, the 1mage of which on the scale
determines the angular position of the mirror
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Very often the preceding adjustments have been made for
the student, at any rate approximately, and 1n that case his fiist
care should be to check the adjustment for focus and to improve
1t when necessary If the mnstrument 1s to be used not simply
as an imndicator but to measure deflections, the position of the
scale must also be looked to. It should be placed at nght
angles to the line joining 1ts centre to that of the mirror  This
18 most easily done, as explained 1n Section XXXIV., by measm1-
ing the distance from the ends of the scale to the muror, or if
the galvanometer 18 covered by a glass shade, 1t will be sufficient
to measure the distances from that point of the shade which 1s
estimated to lie on the cential line, The investigation on page
159 shews that 1f an accuiacy of one per cent in the readings
1s axmed at, and the means of deflections to 11ght and lett are
always taken, the scale may be inclined as much as 8° without
doing any haim  The ditference 1n the distances of the ends
of the scales from the mirror should 1n that case not exceed the
seventh part of the length of the scale 1f however the deflec-
tions to either side should be correct to within one per cent a
ten times greater accuracy 1s required in the adjustment ot the
scale and this requuies some care 1n the measurements

The last adjustments relate to the sensitiveness of the
mstrument It this 1s msufficient 1n the case of a suspended
magnet instiument a permanent maguet should be placed
parallel to the galvanometer needle and so that the line joining
the centres of the magnet and needle 18 approximately perpen-
dicular to their magnetic axes If the poles of the outside
magnet pownt in the same direction as those of the suspended
needle, the magnetic field will be weakened by 1t  The maguet
1s first placed at a distance and then brought slowly neaier,
the spot of light being watched at the same time, so as to
keep 1t near the centre of the scale. It will be found that
when the outside magnet 18 brought too near, the position of
the galvanometer needle becomes unstable and tends to be
reversed When the magnet 1s placed so far away that the
needle 18 just stable, the instrument 1s as sensitive as 1t can be
made, but 1t will probably not be advantageous to use 1t 1n
this most sensitive condition owing to the increase 1n the length
of the time of oscillation
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In some instruments the controling magnet is clamped to
a vertical rod fixed to the galvanometer stand, and 1ts position
18 altered by loosening the clamp and shding the magnet vo-
wards or downwards. Some makers have adopted a method 1n
which two controlling magnets at a fixed distance are used
The field due to the two magnets may be strengthened or
weakened by altering the angle between their magnetic axes
In the case of galvanometers having astatic systems, the sensi-
tiveness may be altered in the same manner by an outside
magnet

Delicate galvanometers may be damaged when too strong a
current 18 sent through them, and very often 1t 18 not possible
at the beginning of an experiment to make sure that the elec-
tromotive force at the terminals of the galvanometer does not
exceed the limit of safety In that case a “shunt ’ should be
used This1s a resistance smaller than that of the galvanometer
and connected to 1t 1n such a way that the curtent will pass
thiough the galvanometer and shunt in parallel Sometimes a
number of shunts are supplied with the instrument having their
1es1stances graduated so that only the 1%, 145 or toysth part of
the current may pass through the galvanometer

A shunt has been designed by Ayrton and Mather which to
a close approximation will secure this for any galvanometer

The sensitiveness ot a galvanometer 18 measured by 1its
power to indicate small variations of current, but 1t does not
follow that the most sensitive galvanometer 1s the one that
indicates the smallest varations of the quantity to be measured.
On the contrary, a galvanometer which 1n the ordinary meaning
of the word would not be called “sensitive ” at all, 1s sometimes
the one which will give the most accurate results. As 1t 18
very important that the student should clearly realise this, 1t 1s
nécessary to enter a hittle further into the theory of the galvano-
meter Supposing the annular space, which 18 to contain the
galvanometer coil 1s given, we may fill 1t either with thin or
with thick wire; n the former case we shall get a “sensitive”
galvanometer, but one having high resistance, while the thick
wire will give a low resistance but smaller sensitiveness It 18
on the relation between the resistance and the sensitiveness
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that the theory of the galvanometer depends. If we wish to
replace a thick wire by one of half the diameter, we should
be able to replace each turn by four of the thinner wire But
forr turns of wire having one quarter the cross section will
have sixteen times the original resistance Hence while we
have mcreased the sensitiveness four times we have 1incrcased
the resistance sixteen times In a similar way 1t may be
proved quite generally that—neglecting the space lost by the
wsulation of the wire—the sensitiveness of galvanometers having
the 1dentical spaces filled by windings, will vary as the square
root of the resistance

Writing «4/G for the sensitiveness of a galvanometer where
G 18 1t8 resistance and « a constant depending on the shape
and size of the annular space contamming the windings, let a
circuit containing an electromotive force & be formed by the
galvanometer and a resistance R, the curtent will be E/(R + @)

and the deflection of the galvanometer x£VG/(R+ @) The
deflection of the galvanometer will thereforc be very small
when the resistance of the galvanomecter 18 very small and also
when 1t 15 very large, and 1t may easily be shewn that the
deflection will be a maximum, when G=L1 Hence when small
electromotive forces have to be measured, that galvanometer
will be most delicate which has the same resistance as the
external resistance. For thermoelectric work with cireuits which
generally have very small resistances, so called “sensitive”
galvanometers will not be sensitive at all, and low resistance
galvanometers will give the best results. When the circuits
are more complicated as in the Wheatstone bridge arrangement
the above 1nvestigations have to be extended, 1f 1t 1s desired to
find the most suitable galvanometer, but the general rule will
be found to hold, that when the external resistances aie small,
the galvanometer resistance should be small also.

In the case of galvanometers in which the poles of the sus-
pended magnets come close up to the windings and 1n the case
of suspended coil galvanometers, 1t cannot be assumed that the
currents are proportional to the angles of deflections, even
when these are small If theiefore small currents passing
through the instrument are to be compared with each other,
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the instrument should be calibrated This 18 most readily done
by the method used 1 Section LIII (Exercise I), a current
being sent through a umiform wue stretched along a graduated
scale and a suitable resistance  If the terminals of the gak-a-
nometer are brought into contact with the wire, the resistance
of which should be small compared to that of the galvanometer,
the cuirents passing through that mnstrument will be propor-
tional to the length of wire included between the terminals.

A short account may 1n conclusion be given of the “damping”
of galvanometers A current passing through the instrument
will deflect the needle, which will begin to oscillate about its
new position of equibhbrium The oscillations follow the same
laws as those of a pendulum, and will gradually diminish owing
to frictional resistance and electrical damping.

In many cases 1t 18 desirable that the needle should come to
rest quickly, for which purpose 1t 1s advisable to mncrease this
resistance, either mechanically by attaching a vane to the
suspended system, or electrically by biinging a mass of well-
conducting material (copper) ncar the oscillating magnets The
currents mduced 1n the copper by the motion of the magnets
react on the latter and oppose 1ts motion (Lenz’ law)

When the damping 1s so great that the needle will not
oscillate at all, but gradually takes up 1ts new position of equih-
brium, without passing beyond 1t, the motion of the needle 1s
called “aperiodic,” and the galvanometer 1s said to be “dead
beat”

When the instrument 1s used to measure the quantity of
electricity conveyed by a large current of short duration (dis-
charge of a condenser, induction kicks), we require the deflection
which would be produced 1f there were no friction, and 1n that
case the damping should be small, and must be taken into
account (see Section LXII). A galvanometer used in this
fashion 18 called a ballistic galvanometer

The angular displacement of a dead beat galvanometer 1s
represented by the expression

c(l—e M),

where ¢ is the ultimate displacement, which, as is seen, will be
reached theoretically only after an infinite time
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The angular displacement from 1its position of equilibrium
of a damped needle whose moment of 1nertia 18 7 and magnetic
moment M*, suspended by a fibre of torsional couple N,
oscillating through a small angle i a umform field H, and
subject +o a frictional couple whose moment 15 2B times the
angular velocity of the needle, 18 represented by the equation

w—c=ae“11£t cosx/w—ﬁu 17
I "
where ¢ 18 measuted from the instant when 2 has a maximum
value z,
If T 1s the time of oscillation, we may write

xr—c= ae'é‘t cosgﬂ

T )

whete -2£= IL————-H-I- N— ﬁa
T I VE )

The subsequent maximum values ,, ,, z; etc of z will occur
when t=1', 21, 31 etc, and the mmimum values z,, a5, 45 when

" 7}
t=é, 3%, 5%'(*&0
B
Hence a,—c=a, r,—c=—aqae I 2
B, _B 3T
z,—c=ae 1 a,—c=—qe I 2,
- Zor
x,—Cc=ae ete

Thus the 1atio
BT
equal to e !,

18 constant for all values of n and

N2

vd
z

~ty

T — Tp 41
Also —n Tl ¢ .
Ly 3 — In41
.

BT
Hence log, (#n — #n41) — 10ge (T g3 — Zuyr) = 7 3
or the difference of the logarithms to the base e of successive
swings 18 constant. This constant 13 known as the “logarithmice
deciement” of the oscillation and 1s written A Thus

BT _, B_2
T3~ =7

* In the case of a moving coll galvanometer M =0



288 MAGNETISM AND ELECTRICITY LVII

and the displacement « of the needle at time ¢ may be wiitten

—gA—Tt 2t
T—Cc=ae CoS T

{
In case the numerical value of A has to be determined, suc-

cessive turning points have to be observed, and from vaese the
BWINGs &, — &, &, — &, etc calculated We then have

log. (% — #,) — 10gs (20 — Tnt1) =0A,
log, (%, — @,) — log, (@43 — Tns1) = 1N,
ete, ete,

so that a scries of independent values of A may be obtained the
mean of which 1s taken fo1 the final result

When the first deflection of a galvanometer needle 1s
observed and 1t 1s desired to calculate what that deflection
would have been in the absence of all damping, we require to
know the value of \. As the time taken by the necdle to

pass friom the position of rest to 1its first elongation 15 77/4,
A

the above equations give o, — ¢ = ae 2, where =, 1s the observed

elongation and a the required amplitude Hence
A

a=(x - c) e
If X be small this 1educes to
A
a——-(z,—-c)(l +2—),
an equation which we shall have occasion to use
Exercise I. Set up a suspended magnet mirror galvano-
meter 10 the given position and measure the time of oscillation
and the loganthmic decrement of the suspended magnet when
oscillating under the action of the earth’s force only. By means
of an external magnet 1increase and decrease the time of
oscillation to about 8, 5, 10, 15 and 20 seconds, and determine
i each case the time, the loganthrﬁlc decrement, and the
value of 2)\/T
Exercise II. Determine the electromotive force at the
terminals necessary to produce an angular deflection of 01
when the times of oscillation are 10 and 5 seconds, respectively
Calibrate the galvanometer indications, and prepare a table
shewing the relation between the deflection of the mirior and
the current passing through the instiument.
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SECTION LVIIL

MEASUREMENT OF RESISTANCE
THE POST OFFICE FORM OF RESISTANCE BRIDGE.

Apparatus required: Galvanometer and scale, Post Office
resustance box, Leclanché cell, couls, voltmeters, platinord wure,
and connecting wnres

The student 1s supposed to be famhar with the prineiple
of a resistance bridge, and to have had some practice m the
measurement of resistance by the simple form ot bridge.

When two of the 1esistances of the bridge are formed by
a stretched wire, with a movable shiding contact for the junction
leading to the battery or galvanometer as in the simple form
of bridge, inconvemences anse owing, (1) to the fact that the
sum of the two resistances 1s fixed, being the total resistance
of the wire, while increased accuracy could often be obtained
if that resistance could be varied according to the value of
the resistance to be measured, (2) to the uncertainty of the
measurements, due to the possibility of different parts of the
wire having unequal 1esistances, or the contacts being faulty,
(3) to the anthmetical labour involved m reducing the measure-
ments, which 1s of no importance 1f the instrument 1s only
used occasionally, but becomes irksome by accumulation if
many measurements are taken, (4) the want of portability
of the instrument The requirements of telegraph offices,
which have been the cause of many improvements 1n electrical
mstruments, have led to the construction of a form of a bridge

8 P. 19
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consisting of a series of resistances, appropriately connected,
and compactly placed together in a box which 18 known as
the “Post Office box” (Fig. 107 a and b).

I
SN T/ — \__!"-'\-.
5} -

@ DT G

"‘A-Aﬁ. =

g(.’i..-“ ,a{-';:._-.v.-:- ,
=7

Fig 107 a. Fig 107 b.

The connections to the resistances are shewn in the diagram
of the brnidge (Fig 108). The battery and galvanometer
circuits are brought to spring contacts at
K,, K,, placed on the box as shewn in
Fig 107. There 18 a metallic connection
mside the box between ¢ and K, and
between 4 and K, as shewn mn Fig 108.
The letters in Figs 1075 and 108 cor-
respond When the resistance to be
measured is placed between B and D,
and the battery and galvanometer connec-
tions are made as shewn in the figure,
the bridge arrangement is complete The arms AC and BC
each consist 1n geneial of resistances of 1000, 100 and 10 ohms,
so that P and @ (Fig 108) may either be equal in three
different ways; or in the ratio of 10 1 i two different
ways, or in the ratio of 100 .1 by making one resistance equal
to 1000 and the other equal to 10 ohms According to the
resistances placed 1n the arms P and (), to balance the bridge
the resistance 1n the arm R should be S, 108 or 1008, if P 1
equal to or greater than @,and 1S or 018 1f P is smaller than @
Another variation can be made by interchanging the battery
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and galvanometer, and 1t 18 therefore seen that a great many
combinations for producing balance in the bridge are available.
But these combinations are not equally good, the unknown
resistance being capable of measurement with greatest accuracy
for a particular choice of P and @, depending on the value
of the resistance to be measured, and on the resistances of the
galvanometer and battery circuits  In nearly all cases 10 which
the highest obtamnable accuracy 1s not requied the following
rules, 1f attended to, will prove a sufficient guide to the student
1n the selection of a proper combination of resistances?

(1) As the resistance R between 4 and D in the ordinary
PO box can be varied 1n steps of one ohm, and as one-tenth of
that amount may with certainty be estimated by interpolation
of galvanometer deflections, resistances of over 100 ohms can be
measured with an accuracy of at least 19/, 1f the arms P and
@ are made equal to each other. Hence 1f a rough measure-
ment has shewn that S has a value of more than 100 ohms,
make P and @ equal to each other If S hes between 100 ohros
and 10 ohms and has to be measured to less than 1°/,, P should
be 10 times as great as (), while 1f S has a smaller value than
10, P should be 1000 ohms and @ 10 ohms

(2) When P 1s equal to, or ten times as great as @, the
best resistance of P depends on the galvanometer and battery
resistances For the exercises in this Section, any value will
give sufficiently good results It 1s easier 1 each particular
case to vary P and @ and find the most tavourable combination
by experiment, than to determine 1t by calculation

(8) If the galvanometer has a greater resistance than the
battery, connect the galvanometer circuit so as to join the
Junction of the two greatest to that of the two least resistances.
If the battery has a greater resistance than the galvanometer,
the battery ought to be placed between the junction of the two
greatest and that of the two least resistances.

1 A full discussion of the question 18 given in The theory and practice of
absolute measurements i Electricity and Magnetism, by Andrew Gray, F R 8.
and 1 Kemp's Handbooh of Electrical Testing

19—2
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Thus 1f the galvanometer has the greater resistance, and if
P=100, Q=10 and S=8 so that R =80, the galvanometer
circuit should be connected to B and K, and the battery to .D
and K,, as shewn m Fig 108 Whenever P and @ aie equal,
the best connection 18 that 1n which the battery and galvano-
meter circuits are different to that shewn m Fig 108

Exercise I. Measure to the nearest ohm the given 1e-
sistances The object of this exercise 1s to make the student
familiar with the connections of the PO Box, and to provide
practice 1n determining a resistance quickly when the highest
accuracy 1s not required

Light the scale lamp, and 1f the 1mage of the wire on the
scale 15 not sharp make the necessary adjustments Bring a
weak magnet near the galvanometer, and observe the motion
of the spot If the motion 1s smooth and regular, the needle
swings freely It 1t 18 wrregular, adjust the galvanometer ac-
cording to the mstructions in Section LVIL. Make counections
to the galvanometer and Leclanché cell as shewn m Fig. 108
Rule columns in your note-book and record the zero reading
of the galvanometer, as mdicated in the Table below Make P
and @ each equal to 1000 ohms Take a resistance of 1000
ohms out of the bridge arm 4D, and to begin with, leave the
resistance to be measured disconnected

Press the key K, to make the battery circuit, then for an
stant the key K, to make the galvanometer circuit, and
release first K,, then X, Obmerve 1n which direction the spot
of hight moves, and note that in the subsequent measurement a
deflection 1n the same direction will always mean that § 1s larger
than R, ¢ that the resistance in the arm 4D 18 too small.

Now connect the resistance to be measured as shewn 1n the
figure, and see that all plugs which are not taken out of the
box are firmly in their places, and that all screw contacts are
clean and secure. Again press down K, and then K, observing
m which duection the galvanometer begins to move Release
K, quickly, so as to avoid passing a possibly large current
through the galvanometer for a longer time than 18 necessary.

If the galvanometer 18 deflected 1n the same direction as
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before, this shews that the resistance to be measured 1s greater
than 1000, because R being 1000, the deflection 1s 1n the same
direction whether S 1s equal to the given®esistance or infinitely
large In that case a higher value should be tried in the arm
AD,say 5000, and so on until a resistance has been found which
gives a deflection 1n the opposite direction Having thus
ascertained by trial that the resistance lies between say 1000
and 5000 some intermediate resistance should be tried, say
3000, and the direction of deflection will then shew between
which limits the right value for balance lies A snccession of
trials each time approximately halving the 1nterval will
quickly reduce the limits, until two values of R are found
differing from each other by one ohm The one which gives
the smallest deflection will give to the nearest ohm the correct
resistance of § Simularly should S have been found to be smaller
than 1000, successive tials of 500, 250 etc will ultimately give
a lower lhmit, and when this 18 found a successive halving of the
interval will again give the required resistance

The cluef precaution to be taken by students s to avord
confusion as to the meanmng of the deflections to one side or the
other As soon as 1t has been ascertawned to which side the
deflection takes place when the reswstance taken out 1s too small,
ve the durectron of motion of the spot of hght when 8 18 not
wnserted wn the curcut, this dwrection must be carefully and con-
sprcuously noted so that no mistake unll afterwards be made

The reason for pressing down the keys K, and K in suc-
cession 1s to avoid the effects of the self-induction of the
resistances or galvanometer, which may cause a different distri-
bution of currents at the instant of making the battery circuit
to that which obtains afterwards Pressing the key K, when
the connections are as 1n Fig 108 completes the battery circuit,
and as the period during which the current 18 affected by
self-induction 1s very short, K, can be pressed down almost
1immediately

Before an approximate balance has been obtamned, the
galvanometer key should only be pressed down for a sufficient
time to shew 1n which direction the needle moves, as 1t 18
desirable to avord as much as possible the passing of un-
necessarily large currents through the galvanometer When
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the balance 18 nearly nght the key 1s kept down until the
deflection can be read off either by noting the amplitude of
the first swing or by waiting till the needle has come to rest.
Determine the resistance of the coils provided and arrange
your results as follows
20 January, 1898,

Galvanometer No. 2 (Resistance = 67 ohms), Resistance box C.
P =1000 Q = 1000.

R Zero Izgggfg‘;d Deflection

1000 601 to right +

(S:: )

1000 "l to left -
500 ’ -
200 to right +
400 51 4 +13
450 46 2 -39
420 49 2 - 9
410 601 503 + 2
412 501 zero
413 500 - 1
411 501 50 2 + 1

S=R=412 obms

Until a student has obtained sufficient practice, his Book
of Observations should contain a statement of all his observa-
tions as above In wrnting out his results one example should
be given 1n full, for the other resistances measured, the results
only need be given.

Exercise II. Determine the same resistances to the
greatest accuracy which the apparatus at your disposal will
allow

The resistances having been approximately determined, the
student should for each of them separately consider the rules
mentioned at the beginning of this section and fix on the values
of P and Q which he considers most smtable. The rule about
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be attended to When the galvanometer and battery circuit:
are 1nterchanged, the order in which the keys K, and K, aie
pressed down must of course be reversed also From his
previous results he will at once be able to take out of the aim
AD the plugs necessary to adjust the balance almost correctly.
A few further trials, 1f necessary, will then agamn lead him to
the two values R and R+ 1 between which the balance hes
The deflections for both these must then be carefully observed
on the scale, and by interpolation one, and possibly two
decimals may be found

If the deflections are not sufficiently large, the galvanometer
must be made more sensitive Resistances of not less than
five ohms should 1n each case be accurately determined to 1/,
and 1f possible more accurately. To ensure bhis accuracy,
however, with the smaller resistances it will be necessaly to
attend carefully to the connections and to make sure that the
plugs 1n the resistance box are firmly 1n their sockets

If the resistances are of copper or some other unalloyed
metal, the resistance of which increases about 19/, for every
3°C, the temperature should be noted, and the current should
be passed through the coil for as shoit a time as possible, so as
to avord heating effects, otherwise the resistance will be found
to increase gradually. To make sure that no such change 18
taking place, the observations should be repeated Owing to
the temperature effect, the accuracy obtanable with pure
metals 18 much smaller than with alloys, which have a small
temperature coefficient

Enter your results as follows:

Junction between'
Material P Q P and Q R
conneoted to

Temp
of coil

CoilNo 1| Copper |1000|1000|Galvanometer (4123 |16°2
2| Platinod | 100| 10| Battery 6825 | 16°4

” »

. . . . . . .

»w 9 D|Mangammn| 100| 10| Battery 7423|159
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Exercise III. To determine the resistivity of the material
of a wire.

Measure the resistance of the wire provided to 1¢,
noting the length of the wire under the screws which clamp
1t to the resistance box Measure the diameter of thc wire 1n
four places and the total length Subtract the length under
the clamping screws from the total length, and calculate the
resistivity

Arrange your results as follows:

21 January, 1898
Resistavaty of Platinoid.

Total length of wire . . . = 1002 cms.
Length under screws e o= 17,
Length (1) used ... - e = 985

= 0342, 0344, 0346, 0348.

Mean diameter ... 0345 cms
Mean cross section (a) . 000937 sq cms.
Resistance (R) .. ... = 4205 ohms

400 x 10~* ohms/cec.

Diameters at different places by
screw gauge j(

ii

Il

|

Remstivity = {zt—z
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SECTION LIX.
MEASUREMENT OF A HIGH RESISTANOCE

Apparatus required: High resistances, one about 30,000
ohms, another about a megohm, wsulating material, resistance
bozes, cells and murror galvanometer

When the resistance to be measured 18 large compared
to that of the most sensitive galvanometer available, the
resistance bridge loses 1ts advantages and ceases to give
more accurate results than simpler and more direct methods
When the accuracy required does not exceed about 1°/, these
simpler methods will be sufficient

If a standard resistance of approximately the same value as
the one to be measured 18 available, the method known as the
“direct deflection method ” may be used

Let a cell of resistance B ohms be connected 1n series

with a high resistance of R, ohms, and a
marror galvanometer of resistance G ohms g 1

(Fig 109) "
The current C, through the circuit is Fig 109.
given by
S
"B+ G+R’

Similarly when a second known resistance R; 18 substituted

for R,,
E

0’=B+G+R’.

8o thab
B+G+R,=g-,’(B+G+R,).
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The battery resistance will in nearly all cases be quite
neghgible compared to the high resistance to be measured, and
the resistance of the galvanometer will be known or must be
determined by an independent measurement. Hence R, being
known, R, can be calculated from the above equatica, if the
galvanometer deflections d, and d, corresponding to C, and C,
are observed, and the ratio of the currents deduced from the
ratio of the deflections If the indications of the murror
galvanometer have been calibrated (page 288) a Table 1s
probably available i the laboratory by means of which de-
flections may be converted into currents. In the following
exercise 1t 15 assumed that results of sufficient accuracy may
be obtained by taking the deflections to be proportional to
the currents In that case the unknown resistance R; 1s

given by
BB+ OB _g=R DB,
d, d, d,

and 1f @ 1s small compared to R, and R,

d
1 Eﬂ .

Taking a resistance box having a total resistance of not less
than 10000 ohms as R,, determine the re-
sistance R, of the coil provided Arrange the i
circuit a8 1 Fig 110, the resistances to be l l_l
compared being placed side by side i such a — 33—
way that either one or the other may be put in M

g 110.

circuit with the battery and galvanometer

If the deflections of the galvanometer with R, in circuit
are too large to enable obseivations to be taken, diminish the
sensitiveness of the instrument by an external magnet till they
are within the hmits of the scale If this 1s not possible
arrange the circuit as 1 the second method described below

If the resistance to be determined 18 more than three or four
times that of the standard, the ratio of the currents will not
be capable of measurement to a sufficient degree of accuracy by
the direct deflections The method should then be modified
by the addition of an arrangement which allows the electro-

R,=R
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motive force to be varied 1n such a way that the deflections
d, and d; are not very unequal

For this purpose a cell of small resistance B 1s connected to
the ends of a resistance box contaimng
r (about 1000) ohms The galvanometer
1n series with the high 1esistance to be 8
measured 18 connected across part only (7))
of the resistance (Fig 111), and thus part
may be vailed

Let the resistance to be measured be R,, Fig 111
the standard resistance R,, and the galvanometer resistance G

Let B 4 r=1' be the total resistance 1n the cell circuit, and
r, that part of 1t between the terminals of the galvanometer
circuit when R, and 7, when R,, 18 tested, the currents thiough
the galvanometer being 1n the two cases (', and ¢, Then if
E 18 the electromotive force of the cell a sunple application of
the laws of derived circuits gives

y r? 72
G+ Rl+r1—-7—,— G+R,+1’z—? ,

= =

7, 7y 7
A [
from which we find

O, m e r})
G+Rz—27; E<G+R1+’ﬁ—7>—(’l’2—-’,—, ,

10 which 1n general » may be substituted for » without appre-
ciable error
Hence R, may be determined, if @ 18 known and we can find

M
the ratio -g‘ from the galvanometer deflections If the currents

are not proportional to the deflections the galvanometer must be
calibrated  If the currents C; and C, produce deflections which
when corrected for calibration errors are equal to d; and d,,

C,/C,=d,/d,, and the above equation becomes
2 2
G+Rg=id1" Q(G‘{"R} +’I‘1—?—,) b (7‘2"‘%)

d, n

The calibration can be avoided and the arithmetical work
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shortened if the resstances r,, 7, are so adjusted that the de-
flections are equal  In that case

G+R=2(6+R)+ M2,

If the resistance G of the galvanometer 1s unknown we may
either determine 1t, or ehiminate 1t from our equations, by
taking a third observation with the known resistance changed
considerably in value If R/ 1s1ts new value, » that of r, and
C) that of C;, we have

/2

G+ R/ +r/ —,%7

_E
1 I
cy
Hence
> r+ 7
In_,——R,—l—('rg-—r,)( - = )
R_n
G G
R/ =B+ (ry—m) ( - ’f’_;'_r')
B n_n '
¢ G

from which R, may be calculated.

If @ 1s to be determined the most suitable values of R,' and
7, to use are discussed on p 364

Determine by this method the resistances of the blacklead
line, and of the samples of insulating material provided From
the dimensions of the samples, calculate the resistivities of
the different materals

Assuming the deflections to be proportional to the currents,
tabulate your observations and results as follows
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Direct Deflection Method
20 January, 1898
Galvanometer No 2 (Resistance 6,030 ohms)
Standard Resistance (R,) = 10,000 ohms

Resistance Deflection

10000 5087
R, 274 5

10000 5103
dl =509 5

d,=2745

509 5
R, =16430 x M4z 6030 = 24,460 ohins

Shunt Method
20 January, 1898
Galvanometer No 2
Standard Resistances from box C.

B T: 11,110 ohms ‘ '

R — Deflection

r‘ i -
5000 ohms 14 ohms 311
Pencil Line 1110 ,, 307
11,110 ohms 22 312

R2—5()00+1096<1— 1‘“) 6000+8(1- 36 )

11110) 11110
1110 14 - 22 14 ¢
307 811 312 311
R,—3917 _ 6008
8774 T 255

.. R,=893,000 ohms

Sumilarly for the samples of insulating matenal, which may
require the ratio 7,/r; to be made greater than was necessary in
the above case
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SECTION LX.
MEASUREMENT OF A LOW RESISTANCE

Apparatus required: Low resistances and standard
low resistance, Danwell cell, two jfour-way keys, and marror
galvanometer

When a resistance which 1s only a small fraction of an ohm
15 to be measured, the resistance bridge 1s no longer capable
of giving accurate results owing to the uncertain resistances
mtroduced at the various contacts bemg comparable with the
resistance to be measmed Several special methods of measure-
ment have therefore been devised, one of which 1s known as the
“fall of potential method” It depends on the comparison of
the differences of potential produced by the same current at
the ends of the unknown resistance and of a known standard
resistance

The two resistances R, and R, (Fig 112) are connected in
series with a third resistance R of a few
ohms, mtroduced to regulate the current, KAD
and to a cell B giving a constant electro- =
motive foice, eg, a Daniell. Fiom the 8
ends of the two resistances R, and R,,
wires are taken to keys which enable each
resistance to be placed mn parallel with a 95
galvanometer @, the resistance of which is Fig 112
high compared to the resistances under
test! When this 1s the case, the currents in the galvanometer
will be proportional to the differences of potential at the ends
of the resistances, which will in their turn be proportional to
the resistances themselves The galvanometer should give de
flections sensibly proportional to the currents passing through

1 If this 18 not the case

R _C, (B+R+R+R;)G+RR,+(B+R)R,

Ry, C, (B+RB+R,+R)G+R R,+(B+R)R,’
where C, and C, are the ourrents through the galvanometer when connected to
R, and R,, and B 18 the resistance of the cell,
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1t. If this 18 not the case or if R, and R, differ greatly
the fall of potential down each must be balanced against
that down the resistance 4 of an independent circuit as in
Fig 120.

Determine by this method the resistance of the three con-
secutive lengths marked A, B and C of the given wire, and
compare the sum of the 1esult with that obtained by testing the
resistance of A, B and C 1n series

The connections to the galvanometer may be arranged by
means of two four-way keys, K, and K, as indicated 1n Fig 112,
the plugs being inseited to connect the galvanometer to the
two 1esistances in turn.

After making connections proceed as follows

Make R =10 ohms, connect the galvanometer to R,, and
1ead the deflection If the deflection 18 so great that the spot
of light leaves the scale, increase B

Connect the galvanometer to R, and again read the
deflection

If the larger of the two deflections is not at least half-way
across the scale diminish R till 1t 1s as large as can conveniently
be read Determine 1t accurately. Transfer the galvanometer
terminals to the other resistance and read the deflection, then
return to the former and again read the deflection. If any
measurable change has occurred take two more observations
and record as shewn below. In the reductions, assume that
the galvanometer deflections are proportional to the currents

Enter your observation as follows :

10 June, 1899 Galvanometer No 3. Resistances marked 4, B, ¢

Galv connected Deflections, R,
up to scale divisions Mean R,
R (4) 114 115 1145 | 1145 387
R,= 01 ohm 29 4 29 8 29 6
Hence A = 0387 ohm

Similarly for the other given resistances, B and ¢
Check the results by measuring the resistance 4 + B + C.
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SECTION LXI.

MEASUREMENT OF THE RESISTANCE OF A
GALVANOMETER

KELVIN'S METHOD

Apparatus required : Galvanometer, Post Office resistance
box, Leclanché cell, resistance box of 1000 vhms and connecting
wires

1t the four arms of the resistance bridge (Fig 108, p 290)
satisfy the relation P/Q = R/S there 1s no difference of potential
between the pomnts 4 and B, and 1if they are directly connected
by a wire, no current will pass through it Hence the mntro-
duction of such a wune would not alter the strength of the
current 1n any of the arms of the bridge Conversely, we may
conclude that if the current in any one of the branches 1s the
same whether A4 and B are directly connected together or not
the above relation 1s satisfied. If the branch R contamns a
galvanometer, the deflection of which serves to indicate the
stiength of the current through 1t, we may judge whether the
resistances are balanced or not by making and breaking the
contact of a wire connecting 4 and B If the deflection 1s
the same 1n both cases the resistance in the branch R must
be equal to PS/Q and may therefore be determined without
the assistance of a second galvanometer between 4 and B

The above considerations lead to an interesting and useful
method of determining the resistance of a galvanometer To
obtain accurate results 1t 18 1n general necessary to send through
the instrument a current which under ordinary cucumstances
would drive the spot of light off the scale Reducing
the sensitiveness of the galvanometer so as to make the
deflection measurable would not get over the difficulty, becau-e
the test 1tself would become less sensitive It 1s possible



LXI RESISTANCE OF A GALVANOMETER 305

however to work with a large deflection and yet have the spot
of light on the scale, because the zero reading of the galvano-
meter 18 not required and may therefore be outside the limts
of the scale In the case of a galvanometer of the suspended
needle ty e, 1t 18 convenient to begin by deflecting the needle
till the spot of hight 18 at the end of the scale by means of a
weak magnet arranged so as to alter the direction of the field
at the needle without increasing 1its strength The battery 1s
then connected to a resistance r (Fig 113, p 306) so that
only a portion of the curient passes through the bridge, the
spot of light 1s brought on to the scale by adjustment of the
resistances 7 and 7, 7 1s then ncreased, and the magnet moved
so that 1t still brings the spot of light on to the scale without
materially 1increasing the strength of the magnetic feld at the
galvanometer needle

In the case of a D’Arsonval galvanometer, 1t 1s only necessary
to rotate the whole insttument through an angle of about 30°
and to adjust = and 7, until the spot of light appears on
the scale

When the resistance @ of the bridge may be made smaller
than the resistance of the galvanometer, the best arrangement
18 to have @ as small as possible, and P as large as 1t can be
without R being caused to exceed the maximum resistance
available 1n the arm 4D The battery should come between
the points 4 and B, v ¢, the battery and short circuiting wire in
the figure should be interchanged When the lowest available
resistance of @ 1s larger than the galvanometer resistance, ¢
and P should be made equal to each other and as large as
possible, and the battery should then be connected as shewn 1n
the figure If the resistance of the galvanometer 1s not even
approximately known the last-mentioned arrangement 1s the
most suitable and the sensitiveness will generally be sufficient

In the following exercise, 1t 18 required to measure the
resistance of a d’Arsonval galvanometer, the method for other
galvanometers only differing as explained above in the means
adopted to alter the zero reading

Make connections as shewn in the figure ~With », small
and r large, pass a current of short duration through the

8 P 20



306 MAGNETISM AND ELFCTRICITY LXI

galvanometer by pressing down the key K,
for an 1nstant

Turn the galvanometer through an
angle of about 30° or 40° 1n the opposite
direction to that in which the spot ot ight
moved on making contact

With P = @Q = R = 1000 close the bat-
tery circuit at the key K, and adjust »,
and r until the spot of hght 1s on the
scale  This 1s done most 1apidly by
watching the galvanometer mirror 1itself
wstead of the spot of hght Press the shoit circmiting key
K, and obscive the side to which the spot of light moves
Then make R =25000 and repeat the observation If the
motion 18 1n the same direction as the first 1t 1indicates that
S hes below 1000 or above 5000 The first supposition bemng
the more probable 1 the piesent case, repeat the obseivation
with R =500

Proceed as in Section LVIII to find the value of R for
which the spot of hight does not move when the key X, 1s
closed

If no value of R satisfies this condition, find the values
differing by unity, for which the deflections are 1 opposite
directions  Determine these deflections and find the value of
R for accurate balance by interpolation

If the resistance of thc galvanometer 1s greater than the
lowest available resistance of @, which will be 10 with the
1esistance boxes In common use, connecet the short circuiting
wire to C' and D thiough K, and the battery circmit to 4 and B
through K, Make Q=10 and P =1000 if a 1esistance of
100 S can be placed in the arm 4D, otherwise make P =100
Take out of the branch AD the resistance which according to
the previous determination should produce balance, and 1f
there 1s a deflection proceed to improve your result When
the balance 1s nearly perfect stop the current and wait a few
minutes 1n order to allow the galvanometer coil to take up the
temperature ot the room, 1t having probably been heated by
the passage of currents suthciently to affect 1ts resistance
sensibly Then repeat the obseivations

Ing 113
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Enter your results as follows

9 June, 1899.

Battery jomning C and D.
P=1000, Q=1000.

RESISTANCE OF A GALVANOMETER

Galvanometer D’Arsonval C,

Reading with

R AB open
1000 151
5000 121

500 23 2

100 254

300 240

200 240

220 23 6

210 23 4

R?glzﬁa:eg’h Deflection
+ large to right
+ ” 2
+ » »
- s to left
413 +173
225 - 15
245 + 9
22 4 - 10

Resistance of galvanometer = 215 app.

Temperature of room

=15°4C

307

The battery and short circuit were now interchanged and
with Q@=10, P=100 1t was found that R=2154 gave a
balance but that this resistance seemed slowly to icrease

owing no doubt to the heating ot the curient
result was obtained after waiting five minutes
the final result

Resistance of galvanometer C =215 4
=15"4C

Temperature

20—2

The same
Hence for
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SECTION LXTIL

DETERMINATION OF THE RESISTANCE OF A CELL.

LODGE’S MODIFICATION OF MANCE'S METHOD,

Apparatus required: Danwell and Leclanché cells, Post
Offfice resistance box, hagh resistance galvanometer.

If 1in the 1esistance bridge arrangements (Fig 108, p 290)
the relation PS = QR 1s satisfied, the arms of the bridge CD
and AB are said to be conjugate to each other. No electio-
motive force 1n one of these arms will produce a current in
the other, and no change of resistance 1n one of them will
modify any current in the other pro-
duced by electromotive forces in one or
more of the branches of the bridge

This fact was first used by Mance to
determine the resistance of a cell. He
placed the cell in one of the arms, and
replaced the battery, which in the or-
dinary resistance bridge supphes the
current, by a ssmple key K, (Fig. 114)
Owing to the presence of the cell in BD Fig 114,

a current passes through the galvano-
meter, but when P/Q = R/S this current should be the same
whether the contact at K 1s open or closed.

To prevent a large cuirent passing through the galvanometer
it should 1n the first 1mstance be shunted by a small resistance
which can be increased as the balance 18 made more accurately.
The key K, should only be pressed down for one quarter of the
period of the galvanometer to allow the fiist deflection to be
read. The closing of the circmit at K, though 1t does not affect
the current in the galvanometer brauch, will increase the
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current through the cell itself, and this increase 18 accompanied
by changes 1n the resistance and electromotive force of the cell
This 1s a disturbing cause which affects all measurements of
the resmstance ot a cell, but the difficulty may to some extent
be overccne by allowing the key A, to be closed only for a very
short interval of time

The modification of Mance’s method introduced by Lodge,
gets over the difficulty by the mtroduction of a condenser m
series with the galvanometer (Fig. 115} The condenser will be
charged to a difference of potential equal to that between the
pomnts A and B, and whenever a sudden change i that
dufference of potential occurs, an instantaneous cutrent will
pass thiough the condenser When however the relation
P/Q=R/S 18 satisfied, the galvanometer will not be affected
by the sudden pressing down of the key K.

The most sensitive arrangement for the determination of
the resistance of a cell 1s that 1 which @ 18 equal to the
resistance of the cell and P 13 as large as possible. The
connections should be as m Fig 115, the short circuiting key
being m the branch CD It 18 more important that @ should
be ncarly equal to the cell resistance, than that P should be
large If P=10Q the arrangement has 90°/, of the greatest
possible sensitiveness, but when Q=108 the sensitiveness 18
reduced 1 the ratio of 10 to 1. Hence when the cell has a
very low resistance, elther some special arrangement should be
made to reduce the value of @, or an accurately known re-
sistance should be placed in series with the cell, so that the
total resistance of S 18 not less than
half that of the lowest available value
of Q

Set up a Danell cell, taking care
that the zinc 1s not covered with a
deposit of copper Place 1t m the arm
BD of the Resistance-Bridge Box 4 BCD
(Fig 1153), putting a plug key K 1
circuit, 1n order that the current can
be stopped except when observations are
being taken.
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Place a condenser T of about ‘3 microfarad capacity in series
with a high resistance galvanometer, and connect to the bridge
as shewn. Make @ =10, P=1000, and choose for first trial a
resistance B which you expect to be greater than that of the
cell to be tested, say 100 1 the present mnstance. Male circuit
at K, then momentarly at K,. Note the direction 1n which
the spot of light moves Reduce the value of B and proceed
as 1 Section LVIII to determine 1ts value for balance If the
key K,1s held down, the spot of light will be seen to drift owing
to changes 1n the cell brought about by the passage of the
current Wait five minutes without passing a current through
the cell, and determine the resistance agam. Repeat agan
after a further five mmntes

Determine the resistance of the Leclanché cell in the same
way, then placing the two cells first 1n seiles, then 1n parallel,
determine their jont resistance

Record as follows

6 February, 1899
P=1000, Q=10 ohms,

1 Daniell cell, No 3
Balance obtained with B =515, 1 ¢ S =515 ohms.
After five minutes . . . =510
After further five minutes . .. =507

2  Leclanché cell, No 4.
Approximate balance obtained for R
between 470 and 480 S =475 approx
After five and ten minutes the resistance was approxi-
mately the same
3 Leclanché and Daniell cells.

”»

(a) 1n series . . veo. 8=99 ohms,
(b) 1n parallel . . e =26,
Calculated resistance case (b) =98
case (¢) =235 ,
4. Leclanché cell, No 4 . =48
5. Damell w o B =502 ,

In making the calculations under 8 use the means of
1 and 5, and of 2 and 4.
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SECTION LXIIIL
COMPARISON OF RESISTANCE STANDARDS

CAREY FOSIER'S METHOD

Apparatus required: Carey Foster's bridge with inter-
changung suntch, two equal 1enstances, standai ds to be compa ed,
w01 galvanometer , voltare cell

When nearly equal resistances, as for imstance a number
of ohm standards, are to be compared together with gieat
accumacy, a modification of the bridge method due to Carey
Foster may be used

The two “ proportional arms” P, @ (Fig. 116) of the biidge
are made as nearly as possible equal, and
the two standards R, S to be compared, ih
together with a straight wire CC” jon-
mg them, form the other arms The
standards R, S are connected to the
bridge mn such a way that they can be
readily 1nterchanged by means of a
switch having mercury coutacts The 5
wire OC’ 18 stretched along a gradu- Tig 116.
ated scale, on which the position of the
pont of contact of the shding conmnection leading to the
galvanometer may be read off

Let a balance be found when the galvanometer contact 1s
made at a pomnt reading z along CC’, R and S being placed
as shewn 1n the figure, and let 2’ be the position for a balance
when R and S aie interchanged. Let p be the resistance
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of a length of wire CC’ equal to one scale division, then since
the resistance from B to D through CC’ remains the same on
mnterchanging R and S, the sum of the resistances BL and LD
remain the same, and since when there 1s a balance their ratio
must also be the same, 1t follows that the resistance fro B to L
is the same before and after the change

Hence R+ px=8+pa
or S—R=p(z—2)

If p 18 known the difference between B and S can therefore
be calculated. To obtain p diminish the effective resistance of the
larger of the two resistances R and S, which 1f we take z > 2’ will
be 8, by placing a large known 1esistance S; in parallel with 1t
Balance, interchange the two ains, and balance again  Adjust
S, so that the 1eadings are nemly the same as those taken
previously, and the same pait of the wire 1s therefore mn use
m each casc Let # and ' be the two readings, wheic
x> a

Then

SS, p
R"g;‘“gl-P(wx‘“x)

Elimmating R we obtain

& 1
P-S+S,(m,—w,’)+(x—-x’)'
If p 18 not required we may eliminate 1t and obtamn
N z—a
S+8 (@-a)+(@-a)

If 1t 18 assumed that the bridge wire 1s uniform, so that
1ts resistance 1s strictly proportional to 1ts length, 1t 1s not
necessary to make the two sets of readings of # nearly alike.

See that the mercury contacts of the switch are clean.
Place the terminals of the two equal coils, which are best wound
on the same bobbin, and those of the two coils to be compared
m the mercury cups provided for them in the mercury switch,
Connect the galvanometer, and through a key the Leclanché cell,
to the bridge, attending to rule (3), p 291 Place a thermo-
metel 1n the centre tube of each coil, and when the indications

S—-R=
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have become steady, read the temperatures. Obtain a balance
and note the reading of the shiding contact. Reverse the con-
nections of the standard coils by moving the switch, balance
again and note the ieading. Read the thermometer again
Place, 10 parallel with the higher of the two resistances, which
we will assume 18 S, a high resistance of amount sufficient
to displace the point of balance by the distance previously
found, i1f that was more than a few cms, if not by about a
fourth of the length of the wire, and determine the position
for balance. Again reverse and balance. Read the tem-
peratures.
Record as tollows:

2 October, 1900,

Wolff’s standard 1 ohm (R) compared with Hartmann and
Braun’s standard 1 ohm (S)

Temperature coefficient of R said to be zero
” » 3 S = 00020
8§ according to the certificate is correct at 18° 2.

Balance with R on left side of bridge « =24 38 cms,
» » S »” » » » .o m’ = 2* 75 »

.. R—S=37p, t=15"15
100 ohms were placed in parallel with S and the difference
1n readings now found to be 4 52 cms
1 1
P=101 28237

-1

4192
.. R—8= 00239 x 37 =-00088 ohms.
Resistance of S at 15°2=1— 00060 ="99940 ohms,
of R ab 15° 2=1 00028 ohms.

Hence

= 00239 ohms per cm.

.
’e 9
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SECTION LXIV,

CHANGE OF ELECTRICAL RESISTANCE WITH
TEMPERATURE

Apparatus required: Two cols of wire wn a tube which
can be rawsed wn temperature, Post Offce bridge, voltawc cell,
and marror galvanometer

The electrical resistance of a wire of a pure metal incieases
r1apidly with increase of temperature, while that of a wire of an
alloy mncreases more slowly, and by a proper choice of the con-
stituents, may be made to remain neaily constant at ordinary
temperatures

To determine the change of resistance of a wire due to
temperature, the wire may be wound round a sheet of mica
and placed, along with a thermometer for indicating 1ts tem-
perature, 1n some 1nsulating o1l 1 a test tube surrounded by
water which can be heated

The apparatus supplied 18 constructed on this principle.
It consists of a brass vessel, n which 1s placed a test tube
contaiming two coils, one of copper and one of platioid wire,
immersed 1n petroleum and joined to the three screws on the
wooden disc through which the tube passes, 1n such a way that
the middle screw 1s connected to one end of both coils, while
the other ends of the coils are separately connected to the
other two screws,

Fill the brass vessel full of tap water, and place the disc
through which the test tube passes over the vessel, so that
the tube 18 immersed i the water (Fig 117) Connect the
common terminal of the two coils to a Post Othce resistance



LXIV CHANGE OF RESISIANCE WITH TEMPERATI'URE 315

bridge 1n the usual way, and the othe:r terminals to two of the
screws of a three-way key, the third screw of
which 1s connected to the other bridge ter-
minal, and determine the resistance of each
col at tl e temperature of the bath

Measure the resistance of the wires con-
necting the copper coill to the budge, by :
clamping the two ends under one of the disc
screws, and adjusting the bridge for a balance
Do the same for the connecting wires to the
platinum coil, then sciew up the wnes as at
the commencement, and repeat the dcter- '
mination of the resistance of each coil

The galvanometer should be sufficiently
sensitive to allow the thousandth part of an y
ohm to be estimated, and the temperatuie
readings should be coriect to 05°C

Raise the temperature of the water to
about 20°C, and keep 1t at that temperature till the reading
of the thermometer 1n the test tube 1s steady, then repeat the
obscivations of the resistances of the two coils

Take further obseivations at about 30°, 40°, 50°, 60°, then
cool the water, and redetexmine the resistances at the same
temperatures (withm about a degree) as previously

Finally 1edetermine the resistance of the connecting wires

Record for each coil as follows

12 December, 1898
Resistance Box C  Coils No 3.

/]

g 117

Copper Coil
Resl_stance ohms Resistance ohms
Temp C Temp C | .
| apparent | true apparent true
— . —_— —
leads 099 ! leads 101

13 62° 4267 ' 4168 13 58° 4 263 4162
2015 | 4378 | 4274 || 2005 | 4359 | 4258
2980 | 4518 | 4418 || 2090 | 4534 | 4434
3915 | 4652 | 4552 | 8985 | 4684 | 4584
4950 | 4827 | 4727 || 4960 | 4843 | 4748
5990 | 5015 | 4916 || 5970 | 4981 | 4881
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Draw curves representing the results, taking temperatures
as abscissae and resistances as ordinates

It will be found that for the copper coil the curve 13 almost,
a straight line, which, when produced 1n the duection of tem-
peratures below the freezing pomnt, gives zero resist .nce ap-
proximately at the zero of absolute temperature

Pure metals behave generally in the same way but alloys
do not

The resistance of a puie metal may be represented very
accurately by the equation

ry=17,(1 4+ at + Bt?),

where 1,18 the 1esistance at ¢° and 7, at 0°, and a and B are
constants depending on the nature and state of the metal

The temperature coefficient of increase of electiical re-
sistance at #° 1s the increase 1n resistance of a conductor for a
rise of temperature from (f—3%)° to (¢4%)° divided by the
resistance of the conductor at 0°C

It 1s therefore 1n the above case a + 28¢.

The quantity B 18 small compared to a: thus for pure

platinum®
a=+ 00392, B=-0000,000585.

For many purposes 1t will be sufficient to neglect B, and to
take a to be the mean temperature coefficient for the 1ange of
temperature considered. In that case, writing R, and R, for
the resistances at the tempeiatures ¢, and ¢, we have

Ry =1,(1+at),
B,=1,(1 +aty),
and by elimination of 7,
1 1
_ R.—-R, _ R R,
a_.th,-—RJl__tl__t_,.'
R, R,
The first formula involves rather less calculation than the

second, but the second allows a more symmetrical arlangement
of the observations and calculations, and as tables of reciprocals

1 Holborn, dnn der Phys, vi p 251 (1901), temperature on Nitrogen Scale.
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should be available 1n eveiry laboratory, the wmtroduction of con-

1
ductances Y place of resistances involves little additional

labour.

Calculate the temperature coefficient of the electrical re-
s1stince of copper by taking the mean of each pair of nearly
equal temperatures in the first and fourth columns of the above
Table and the mcan of the resistances found for these tempera-
tures. Airange them mn two sels and carryout the work as follows

12 December, 1898
Copper Col 3

Mean Mean t Mean | Mcan 1 N of | Duff of
temp resist —_— — temp resist - = 1 t Rat
Cent. | Olins R Cent. | Ohms, it 2 7 bt
[ | | R
13 60°| 4 165 | 2401 | 3 265 || 39 25°| 4 568 | 2189 | 8591 0212 | 53826 | 003
2010 | 4 266 | 2341 | 4 711 || 49 556 | 4 7135 ‘ 2112 |10 466 (] 0232 | 5 755 4
29 85 | 4 420 l 2259 | 6 744 || 56980 | 4 808 | 2042 | 12 211 0217 | 5 467 3
! !
o = mean = ; 003

Reduce the results for the platinoid coil 1n the same way
and examine whether 1n 1ts case the above sumple relation
between temperature and resistance holds

Note on Platinum Thermometry The measurement of
change of resistance due to change of temperature has become
of considerable importance, since 1t has been found that 1t may
gerve as a basis for the measurement of temperature  One of the
advantages of this method 1s, that by the use of a metal with a
high fusing pont, eg platinum, 1t may be applied to tempeia-
tures which are so high that mercury or air thermometers
cannot be used. A platinum thermometer must agree with
the ordinary scale at the fundamental pomnts 0° C. and 100°C,
and this may be secured by defining the temperature as measured
by the platinum thermometer (Z,) to be

tp Ty — T

100~ Tiw—To
where 7, 7:, 7w are the resistances of a platinum wire at
0°, t°, and 100° respectively. This definition makes the rise of




318 MAGNETISM AND ELECTRICITY LXIV

temperature proportional to the increase in the resistance, and
secures also that when 7, 18 equal to 7, or 7, the temperature
mdicated shall be 0 or 100 respectively.

The difference between a platinum and a gas thermometer at
any temperature can be calculated if the change of resistance of
platinum as depending on the indications of the gas thermometer
1s known Thus putting

re=1,(1 +at+ B¢,
where £ 1s the temperature as measmed on the gas thermometer,
we find by substitution

‘- at + Bt
a4+ 1008
and
= 100008 by Ly _g b (1ot
P~ a+ 1008 100 100 100 100/’
10,0008
where ~a+ 1008’

an equation first used by Prof Callendar ~ With the values of
a and B given on p 316, the difference of the two temperature
scales becomes finally

. 14 t
t- tp—l Dl m(m*])
The numerical coefficient has however to be 1edetermined for

each sample of platinum, and appears to increase in value at
very low temperatures.
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SECTION LXV,

MEASUREMENT OF THE RESISTANCE
OF ELECTROLYTES

Apparatus required : Post Office resistance boz, electrolyte
tube, telephone, wnduction coul, storage cell, and macroscope

The resistance of an electrolyte cannot be mecasured by
placing the vessel containng the hiquud in the resistance
bridge in the ordinary way, since the passage of the current
produces polarisation at the electrodes, and therefore sets up an
electromotive force, which has the same effect on the measuring
instrument as a change of resistance  If however an alternating
mstead of a duect current 1s sent through the bridge, the
polarisation due to the passage of the current in one direction,
18 neutiahised by the passage the next instant of an equal
curient 1 the opposite direction, and 1f the changes succeed
each other with sufficient rapidity no appreciable effect on the
measurement 18 produced The galvanometer must however
be replaced by an instrument capable of detecting alternating
currents, as for example an electrodynamometer or a telephone
The latter 13 more generally used at present. The use of
alternating currents necessitates care 1n avoiding appreciable
self-induction and capacity in the resistances, since when they are
present the resistance bridge does not measure “resistance” but
“impedance,” which depends on the self-induction, the capacity
and the number of alternations per second as well as on the
resistance It 18 owing to the impedance depending on the rate
of alternation that 1t 1 almost 1mpossible to secure a perfect
balance unless the alternating cuirents used follow the law of
sines.
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Important conclusions have been drawn as to the molecular
constitution of solutions from their electric conductivities when
an equal number 7 of “ gram-equivalents ” are dissolved per c.c.
of solution in each case By gram-equivalent 18 meant the
molecular weight of the dissolved salt divided by 1its valency
It 1s thus equal to the molecular weight 1n the case of com-
pounds ke NaCl, HC]l, AgNO,, and to half the molecular
weight for compounds hike ZnSO,, H,SO,, BaCl;. A solution
which contains one gram-equivalent of a salt per litre of solution,
e for which = 001, 1s called a “normal solution.” The “equi-
valent conductivity” K of an electrolyte 1s the conductivity
divided by the number 7 of gram-equivalents dissolved in one
cubic centimetre

If 1t 18 required to measure the absolute value of the con-
ductivity of an electrolyte, the electrolyte must be inclosed 1n
a tube of known length (/) and cross-section (@) If R 1s the
resistance of such a tube Ra/l will be the resistivity, and //aR
the conductivity. If the tube 1s conmical, @, and a, bemng the
cross-sections at the ends, 1t will have a resistance equal to

that of a umform tube having a cross-section equal to ¥a,a,
If each cross-section 1s circular, 1ts area 18 calculated in the
usual way from the diameter, but 1f 1t 15 elliptical 1n shape, the
two principal diameters d;, d, must be measured, and the area
1s then equal to }wd,d; If dy, d, represent the principal
diameters at the other end, the cross-section of the equivalent
uniform tube will therefore be }mVd,dyd,d, In general the
four diameters will be nearly equal, and 1f they do not differ by
more than 2 or 3 per cent. 1t will be sufficient to substitute arith-
metical for geometrical means, so that 1f d =} (d, +d, +d, +d,)
the area to be used mn the reduction of the experiment will
be }nd'.

Wash out the narrow glass tube and wider end tubes
provided, and fill them with a solution of sodium chloride of
four times normal strength, w.e containing 4 gram-equivalents,
6. 4 (23 + 35 5) = 234 grams, per litre of the solution, place the
platinum electrodes 1n the end tubes and connect to the bridge
as shewn 1n Fig. 118, taking out the 1000 ohm plugs from each
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arm of the box before conrecting up. Place the bulb of & ther-
mometer 1n one of the end tubes, taking care that 1t does not

Fig 118

come between the platinum electrode and the end of the narrow
tube To the pomnts O, D of the bridge to which the battery 1s
usually connected, connect the terminals of the secondary of a
small induction coil 7, the primary of which 1s excited by a cell
E of sufficient power to work the coill. Connect a telephone 7T
to the terminals 4, B

Determine the resistance 1n the adjustable arm of the bridge
to produce a minimum sound 1n the telephone

Take about 50 cc of the solution and dilute to double the
volume, 1 ¢. make a solution of twice normal strength, and after
washing out and drying the tube, fill 1t with the new solution
and determine the resistance Dilute down to normal, then to
half, and quarter normal strength, determining the resistance
and observing the temperature in each case

Remove the end tubes of the electrolyte cell, and measure
the internal diameter of each end of the centre tube under the
microscope If the tube 18 not quite circular measure the least
and greatest diameters of each end. Measure the length ! of
the tube, and calculate the conductivity of each solution,

8 P. 21
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Arrange your observations and results as follows

12 December, 1898,
Electrolyte tube A. Resistance box C  Microscope A.
75 4 eyepiece divisions =1 cm of stage scale
1 ” " = 0133 cm
Diameters = 23 6, 23 2, 234, 23 4 eyepiece divisions.
Mean Diameter = 23 4 eyepiece divisions,
=311 cms

Area of section = ?'—;—44 .(311) = 0759 sq cms.

Length of tube /=129 cms
l 1700

.'.a=1700 and k=T.

Sodvum chlorde solutions at 18° C

Equvalent
Strength ] Regl}l:!t‘.na;lce Resistivity Condl;‘ctlvmy Co%dggtmty
4 normal| 004 840 494 202 505
2 ’ 002 1290 759 132 66
normal 001 2235 131 076 76
4 normal | 0005 4230 24 9 040 80
I . 00025 8060 47 4 021 84

Draw a curve shewing the relation between the conductivity
k and 7 and between the equivalent conductivity X and g

By placing the tube 1n a water-bath, the influence of tem-
perature on the conductivity of each electrolyte may be found,
and expressed by a curve with temperatuies as abscissae and
conductivities as ordinates.



SECTION LXVL

CONSTRUCTION OF A STANDARD CELL

Apparatus required: H tube and stand, clean mercury,
mercurous sulphate, pure cadmium, cadmiuwm sulphate, reagents,
paraffin and corks

In one form of the Weston standard cell the active materials
are enclosed 1 a H-shaped tube (Fig 119), through the lowest

Cork
Paraffin

-| Cd 80, solution

Hg,SO .
850 "l 0d SO, crystals

Cd Hg

Hg

Pt

Fig 119

pomnts of which the platinum wires forming the terminals of
the cell pass

The wire on the left (Fig 119) ends within the tube 1n a
small quantity of pure mercury, and that on the right in
cadmum amalgam. The mercury 1s covered with a paste of
mercurous sulphate, and ths agamn with a few crystals of
cadmium sulphate. The amalgam 18 also covered with crystals,

21—-2
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and the rest of the tube filled with a saturated solution of
pure cadmium sulphate Both tubes are closed by cemented
corks

In constructing a cell the following nstructions, taken fron
the memorandum of the Board of Trade, should be carefully
attended to.

1. To secure purity of the mercury 1t should be first
shaken up 10 a bottle with dilute mtric acid (1 6), washed and
then distilled 1n vacuo.

2 To prepare the cadmium amalgam add 2 grams of
“commercially pure” cadmium to 14 grams of the mercury,
and heat to 100° C 1 an evaporating dish on a water-bath
If the surface of the cadmium 1s clean 1t quickly becomes
amalgamated, and the cadmium slowly dissolves 1n the mercury,
which should be occasionally stirted  If the amalgamation does
not occur immediately, the cadmium should be removed, treated
with dilute sulphuric acid, washed, dried and replaced The
amalgam should be liquid at 60° C and sohd at ordinary
temperatures

3. To prepare the pure saturated cadmium sulphate
golution, mix 1n a flask 20 grams of distilled water with an
equal weight of crystals of “pure recrystallised” cadmium
sulphate, ground to a powder Heat gently for a couple of hours,
never allowing the temperatuie to exceed 70° C, and keep
shaking the flask to assist solution  Filter the solution while
still warm 1nto a crystalhsing dish  Crystals should form as 1t
cools Remove the crystals and wash them two or three times
with distilled water to get rid of any trace of acid  Test the
washings with congo red paper, and continue till distilled water
after contact with the crystals for 5 minutes shews no trace of
acid. The moist crystals should then be transteried to a stock
bottle as acid free CdSO, 8/3 H,0

At temperatures above 70° C the salt may crystallise out
m another form, to avoid this 70° C should be the utmost
hmit of temperature At this temperature water dissolves
about 8 times 1ts weight of the crystals If any crystals
remamn undissolved they aie removed by the filtiation. To
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prepare the saturated solution of cadmium sulphate for the cell
take about 10 grams of the acid free crystals in an equal weight
of distilled water Heat to 45° C 1n a flask and shake well.
about 8 of the salt should enter into solution.

4 Take about 10 grams of mercurous sulphate Hg,SO,
purchased as pure, and wash 1t thoroughly with dilute sulphunic
acid (1 6), by agitation m a bottle with a few drops of
mercury, drain off the acid and wash with distilled water
several times till the washing water no longer shews signs of
acidity when tested with congo red paper After the last
washing, drain off as much of the water as possible Mix the
washed mercurous sulphate with a few drops of the acid free
cadmium sulphate solution, and about half 1ts weight ot pure
mercury, adding sufficient crystals of cadmium sulphate from
the stock bottle to eusure saturation Rub these well up
together 10 a mortar to foom a paste of the consistency of
cteam  Ths ensures the formation of a satwiated solution of
cadmium and mercurous sulphates in water

The above tieatment of the mercurous sulphate has for
1ts object the 1emoval of any meicuric sulphate, which may
be present as an impurity. Mercunic sulphate decomposes 1n
the presence of water into an acid and a basic sulphate. The
latter 18 a yellow substance—tuipeth mineral—practically
msoluble 1 water, 1ts presence, at any rate in moderate
quantities, has no evil effect If, however, 1t 1s formed, the
acid sulphate 1s also formed Tlus 18 soluble 1n water and the
acid produced affects the electromotive force of the cell The
object of the washings 18 to dissolve and remove the acid
sulphate, and for this purpose the washings described will 1n
nearly all cases suffice If, however, a great deal of turpeth
mineral 18 formed, 1t shews that there 1s a great deal of the
acid sulphate present, and 1t will then be wiser to obtan a
fresh sample of mercurous sulphate rather than to try by
repeated wasiings to get rid of all the acid The free mercury
helps 1 the process of decomposing the acid salt, forming
mercurous sulphate and sulphuic acid, which will be washed

away.,
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The materials having been prepared, pure mercury and
cadmium amalgam are respectively poured into the two vertical
parts of the H tube till the platinum wnes are covered. The
amalgam, which 1s sohid at ordinary temperatures, should be
heated till 1t 1s liquid, and the limb of the H tube intended
to contain 1t heated to about the same temperature It
should then be powed into the H tube down a hot glass
tube of outside diameter less than the inside diameter of the
H tube, to prevent its soiling the sides of the H tube. The
mercurous sulphate paste should then be forced down a glass
tube on to the mercury, and the tube withdrawn, caie being
taken not to soil the H tube. A few ciystals of cadmium
sulphate should then be placed on the sutfaces of the paste and
amalgam, and the rest of the tube up to about 15 cms from
the top filled with the concentrated cadmium sulphate solution

A small quantity of clean parathn wax should then be
melted, the tube tilted a little to the left and the paraffin
poured gently on to the surface of the solution 1n the left-
hand tube, till a layer about half a centimetre thick 1s formed
The tube should then be tilted to the right and the right-hand
tube filled 1n the same way  This process secures a layer of air
between the hiquid 1n each tube and the paraffin, which will
admit of ncrease of volume of the hqumd owing to rise of
temperature without the tube being broken. On the top of
the layers of paraffin, corks about *5 em thick should be placed,
and the tops of the tubes then sealed with marine glue

A label bearing the date and the name of the maker
should be attached to the stand on which the tube 1s sup-
ported.

The cell should stand a few days and then be compared
with a standard cell by the method described 1n the next
exercise, and the result recorded on the label.

Instead of the two limbs of the H tube being sealed with
cement they may be drawn out in the blowpipe flame and
hermetically sealed.

If the cell 18 to be portable the two imbs may be shghtly
constricted about 2 cms, above thewr lowest points, and the
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quantities of amalgam of mercury and mercurous sulphate so
adjusted that the tops of the layers of crystals of cadmium
sulphate are 1n the constrictions and form plugs keeping the
‘materials below them mn place

The Electromotive Force ot a cadmium cell constructed in
this way has at ¢° C. the value E;=10183 — 00003 (t°-17°)
very neaily.
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SECTION LXVIL
COMPARISON OF ELECTROMOTIVE FORCES

Apparatus required: 7wo sumilar resistance bowes, high
resistance, mar ror galvanometer, Damell, Leclanché, and Standar d
cells, and connecting wnres

When the electromotive forces of different cells are to be
compared together, 1t 18 necessary to cairy out the comparison
under standard conditions, and the condition usually adopted 18
that the cell under test shall be given no current, or only an
extremely small one, at the time of the test The electiomotive
force &, of the cell must therefore be balanced, the balance
being 1indicated by a galvanometer in series with the cell
remaining undeflected The balancing electromotive force 1s
best provided by the difference of potential between two
pomnts of a resistance through which a current 1s passing,
and wires from the cell under test are biought thiough a
galvanometer to these two pomts If R, 1s the resistance
between the ponts of contact, C' the current through that
resistance, and £, the difference of potential between the
points, we have

E,=CR,

It & second cell of electromotive force &, 1s substituted, and
balance exists when the resistance between the pownts of contact
18 R,, we have, 1f the current 1s the same,

E,=CR,
Hence
E,_&
E R’

which gives the ratio of the electromotive forces.
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Connect two similar resistance boxes 4 and B (Fig 120),
each of about 10,000 onms, 1n series
with a plug key K and two Leclanché
cells, taking out the plug from the
key before making connections. Set
up a Daniell cell, with a clean zine
plate mn zinc sulphate, and a clean
copper plate n copper sulphate To
the terminals of one of the boxes, say Fig 120
A, connect, 1n series with each other,
the Daniell cell, a galvanometer &, a resistance R of about
100,000 ohms, and a spring key K,, arranging that the cell
under test, 1f alone, would send a current through the box 4 1n
the same direction as that sent by the Leclanchés.

Take out plugs for 10,000 ohms from the box 4. Insert
the plug 1n the key K, make connection for an stant ab
the spring key K, i the test cell circuit, and observe the
direction 1 which the spot of light moves Take out plugs
for 5,000 ohms from the box B, plugging 5,000 ohms m A4
8o that the sum of the resistances of 4 and B remains the
same Make contact at the key X,, and notice the direction
of motion of the spot If 1t 18 the same as previously, take
out more plugs from B and insert the same number m 4.
Continue adjusting the resistance of the two boxes, keeping
the sum constant, t1ll on closing the galvanometer circuit there
18 no deflection. If the arrangement 18 not sufficiently sensitive
to enable the correct resistance to be found to within 1 ohm,
determme 1t as nearly as possible, then short circuit the
100,000 ohms 1n the galvanometer circuit, and determine 1t
more accurately Make a note of the resistance 1n each box.

Insert again the 100,000 ohms 1n the galvanometer circuis,
then replace the Daniell by a Leclanché cell and balance as
before

Then substitute the Standard cell, reading the temperature
of the air n 1ts neighbourhood, or better still, placiug the cell
1 a water or o1l bath, the temperature of which 18 measured.
Substitute again the Leclanché and then the Daniell cell.
Since a Standard cell made according to the 1instiuctions
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contained in Section LXVI has a difference of potential at
1ts electrodes of 1483 — 001 (¢—15°) volts for a Clark cell,
and 1019 —'00004 (t—20°) volts for a Cadmium cell, where
¢ 18 the temperature centigrade, the electromotive force of each
of the other cells can be found 1n volts

Calculate the electromotive force of the Daniell and of the
Leclanché cells 1n volts

Arrange observations and results as follows —

18 January, 1896
Resistance Boxes 4 and B

Cell Resistance 4 | Resistance BB Sum
Daniell, No 4 3,248 6,752 10,000
Leclanché, No 13 4,124 5,876 ”
Clark, No 3, 18°C 4,202 5,798 ’
Leclanché, No 13 4,122 5,878 ’
Daniell, No 4 3,246 6,754 ”

electromotive force of Clark at 18° =1 430 volt

. il 3247
. electromotive force of Damell =1 43 x 1903 = 110
4123
i ” Leclanché =1 43 x m =140 »

The effect of temperature on the Daniell and Leclanché
18 masked by other irregularities, hence their temperatures need
not be noted, and an accuracy of one per cent in the result 18
sufficient, although the method will evidently give results
correct to 4 figures.

A compact form of the apparatus used in this exercise 18
known as a “Potentiometer” In 1t the re-
sistance 4 consists of 15 equal resistances in
series, the one at the B end being a wire —
along which the contact to the galvanometer '
shdes. The contact from the cell to be tested Q_}
18 made by a switch moving over the 15
contact pegs at the ends of the 14 equal B
resistances. The arrangement 18 shewn 1n a

Fig 121
diagrammatic form 1n Fig. 121, The resistance *
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A + B may be too small compared to that of a Leclanché cell
to admit of the use of such cells to provide the current, and a
small storage cell is generally used The rough adjustment for
a balance 18 made by means of the switch and the fine adjust-
ment by means of the shder on the wire

If the mamn cumient 18 suppled by two Leclanchés, the
original method may be used to measure any electromotive
force less than about three volts, eg, that at the terminals of a
voltmeter intended for testing storage cells.

When however the electromotive force to be measured
exceeds a few volts, as, eg., when a voltmeter reading to
100 volts 18 to be standardised, the arrangement requnes
modifying slightly because the electromotive force of the
battery supplying the currcnt cannot be raised above about
three volts for fear of overheating the resistances 4 and B

The fall of potential between the termimals of the volt-
meter 18 subdivided by connecting to the terminals a high
resistance, divided into a number of parts the resistances of
which bear known ratios to that of the whole. The ditterence
of potential at the ends of one of these parts 1s then compared
with that of the Clark cell by the above method The circuit
18 arranged as shewn mn Fig 122, where V 1s the voltmeter

Pig 129

to be tested, R a varable resmstance through which it 1s
connected to a battery X, r the high resistance, r, the portion
of it down which the fall of potential 18 measured. If e1s the
value found by experiment, the electromotive force at the ter-

minals of the voltmeter =£— e.
2
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SECTION LXVIIL

THE POTENTIOMETER METHOD OF MEASURING
CURRENTS

Apparatus required: Standard low resistance, adjustable
reswstance, storage cells, current measuring wnstrument to be
standardised, Clark cell and marror galvanometer.

When an electric current of 4 amperes 18 sent through a
resistance of R ohms, 1t creates a difference of potential of V'
volts between the ends of the resistance, where V'=AR, and
sometimes 1t 18 more convenient to measure the current by
means of the difference of potential 1t produces at the ends of
a known resistance, than to measure 1t directly. This method
1s known as the “potentiometer method.” In order that the
method may give accurate results, the resistance R should be
made of a material having a small temperature coefficient, and
should bave a sufficiently large surface to prevent the tem-
perature rising more than a few degrees

We shall shew how the method 1s used to standardise a
current meter

Connect the current measuring nstiument 4, to be tested,

L

Fig 123.

to a standard low resistance R, capable of carrying the current
which 1t 18 proposed to use without undue heating, and to an
adjustable resistance R,, using a number of storage cells &
to supply the current required (Fig. 123).
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Connect the terminals of a voltmeter which has been
standardised (Section LXVII) to the ends of the standard
resistance. If such an instrument 18 not available, or if 1t 1s
necessary to carry out the estimation of current to a high degree
of accuracy, connect the ends of the resistance through a mirror
galvanometer and tapping key to the ends of one of two similar
resistance boxes A’, B’ arranged 1n series, and formning a circuit
with two Leclanché cells. Find, as described on p 329, the
plugs which must be taken out of the two boxes to enable
contact at the key to be made without a deflection of the
galvanometer resulting Now substitute for the low resistance
R 1n the galvanometer cncuit a Standard cell ¢, and again
balance by adjusting the resistances in the two boxes, keeping
their sum constant If a reliable “ Potentiometer ” 1s available,
1t may be used 1nstead of the two resistance boxes to compare
the electromotive foices as explained on page 330

Observe the temperature of the Standard cell and calculate
1ts electromotive force at that temperature From the two
values of the resistances in the boxes A and B calculate the
electromotive force & at the ends of the standard resistance.
If the resistance of the standard 1s R ohms, the curient
through the resistance and current measuring instrument 13
E/R amperes, and this should be compared with the current
as registered by the instrument.

Record as follows:

16 January, 1897
Standardisation of Ammeter No. 4.

Standard low resistance C'= ‘20 ohms.
Clark cell No. 4 at 19° =1 431 volt.

Resist- Res1st- Reading Cor
Connection | ance 1n ance 1n EMF, Current | on Am- re otu-m
to 4’ B’ calculated| meter

Clark cell | 6560 4551 1431
Ammeter 956 101556 207 103 101 + 02

» 1940 9161 418 209 | 206 + 04
&ce
Clark cell | 6559 4552 1431
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SECTION LXIX.

THERMO-ELECTRIC CIRCUITS.

Apparatus required: Water baths, thermo-curcuits, four-
vay key and marror galvanometer

If a oarcuit consists of wires of different materals, and 1f one
f the junctions of two dissimilar wires 18 heated, an electric
surrent flows through the circuit, and continues to flow so long
s the difference of temperature between the heated junction
wnd the rest of the circuit 1s maintained

This electric current 18 due to an electromotive force in the
sreutt produced by the inequality of temperature of the two
unctions, and 1t 18 found, for small differences of temperature
>etween the two junctions, to be nearly proportional to the
hfference  For greater differences, 1f #, 18 the temperature of
;he hot junction, ¢, that of the rest of the circuit, the electro-
notive force e 1 a circuit, of two metals 1s given by the
xquation

e=4 (G-t (T-23"),
vhere A and T are constants depending on the two materials
f the circuit, 7' being a temperature known as their “neutral
emperature ”

To venify the above statements the apparatus shewn in
Fig. 124 18 provided

It consists of two vessels containing water, 1n which are
olaced two test tubes contaiming the junction of the wires to
se experimented on, and thermometers for indicating their
semperatures, The rest of each tube 1s filled with clean sand
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or with petroleum, to improve the thermal connection of the
Junctions and thermometers with the water.

g -
Fig 124,

The circuits to be tested consist of lengths of No 25 iron,
mickel, and lead wire, to one end of each of which a length of
copper wire 1s soldered, and brought to a binding screw placed
on the board through which the test tubes pass The other
ends are soldered to copper wire brought to a fourth screw on
the board

The binding screws except that connected with the lead
wire should be jomed by copper connecting wires to a four-way
key, so that each wire may in turn be connected together with
the lead wire to a galvanometer of about 50 ohms resistance.
With a galvanometer of this resistance, the effect of the
different resistances of the circuits may be neglected, and the
deflections taken as proportional to the electromotive forces
acting 1n the various circuits.

Fill the two vessels with water at the temperature of the
room, and connect the thermo-circuits in turn through the
four-way key to the galvanometer. Verfy that there 1s no
current 1n any of the crcuits

Now raise the temperature of the vessel which has no
binding screws over 1t, to about 70°C and keep 1t constant for
10 minutes Then connect the galvanometer to each circuit mn
turn, and determine the deflections, noting the temperature
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before and after each observation If the sensitiveness of the
galvanometer can be altered adjust 1t so that the greatest
deflection observed 18 nearly to the end of the scale Decrease
the temperature to about 60°C by adding cold water and
repeat

Continue tall the hotter vessel reaches about 20°C, then
raise 1ts temperature to about 70°C 1n steps of about 10°C,,
taking observations in the same way during the process

Note the direction 1n which the current flows through the
hot junction 1n each case, and enter the deflection as positive
when the current flows from the lead to the other metal through
the hot junction

Record as follows

29 January, 1889

Deflections
to t Lead 1ron Lead copper Lead mickel

171 700 +72 +185 -180
171 590 55 130 -133
171 490 45 100 - 97

&c &e &e &e
170 285 15 3h - 30
170 395 30 65 - 63
171 H2 0 47 120 -107

&ce &e &e &e

Represent the observations for each circmit by a curve
taking t, —f, as abscissae and the deflections as ordinates
Indicate the observations taken while the temperature was
decieasing by a cross, those while 1t was increasing by a circle.
The curves will be found to be almost straight lhnes, and
from this 1t 18 evident that if we put the equation (p 334) into
the form

e=E,(t,—t,) (1= bt, +1,), where E,=AT and b=2;4E—,;,
b must be small.

The * thermoelectric power or height” of a metal at a given

temperature with respect to lead, which 1s taken as the standard,
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when a junction of lead and the metal 1s heated, to the small
increase of temperature of the junction, and 1s counted positive
if the EMF tends to produce a current from the lead to the
metal through the heated junction.

In the above case, if the deflection obtained say for lead-
nickel at 59° 18 subtracted from that obtained at 70° and the
difference divided by 70°—59°, the quotient 1s proportional
to the thermoelectric power of nickel at (70 +59)/2=645°C
on the scale used To reduce the 1esults to an absolute scale,
1 micro-volts per degree, make use of the fact that the thermo-
electric power of 1ron with respect to lead at about 100° C 18
1 micro-volt per degree

Determine from the observations the thermoelectiic powers
of the metals uscd, and draw a “thermoelectiic diagram,”
taking temperatures as abscissae and thermoelectric powers as
ordinates

Anange as follows

Lead Nuekel

Deflection | Differcnce Ratio of Therm:

4 |Diference| Mean cms cms differences | electric lp(iwer
a1 arsl O 30 | —2e5 | —156
39 5 11 0 {34 0 — 63 - 33 - 300 -175
&ec &e | &e 1
59 0 - 133 |
70 3 11 0 (64 5 —180 —47 | — 423 -250

- - L. )

Similarly for the other metals

If more accurate results are required, a low 1esistance
galvanometer must be used, and the resistance of each circuit
be made equal, or the total rcsistance of the galvanometer and
each circuit be taken into account 1n comparng the electio-
motive forces of the circuits

If the clectromotive forces of the junctions are required 1n
absolute measure balance them against the fall of potential
down a small resistance of say 1 ohm 1n series with a large
resistance of the order 10,000 ohms, and a Daniell cell of EMF.
107 volt,

8. P, 22
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SECTION LXX.

MEASUREMENT OF THE MECHANICAL EQUIVALENT
OF HEAT BY THE ELECTRICAL METHOD

Apparatus required: Covered calorimeter, thermometers,
heating coul, standardised ammeter and voltmeter, storage cells,
watch

When the whole of the wortk done on a body 1s converted
mnto heat, the amount of work done bears a fixed ratio to the
amount of heat produced, n whatever way the work 18 performed,
and the work which has to be done to generate one gram-degree
of heat is, we have seen (p. 142), known as the “mechanical
equivalent” of heat To deterinine this quantity, any convenient
method of generating heat by performing work on the body may
be adopted, and 1t 1s proposed 1 this section to do work by
sending a current of electrieity through an inculated wire
mmmersed 1 water.

If A4 1s the current passing through the wire, and £ the
electromotive force at the ends of the wire, the rate at which
work 1s done on the wire per second 18 £A watts, and 1f
the current flows for ¢ seconds, the total work done =FEA¢
Joules = E'At. 10" ergs. If the water rses in temperature
0 degrees, and the water equivalent of the calorimeter thermo-
meter and coil =w, the heat generated, supposing no heat 1s
lost by radiation etc = w6. If J joules are necessary to
generate one gram-degree of heat, we have

EAt =wbJ,
from which J can be found
Weigh the calorimeter and stirrer provided. Nearly fill the
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calorimeter with water and weigh again Weigh also the
platinoid resistance coil, and support 1t from the wooden Lid
of the calorimeter, taking care that 1t does not touch the sides
Llace a thermomecter graduated in tenths of degrees in the
water Connect the coil through a standardised ammeter and
an adjustable resistance to sufficient storage cells to furnish the
current required. Connect a standardised voltmeter of known
1esistance to the ends of the heating coil. The resistance of
the voltmeter 1s requued 1 order that the current thiough
1t may be calculated and suotracted from that indicated by
the ammeter Make circuit and see that the mstruments give
proper indications and that the thermometer shews a gradual
rise of temperature Break the circuit, stir the water well, and
after a few minutes take observations of temperature every half
minute as described on p 129 At the end of the first period put
on the current, read the thermometer every half minute, observ-
ing the voltmeter 15 seconds before each minute and the
ammeter 15 seconds after each minute This second period
should continue till the temperature of the calorimeter has
risen about three degrees, then at the end of one of the
intervals, the current should be switched oft and observation
of temperature continued till the 1ate of change 1s steady
From the first and third periods the cooling corrections during
the second and third periods should be calculated as 1n
pp 129—130, and from the imitial and final corrected tem-
peratures the rise of tewperature determined.

J 18 calculated by substituting in the above equation for &
the mean electromotive force, and for A the mean current, if
both quantities show only small vamations during the ex-
periment. If they are not sufficiently constant, the product of
EA must be calculated for each interval of time and the mean
product substituted 1o the equation

Record as follows

10 December, 1897.

Weight of calorimeter ... = b50 grams
" " and water ... =2452 "
» water . . =1902 ”
" platinoid coil . = 28 »

422
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Water equivalent of calorimeter and

coil .. . = 78 grams

Total water equivalent .. =198 »
Rise of temperature ... . = 311°C
.". Heat generated ... . =616 gram-degrees
Mean electromotive force* . = 145 volts
Resistance of voltmeter . . = 14 ohms
Mean current through ammeter . = 1110 amperes

» » ,» ' voltmeter = %4'—5 = 10 ’

" » " coll .. . = 1100 ”
Time ... . . .. =161 seconds
Work done =1 45 x 11 x 161 . = 2575 joules

. Equivalent = 257k = 418 joules per grum-degree
= 41 8 x 10° ergs per gram-degree

This value happens to be almost exactly right, but errors of
one per cent are hkely to occur, unless the voltmeter and
ammeter have been carefully standardised

* The resistance of the heating coil 18 made smull so that the difference
of potential between 1ts ends may be small enough to prevent electrolysis of
the water The electrolysis difficulty may be obwiated by using a non-con-
ducting 01l whose specific heat 18 known 1n place of water, or by winding the
heating coil on the outside of but 1nsulated from the calorimeter
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SECTION LXXI.
INDUCTION OF ELECTRIC OURRENTS

Apparatus required: 7wo solenowds of known resistance,
one shdwng withun the other, tungent galvanometer or ammeter
reading 1 ampeie, reversing switch, murror galvanometer of low
kmown 1 esustance, 1esistance couls

When a cunient 1s made, broken, or altered n strength 1n
any crcuit, nduced currents are produced m neighbouring
circuits, and 1t 18 the object of this exercise to find on what
conditions the magnitudes of these induced cuirents depend

The induced currents will last only a very short time, and
a galvanometer 1n one of these neighbouring circuits will not
measure the strength of the current, but the total quantity of
electricity which has passed thiough 1t If a 15 the angle of
the first swing of the galvanometer needle produced, 1t 1s shewn
(p 348) that the quantity of electricity which has passed through
5 If the
galvanometer needle hangs in 1ts proper position when no
current passes thiough the instrument, and the scale 1s properly

adjusted,
a_=zf 11 a:)’
MeTid | T3 (E '

where # 18 the observed deflection and d the distance of the
scale from the murror (page 160) If an error not exceeding
halt per cent 1s allowable, and the deflections never exceed
25 cms. on a scale placed a metre from the murror, the second
term on the right-hand side 18 neghgible, and we mway therefore
take the observed reading z to be proportional to the quantity

the coil of the galvanometer 18 proportional to sin
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of electricity which has passed through the galvanometer. The
experiments of the present exercise are supposed to be made
under these conditions

Two solenoids, P, § (Fig 125), mounted on blocks of wood
so that their axes are comcident, are provided. The 1nner coil

Fig 125

P can be moved 1n a direction parallel to the axis, and placed
with 1ts centre at any convenient distance from the centre of
the outer fixed solenoid S Each solenoid 1s divided into three
parts, and the number of turns to each part should be counted
and recorded

Arrange the turns of the inner coil in series with each other
and with a cell, a reveising switch, an adjustable resistance, and
a tangent galvanometer or ammeter  Place 16 within the outer
coll so that the centres of the coils comncide, the mark on its
base will then read O on the scale of the outer coill Connect,
by means of copper wire (about no 18), the end terminals of the
outer coill through a resistance box to a low resistance mirror
galvanometer At first cul the mirror galvanometer out of
circuit by connecting the two wires leading to 1t to the same
terminal, and observe whether making or breaking the battery
circuit has any effect on the galvanometer’, If so remove the
couls further away and place their axis 1n such a direction that
this 18 no longer the case, wherever the inner coil 1s placed on
its shde

Adjust the resistance 1n series with the mner coil till the
curient flowing through 1t 1s one ampere, and take readings
occastonally to see that 1t remains steady Notice that making

1 This 18 generally unnecessary if the galvanometer 1s & moving coul instru.
ment.
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or breaking the battery circuit produces a deflection of the mirror
galvanometer needle  Observe the extent of the first swing and
venfy that the swing on making 18 equal and opposite to that
on breaking the primary, w.e. the battery circuit, and that the
swing on reversing the primary current 18 double the previous
swings If this 15 found not to be the case, cut the galva-
nometer out of cucuit as before and make sure that there
15 no duect action from the primary coil.

Effect of the relatwe positions of the two coils Arrange
the resistances so that on making or breaking one ampere
the primary, the deflection 1s about half the greatest observable
deflection Determine 1ts amount, then shde the inner coil
thiough 1 cm. 10 a direction parallel to the axis of the coils,
and again determine the deflection Repeat for 2, 5, 10, 15
and 20 cms, thus giadually shding the inner coil out of the
outer one

Place the inner coil on the table, move the outer coil to a
distance of about 50 cms, and place 1t with 1ts centre on the
axis of the mner coil produced  Find the direction in which 1ts
ax1s must pomnt in order that there 18 no deflection on making
or breaking the primaiy circutt

Move the mner coil towaids the outer, keeping 1t parallel
to itself, and venfy that 1t may be adjusted so that there 1s no
deflection even when the coils ale near together

Venfy this for positions 1 which the centre of the outer coil
18 not on the axis of the 1ner coil

Effect of the resistance of the secondary circuit  Replace both
coils with the inner coil in the position in which the induced
current was found to be a maximum, and determine the swing
on making or breaking the piimary circuit

Double the total 1esistance 1 the mirror galvanometer (or
secondary) circuit by taking out plugs from the box equal to
the sum of the resistances of the galvanometer, coil and con-
necting wires, and verify that the swing 1s now half what 1t
was before,

Effect of the magnitude of the current in the primary
Increase the resistance in the battery cicwit till the curient
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has half 1ts omginal value, and verify that the swing on
making or breaking, 1s half what 1t previously was

Effect of number of turns in the primary Adjust the resist-
ance t1ll the primary current 1s again one ampere Change the
connections of the primary so that the current passes .hrough
two cois only The connections are arranged so that the
resistance 1 circuit, and therefore the current, remains the
same, but if any variation 1s observed, adjust the resistance
m series with the storage cell till the cuirent 15 agam one
ampere, and observe the swing on making or breaking Notice
that 1t 13 decreased 1n the ratio 8 2. Now connect the cell to
the two centre screws so as to send the current through the
central coill only Notice whether the carrent rcmains the
same, 1f so the deflections will be found to be again decreased
1 the ratio 2 1

Effect of number of turns wn the secondamry Returnng to
the whole of the turns on the primary, change the connection
of the galvanomcter from 3 to 2 coils of the secondary The
terminals of the coils are so ananged that the resistance n
circutt remains the same Verify that on now making or
breaking the primary cncuit, the swing 18 decicased mn the
ratio 3 2 Make connections to the centre coil only, the ar-
rangement again secures that the 1esistance remains constant.
The deflection will be found to be decreased mn the ratio 2 1.

It has therefore been shewn that for a given position of
the coils with respect to each other, the induced cuirent in
the secondary 1s proportional to the current in the primary,
to the number of turns of the primary, to the number of turns
of the secondary, and 1nversely propottional to the 1esistance
of the secondary circuit

Effect of moving magnets Instructive experiments may be
made, when two observers are available, by moving magnets
1n the neighbourhood of the secondary coil  For this purpose
the outer coil should be 1emoved to a distance such that the bar
magnet to be used 1n the experiments has no direct effect on
the galvanometer.

Place the magnet 1n the centre of the coil, let one observer
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remove it quickly to a distance from the coil, and let the other
observer note the deflection produced

Replace the magnet m 1ts original position and withdraw
1t again, but pulling 1t out towards the other side  This should
produce an equal deflection and wn the same direction.

Place the magnet outside the coil and in such a position
that 1ts axis comncides with that of the coil , note the deflection
when 1t 15 suddenly moved to a distance, and shew that 1t 1s
the same as 1f the magnet were turned through a right angle
about an axis through 1ts centre perpendicular to 1ts own axis

Venfy that when a magnet 1s moved quickly fiom a position
A to a position B the effect on the galvanometer 1s the same
through whatever path the magnet 18 moved Also try to
shew that when the magnet can be moved from a position 4
along any path back to the same position 4 1n a time which 1s
short compaired to the time of oscillation of the galvanometer
needle, the total effect on the latter 1s nil,
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SECTION LXXIL
DETERMINATION OF THE INDUCTANCE OF A COIL

Apparatus required: Coil of considerable wnductance,
Post Office resistance box, additional 1esistance, murror galvano-
meter, voltarc cell of constant elect: omotive force

If one of the arms of a resistance bridge balanced for steady
currents possesses inductance, the galvanometer will shew a
temporary deflecction when the cuiient through the bridge
is altered in any way

If L 18 the inductance of the arm and 4 the rate of change
of the current through 1t at any instant, the effect 1s equal to
that which would be produced 1if an opposing electromotive
force Lz were introduced 1nto the aam  Such an electromotive
force would cause a current KLz to flow thiough the galvano-
meter, where the valuc of K depends on the resistances of the
galvanometer, and of the arms of the bridge. If the current 1s
rapidly changed from 0 to #, the electromotive force at each
instant depends on the rate of change, but the total quantity of
electricity which flows through the galvanometer will be X L,
which 1s the same as that conveyed by a constant current K Lz,
flowing during a short time 7, such that zr = .

This quantity of electricity passing through the galvano-
meter cols, will cause a deflection or “ throw ” of the galvano-
meter needle, the extent of which may be calculated.

If the moment of ertia of the suspended system of the
galvanometer be 7, and @ denote the imtial angular velocity
imparted to the system, $/w?18 the initial kinetic energy  The
duninution of kinetic energy during the swing must be equal to
the work done against the forces tending to bring the system
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back into 1ts position of equilibrium These forces, when the
deflection of the system 1s 8, constitute a couple whose moment
18 MH sin @ + N, where M 1s the magnetic moment of the
suspended system, H the field 1n which 1t moves, and N the
torsional constant of the suspension

The work done agamnst this couple during an angular

displacement a 1s therefore equal to MH (1 —cosa)+ N a_g,

and 1f the angular velocity m the displaced position 1s zero
and damping 1s neglected we have

lw*=2MH (1 —cosa)+ Na?

=4MH sm’g + No?

Hence w = \/4_]‘;_1_{5"12% + !}aa

In the suspended needle type of instrument the torsional
constant of the suspension 1s made as small as possible If we
assume N =0, we have

m—=2\/@ smg
I’ 2

In the suspended col type M =0 and we have

N
w=A/F @

If the galvanometer 18 of the suspended needle type, since
the field produced at the centre of the coil when unit current
flows round 1t 18 G (see p 245), the moment of the couple
acting on the suspended system of the galvanometer 1n 1ts
position of equilibrium 18 equal to MGC when the current
C passes This will cause an angular acceleration MGC/I.
If the duration of the current be 7, supposed to be so small
compared to the time of oscillation T of the system that the
system does not move appreciably during 1t, the angular
velocity generated will be MGCr/I, and we may replace Cr by
the total quantity of electricity @ which has passed through the
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MGQ

galvanometer coils Substituting this angular velocity =
m the former equation we find

MGQ=2VIHT sn3

The moment of neitia J may be eliminated, by observing
T, since

, e

Hence Q= g g_, SIn ;

The value of H/G can be determined experimentally by
observing the permanent deflection 6 of the galvanometer,
produced by a known current C, for in that case (p 245)

GC=Htan 8

provided that the galvanometer needle moves mn a field which
15 sufficiently umforin for the tangent law to be true (see
page 246)  Otherwise tan & must be replaced by some function
of g, obtained by calibrating the instrument

It the sumpler supposition 1s sufficiently accurate,
a
C sin 3

0

T tan g

If the galvanometer be of the suspended coil type, the
moment of the couple which acts on the coil 1n 1ts undeflected
position when a current C flows round 1t 18 AI1°C, where 4 18
the equivalent area of the coil, and H’ the mean field along the
vertical sides of the coil Hence 1f w 15 the angular velocity
generated from rest by the passage ot a quantity of electricity
@ through the coil, we have

lo=AH"Q,

Hence AH'Q=VN 1 a
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Bllt T=27T/\/.—IIV
N T
S Q=g on %

If a steady current C passing through the nstrument
causes a deflection 6, and the Imes of the magnetic field m
which the rotation takes place are symmetrical with respect to
the axis of 1otation of the coil, the electromagnetic couple
acting on the coil when 1t 1s 1n 1ts deflected position 1s equal to
AH'C The torsional couple 18 NO

Hence AH'C=N§,
T Ca
and Q = é;r* *y- .

We have deduced the value of a under the condition that
the needle or coil moves without damping, which 1s never quite
the case But the damping may be taken mto account by multa-
plying the observed amplitude by €2, since the amplitude of
an oscillating system 1s reduced in the time ¢ 1n the ratio of
e~2M/T 1,p 288 and the time taken up by the needle or coil m
moving fiom 1ts position of rest to its fiist greatest elongation
is T/4*

The final equations for  are therefore

A A

7 Cé® sin % 7 Ce g
Uy A
To apply these equations to the determination of the inductance
of a coill we substitute for ¢ the value KLz, which has been
shewn to be equal to the quantity of electricity flowing through
the galvanometer, when the curient 1n the branch of the 1esis-
tance bridge containing the inductance L 18 suddenly changed
from O to #. Thus

2 a
Ce?sin Ce?
17 2 17

" Ka m tané Ke w0

* The logarithmic decrement of a moving needle galvanometer changes very
Iittle with the resistance of the circuit, but that of a moving coil 1strument
changes considerably and must be determined for the conditions under which 1t
18 used 1n the experiment

ol >

©

NI R
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The quantities K and C are eliminated in the following way
If the balance of the bridge be disturbed by 1nserting a small
resistance r 1n series with the coil, this additional resistance
will, while a current &’ 18 passing through 1t, have the same
cffect on the galvanometer as an opposing electromotive force
rv’  If this electromotive force produces the current C in the
galvanometer, then C= Kra' (p 346) Hence

3. a a
g T°°%"3 « T° 2
Py
In most cases the calculation may be further simplified,
since «'[z 18 the ratio of the curients in the coll with and
without the additional resistance r, which should always be so
small that ' 1s sensibly equal to
If a and @ are sufficiently small these angles may be taken
to be proportional to the observed deflections d, and D, otherwise
a
2
given on p 160 But 1t follows fiom these equations that the

>

L=r

sin ; and tan 6 must be evaluated according to the equations

ratio smn «/2 /tan 6 1s equal to d,/2D to the second approxi-

mation 1if

D 11
and that —(i=~d—l f D=d
20 2D !

Either may be secured by a proper choice of »

The coefficient e may be expiessed in the form of a series,
the first three terms of which are

14247,
2 8

The third term 1s often negligible, eg when an accuracy of 1°/,
18 considered sufficient and N 1s smaller than 3, or when an
accuracy of ‘1, 18 1equired and A 1s smaller than 09.

The determination of A 1s best carried out by a separate
series of observations, but when that quantity 1s small, and
when the experiment 1s made rather as an exeicise than for
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the purpose of obtaining the best possible results, time may
be saved by observing not only the first throw (d,), on making
or breaking circuit, but also the second deflection (d;) on the
same sude. The equations on p. 287 give for this case d,/d,=¢?

t
and hcace e may be replaced by <g—‘) . When d, and d, are
2

nearly equal we may simphfy further, for

()=

+1d1—d2 5 <d,—cl2>°+

d

If the third term of the series can be neglected, we obtain

d]e"/z = dl + i (d] - dﬂ)

If an accuracy of one per cent 1s requued, this simplification
should not be introduced unless d,/d, 18 smaller than 12 which
corresponds approximately to A smaller than 1

Taking account of these simplifications we shall be able to
use one of the following three equations whenever A 1s smaller
than 2,1e d,/d, smaller than 15, and D/d, 15 approximately
equal to 117, o1 to 10

_Tr d, A
L=5,. “ﬁ(”é)'

r=Ird (@3)*
2D \dy/’

_Trdi+}(d,—d)

“2r- D
"The first equation 1s the one to apply when accuracy is of
greater impoirtance than tune, so that an independent dete:-
mation of A may be made The second 1s used when A\ 18
not separately determined, but when the second deflection 18
observed , while the third applies to the same case with the

additional proviso, that d,/d, 18 smaller than 1 2.

Care should be taken to have the zero reading of the gal-
vanometer near the centre of the scale and to take deflections
towards both sides, and thus eliminate any errors due to faulty
adjustment of the scale.
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If A 18 to be determined by experiment, we make use of the
equation (p 288)

log 8, —logsp,=(n—1)Aloge,

8 and s, being the first and the nth arc of swing. It s found
that an error of reading has the smallest effect when

sfsn=e=21T

This suggests the following procedure Set the galvano-
meter needle mto vibration, and read the first deflection d; on
the right and the first deflection d," on the left Then wait
until the deflection has diminished to about Qc_l% and read again
deflections d, and d,’ Assuming as a first and generally suffi-
clent approximation, d; +d,” and dn +dy/, to be proportional to
the arcs of swing, we may, knowing n, apply the above equation
to the calculation ot A The result may be rendeied more
accurate by observing and combining i a similar manner s,
and 8n4,, 8 and $,4, etc  If the oscillations are too rapid to
allow the deflections toward both sides to be accurately ob-
served, we must divide the experiment into two parts, observing
first deflections to the right and applying the equation

logd,~logd,=2(n—-1)Nloge

to deduce the value of A. Observing stmilarly the deflections to
left we obtain a second value for A, the mean of the two being
taken for the final result. When A 1s so small that 1t would
take too long to wait till the amplitudes are reduced in the
above ratio, we may proceed as m the measurement of time
intervals, observing say six deflections, waiting until six oscilla-
tions have passed unobserved, and observing six further ones,
which are combined with the six first 1n the manner already
explamed'

The principal experimental difficulty 1n the above determina-
tion of the inductance of a coil will be found to be due to the
gradual heating of the coil by the cuirent, which must be suffi-
ciently strong to give a measurable throw on making or breaking
the circuit  Subject to this condition, the current through the
coll should be as weak as possible It 18 important therefore
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that the arms of the biidge should be arranged so that the
galvanometer 18 most sensitive to variations of resistance
one arm of the bridge, for a gwen current in that arm This
condition leads to results which are quite different from those
which apply when the electromotive force 1s given (p 291)
The best airangement of the bridge, when S 18 the resistance
whose 1nductance 18 to be determined, 1s that in which the
resistance we have denoted by @ 1n the previous exercises 18
as small as possible, and that denoted by R as large as possible’.
One of the galvanometer terminals should be connected to
the junction of P and @, the other to the junction of K and §
The best 1esistance of the galvanometer of a given type 1s

PS+Q)

P+Q

or when P 1s large compared to @, G=8+¢@, S being the
resistance of the coll The sensitiveness of the arrangement
for given values of P, @ and (, as compared to the best possible
arrangeient, 1s given by the fraction

G:

24/« |
1+« Q) W’
(”P} (1+ S‘)

where « 1s the ratio of the actual to the best possible galvano-
meter resistance A discussion of this equation shews that the
sensibility 1s not much reduced, if « 18 intermediate between 4
and #, also that 1t will be sufficient to make the ratio P/Q =10
But care should be taken that @ never exceeds S and 1t would
be better 1f S were at least three times as great as Q

The change of resistance » may be obtained by connecting
a high resistance W in parallel with the coil, when the steady
deflection @ 18 taken 7 1s then equal to S*/(S+ W) The
shunt must be disconnected when the throw 1s taken We may
vary the resistance of R 1nstead of S, remembering that a
change r 1n the resistance of S 18 equivalent to a change Pr/@
1n the resistance B If 7" 18 the change in R which produces a
steady deflection 6, we must therefore substitute for » the

7 Arthur Schuster, “Electrical Notes,” Phil Mag p 175 (1894)
5 P 23
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quantity »'Q/ P This 1s 1n general the more convenient way
of disturbing the balance of the bridge, as 1t 18 often necessary
m order to get a perfect balance to adjust R to less than an
ohm by placing a resistance mn parallel with a portion of 1t
This auxihary resistance then serves to make the required
change of R

To carry out the experiment, arrange the given coil S to
form the fourth arm of the Post Officc bridge, @ being the
ratio arm adjoining 8. Make Q=10 and P =1000 Connect
the galvanometer through a commutator to the junction be-
tween P and ), and to that between B and S Introduce also
a commutator into the battery circuit, so that the current may
easily be reversed It 15 important that the battery should be
one giving a constant electiomotive force, eg a Daniell or
storage cell Leclanché cells are too variable  Adjust the zero
of the galvanometer to the centre of the scale

Leave the galvanometer circuit open, pass the current
through the coil and notice whether the galvanometer shews
a deflection  If 1t does, the coil acts directly on the needle
and 1ts position should be changed so that the action ceases
This 1s most easily secured by placing the coill with 1ts plane
nearly horizontal and tilting 1t tall the magnetic field due to 1t
18 vertical at the galvanometer. Now close the galvanometer
circuit and balance for steady currents.

When the balance 18 approximately made, break the battery
circuit and take an observation of the throw, which should be
between 10 and 20 cms as measured on the scale If the
throw 18 too large, the electromotive force of the battery should
be dimimshed or a resistance inserted in the battery branch,
It 1t 18 too small, the galvanometer should be made more
sensitive, and 1f that 18 not possible the electromotive force of
the battery must be increased. Having obtained an approximate
value of the throw, the change of resistance # in the arm R,
which gives a steady deflection of between 11 and 12 times
that of the throw, should be found

If the galvanometer has a small logarithmic decrement and
takes a long time to come to rest a small coil 1n series with an
auxihary battery and key may be fixed behind 1t, and con-
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nection may be made and broken 1n such a way as to bring the
suspended system to 1est

The above preliminary experiments having been concluded,
aote the position of rest of the galvanometer needle. Obtain
as accurate a balance ot the bridge as possible, if necessary using
an auxihary resistance as a shunt 1n a portion of R If there 18
a slow creeping of the spot of light while the steady current
passes through the coil, 1t 1s probably due to the heating action
of the current, which slowly increases 1ts resistance If that 1s
the case, adjust the balance so that the spot of light 18 deflected
a little to the side opposite to that towards which the creeping
takes place  Wait tall owing to the heating action the spot of
light occupies accurately the zero position, then suddenly break
the battery circuit and observe the throw, reading both the first
deflection (d,) and that which follows 1t on the same side (d,)
Make the battery circuit again, change the resistance R by
the addition of ' and observe the steady deflection Break
the galvanometer and battery cncuits and read the zero.

Reverse the commutator in the battery circuit and repeat
the observations, both for the throw and the steady deflection

Reverse the galvanometer cireuit and again repeat the
observations, first with the battery commutator mn one and
then 1n the other position

Four sets of readings are thus obtained the means of which
must be combined 1n the final result

Determine the time of oscillation of the galvanometer needle
by observing the time of say 50 swings if the time be short and
the logarithmic decrement small, or if the time be long, observe
the 1nstant of passage through zero for say six swings, allowing
an interval of six, then observe six more and combine 1n the
usual way

If 1t 18 desired to determine the logarithmic decrement this
should now be done by one of the methods explained above,
care being taken that the sensitiveness of the galvanometer 18
the same as that used during the experiment. The logarithmac
decrement for the same galvanometer ws proportional to uts tume
of oscullation

23—2
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Tabulate your results as follows

2 January, 1898
Inductance of coll A. Galvanometer No 327
P=1000 @=10 2 Danell Cells

Balance obtained with R =2194
On breaking circuit
First swing to right (mean of four observations) =11 04 cms

Second ”» ”» » ”» » = 7 56 i
Changed R to 2255, r' =61, r= 61
Steady Deflection (mean of four obseivations) =1211 ,,
Time of oscillation = 344 secs.
344 1104 1104\
- L=6l5" 1o (736)

= 335 hennes.
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SECTION LXXIIIL
LEAKAGE AND ABSORPTION IN CONDENSERS.

Apparatus required : Condensers, one of which 1s specially
selected to shew leakage and absorption, hagh resistance galva-
nometer, discharge key, cells.

Unless the plates and terminals of a condenser are well
msulated, the condenser 18 found gradually to lose 1ts charge
The rate at which this loss takes place 18 generally greater the
greater the charge which the condenser possesses

To determine the extent to which leakage takes place 1

a condenser C (Fig 127), connect 1t A

through a “ condenser key” K to one or CJ) l

two Leclanché cells L and a galvano- ”C K

meter (F, as shewn in the figure l
When the movable part of the key — L

18 down, the condenser 1s i connection Fig 127
with the cells and 1s charging, when the disc marked “1nsulate ”
on the key 1s pressed, the moving arm of the key takes up the
position shewn 1n fig 127, and terminals of the condenser are
msulated from each other, when the disc marked “ discharge”
18 pressed, the arm moves up to the upper contact in the figure,
the terminals are connected togethei through the galvanometer,
and the condenser discharges 1tself.

If the capacity of the condenser 18 C, the charge @ which an
electromotive force ¥ 1mparts to it 18 equal to EC

Owing to the passage of the discharge through the galva-
nometer, the needle 1s deflected, and the extent of the first
swing a from the position of rest 18 proportional, within the
degree of accuracy i1equired for the present purpose, to the
amount @ of electiicity discharged through the galvanometer

Take several observations of the swings after charging and
discharging have been performed 1n the least possible time. In
order that the condenser may be properly discharged between
each obseivation, allow the key to remain at the discharge
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position for three minutes before again charging. The mean
of these deflections may be¥aken to represent the charge of
the condenser due to the applied electromotive force before
leakage has had time to occur They ought not to be less
than 20 large scale-divisions

Now take several observations, charging the condenser for
an instant only as before, but
msulating for ten seconds, then ' I
discharging,and allowing three Loarage| Carves
minutes before again charging

Repeat the observations for
instantaneous charges followed
by intervals of 30 seconds, 1, 2,  Discharge

k.

7=]
/

3, 4, and 5 minutes’ insulation, 19] \N\
KON | [Charged
and plot the results 1n the form t—1smts
gy I mt
of a curve, taking times of 1n- 1sqc |
0 1 2 3 4 S mts
sulation as abscissae anddeflec- Pume moulated
1 1
tions as ordinates
Fig 128

Take logarithms of the
deflections, subtract consecutive logarithms from each other,
divide by the differences 1n the time of insulation, and tabulate
the 1esults as follows

Condenser A  Leakage

Time of Deflection Log of Ditf ot logs
nsulation | on discharge deflection Difference Diff of fimos
0 sec 309 1490
10 ,, 233 1367 123 0123
30 ,, 1568 1199 168 0084
1 min 90 954 245 0082
2, b5 740 214 0036
3 , 36 556 184 ‘0031
4 ,, 29 470 036 0014
5 ,, 24 380 090 0015

If the leakage at any nstant were propoitional to the
charge 1n the condenser at that instant, the numbers in the
last column would be equal Their gradual diminution shews
that the leakage increases more rapidly than the charge
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To order to test whether the inequality 1s due to absorption
of the chaige by the dielectic of the condenser, the effect of
variation in the time of charge should now be found The
condenser should be charged each time tor 10 seconds instead
of an 1nstant only, and the rest of the experiment cairied out as
previously. Then the charging should be continued for 30
seconds and afterwards for 1 and for 5 minutes

Tables of results for each time of charge should be given
and leakage curves drawn alongside the one drawn previously

If absorption by the dielectric occurs, the absoibed charge
should make 1ts reappearance after discharge on the mnsulated
conductors of the condenser To test this, if the condenser has
no short circuiting key, arrange one 1n parallel with the
condenser Charge the condenser for 10 seconds, discharge for
an stant through the short circuiting key and then 1nsulate
for 5 seconds On now pressing the discharge key, the galva-
nometer will be deflected owing to the passage thiough 1t of
the “residual ” discharge

Repeat the observations, allowing the condenser to 1emain
msulated 10, 20, 40, and 60 seconds before taking the 1esidual
discharge

To find the nfluence of the time of charging on the
magnitudes of the residual discharges, chaige the condenser for
20, 40, and 60 seconds, insulate i each case for 5, 10, 20, 40,
60 seconds and take the first residual discharges as before

Express the results by curves and in tabular foimn, as
follows

Condenser A  Iust Residuals after charge for given time,
discharge, and subsequent msulation for given time

First Residuals after insulation for
Time of charge

5 secs 10 secs 20 secs 40 secs, 60 secs
b seconds 80 90 10 11 12
10 . 10 11 12 14 17
20 ’ 1] 13 14 17 20
40 . 13 16 17 20 23
60 - 14 18 20 23 26
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T

40| Residual|Charges

Charged
20 * 20 Seas

‘1/3(/
10 / . 5 Secp
1 /

I~ [0 |10 |26 |30 |40 |50 |s0

Peripd of insulation l

To test for successive residuals, charge again for 20 seconds,
then discharge through the short circuiting key Insulate for
10 seconds, take the first residual, insulate for 10 seconds more
and take the second residual, and so on till no more charge
remains 1n the condenser

If the galvanometer 1s not sufficiently damped to allow of
the observations to be taken so rapidly after each other, take the
residuals after imntervals of 20 o1 more seconds If the galva-
nometer takes much longer to come to 1est, after taking the
first residual in the way desciibed, 1echarge the condenser,
discharge, take the first residual thiough the short circuiting
key, and the second residual thiough the galvanometer
Sumilarly for successive residuals

Tabulate as follows and draw a curve with the magnitudes
of the successive residuals as ordinates, and times of insulation
since the first discharge, as abscissae

After 1nsulation for d?:&:i‘:g;s
10 seconds 138
10 secs more 72
10 ,, ” 64
10 ,, ”» 52
10 ] ” 41

Take a second condenser not specially chosen to exhibit
leakage and absorption, and test whether the leakage and
absorption are small, as they ought to be 1n a good condenser
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SECTION LXXIV.
COMPARISON AND USE OF CONDENSERS

Apparatus required: Condensers, dwscharge key, high
resistance marror galvanometer, cells

It has been stated in the previous section that when a
condenser 18 discharged through a galvanometer, the extent
of the first swing from rest 1s proportional to the quantity of
electricity discharged. If @ 1s this quantity, & the potential
of the battery used to charge the condenser, and C the capacity
of the condenser, then @ =CE

The method of discharge may therefore be used either to
compare the capacities of a number of condensers charged by
the same battery and discharged through the galvanometer, or
to compare the electromotive forces of a number of cells used
to charge the same condenser

Apply the method, using a Leclanché cell and a high resist-
ance galvanometer which swings without too much damping,
to determine the capacities of the condensers provided, assuming
that of the standard condenser to be given in microfarads
The condensers should be placed 1n circuit mn turn, charged
for an instant, then discharged, and the extent of the swing of
the galvanometer needle observed.

In order to see whether leakage has any effect on the
observations, take discharges from each condenser after 10
and 20 seconds’ 1nsulation, as well as instantaneous discharges
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Record as follows -
19 January, 1897.

Nalder Galvanometer No. 5232. Leclanché Cell No 12

Discharge
Capacities
Condenser miero- Remarks
Instan- after after farads
taneous | 10 secs 20 secs
Standard 237 238 2317 33 no leak
Swiss 26 4 25 2 250 37 small leak
Paraffin No I 272 26 1 25 4 38 9w s
” II &e
' III

Select the condenser which shews least leakage, charge 1t
m turn by means of a Leclanché, a Daniell, a storage and a
standard cell Take two discharges thirough the galvanometer
with each cell, and assuming the electromotive force of the
standard to be for a Clark 1'438, for a Cadmium 1019 volts,
calculate those of the other cells

Record as follows
Swiss Condenser Nalder Galvanometer No 5232.

Cell Deflections Mean EMF
Leclanché 349 350 34 95 1 42 volts
Daniell 242 241 24 15 98 ,
Storage Cell 481 475 47 80 200 ,,
Clark 351 352 356156 1434 ,,
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SECTION LXXYV,

DETERMINATION OF THE CAPACITY OF
A CONDENSER

Apparatus required : Condenser, hagh resistance galvano-
meter , resistance coils, voltac cell

When @ coulombs of electricity are discharged through a
galvanometer the needle 1s deflected and swings through an
angle « which, neglecting the damping, has been proved
(pp 348, 9) to be given by the equations

HT a N T a
O=7 79z o U=ypmo 5
where H/G 1s the constant of the suspended ncedle, and N/AII
that of the suspended coil galvanometer

If the quantity @ 18 the charge of a condenser of capacity

C, due to an appled electromotive force K, then @=CE and

theretore
oL HT o =~ 1 NTa
TEG@ A ° kK AH' 7w 2
The damping may be taken into account by imtroducing the factor
1H 1 N
2 - O o ——
¢"? on the right-hand side  The quantity E GO E A0 M

be determined or eliminated, by observing the steady deflection
of the galvanometer produced by the electromotive force &
acting through known resistances.

Let a circuit be artanged as mn Fig 130, the cell which has
served to charge the condenser having 1ts terminals connected
to a resistance R, which should be large compared to that of
the cell, so that the difference of potential at the ends of R, may
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be taken to be equal to the electromotive force £ The terminals
of the galvanometer are connected only
to a small portion r of R, so that the
difference of potential at the ends of the
galvanometer circmt 18 Er/R If the
resistance of the galvanometer be p and
the resistance p’ shewn in the figure be
not 1nserted, the current passing through
the galvanometer will be E)/pR, aud the permanent deflection
will be given by the equations

Fig 130

r H N
DRTG tan 6 o1 =Z—H—0,
Mg & A &
P ¢ ) T2

"R 7 ptand TER T p 0

If the galvanomcter resistance p 1s unknown 1t may be
vbtained, or ehminated from the above expression, 1t a known
resistance p’ 1s nserted 1 the galvanometer circuit and the

steady deflection 6" observed We have 1n that case
I
(p+R™ @

and combining this with the equation obtaned for the case
when p’ 18 not nserted, we find

4 N /
tan() or =;1_ITI70 ,

_ptand or =P o
" tan 0 — tan &’ YA

The condition most favourable for the determination of P
by this method 1s that in which p and p’ are equal, so that the
mtroduction of p’ approximately halves the deflection

The remarks made on page 350 as to the best way of

a a
eM s1n 3 eM2 -

tand O 0
the present exercise the quantity A should be independently
determined

Determine the capacity of the condenser provided, charging

1t by two Leclanché cells and discharging 1t through the galva-

apply mn the present case In

determining
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nometer. Take four obeervations of the first throw, two of
which should be made with the battery reveised

Connect the galvanometer to the two Leclanché cells as
shewn 1n Fig 130, adding a commutator i the battery branch
Make R about 10,000 ohms, and 7 such that a deflection of
about 1'1 times the discharge throw 1s obtained when p'=0
Measure the deflection with the battery current in each direc-
tion Insert a resistance p’ such that the deflection 1s about
half what 1t was in the previous case, and again make two
determinations of the deflection, 1eversing the battery current
between the two observations

Measure the time of swing and the loganthmic decrement,
following the 1nstructions given on page 352

Record your obseivations as follows

3 October, 1900

Standard Condenser marked 1/3 microfarad
Galvanometer No 5232

1 Discharge of Condenser after being charged by two
Leclanché Cells

First deflection (mean of two deflections 1n
each direction) =1615 cms

2 Measurement of steady Deflection
R=10000, » =40

(@) p'=0 Deflection (mean of one obser-

vation 1 each direction) =1835 ,,
(b) p'=6170 Deflection (do) = 945 ,
Hence galvanometer resistance
p=6170 0 0 = 6580

A previous direct measurement of the galvanometer resist-
ance had given p=6570 Either value may be adopted in the
subsequent calculation

3 Determination of time of oscillation
Time of 20 swings (average of 3 observations) =749 seconds
»w , One Swing = 3745 ,,
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4  Determination of logarithmic decrement.

Sucocessive sSwings

to right to left
(1) 1958 16 16 scale-divisions
(2) 1237 1033 "
3) 834 6 80 "
(4) 541 461 .
Ratio of (8) (1) =238 and 2 35
w @ (2 =224 , 229
Mean Ratio = 2315
Mcan of three determinations = 2310

_1log231 1 3636 ;
1+5 =1105.
5 Calculation of Capacity

o 40x3745x1105x 1615
10000 x 27 x 6580 x 18 85
= 337 x 10~¢ farads
= 337 microfarad




APPENDIX A.

DETERMINATION OF DIP

Apparatus required : Dip cucle unstrument,

A dip circle 1nstrument consists of a crcular table supported
on threelevelling scrtews by means of which 1t can be set horizontal
This table supports i turn a concentric circular dise to which
18 attached a vertical circular 11ing and a spint level. The dise
and ring are graduated 1n degiees and sometimes 1 minntes of
arc, the disc o1 azimuth cicle from 0° to 90° in each quadiant
and the 1ing or dip circle from 0° to 90° 1n each direction from
a horizoutal diameter Within the dip circle a pointed magnetic
needle with an axle thiough its centre perpendicular to 1ts
plane can be placed, the axle being suppoited either on two
hornizontal agate knifc-edges on which 1t can roll, or 1n the case
of marine instruments in jewels into which 1ts conical ends
project In the former anlangement the axle can be raised
from the agates by means of two Y-shaped supports. To
protect the needle from air currents the dip circle 18 generally
enclosed 1n a box with glass sides

The position of the ends of the needle on the dip circle
may be read either directly or by the help of microscopes

The side of the ring on which the scale 18 engraved and
that side of the needle on which a hine or letter 18 engraved
will be called the front 1n each case.

To set up the instrument so that the surface of the base
plate on which the vertical circle turns 1s horizontal, turn the
dip cncle tall 1ts plane 1s parallel to the line joining two of the
levelling screws of the base which have been put down roughly
north and south of each other Adjust one of the two screws
tall the bubble 1s 1n the middle of the level, then turn the dip
cirele front to back If the bubble has moved from the centre
bring 1t half-way back by tuining one of the two levelling
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screws. Turn the dip circle back to the original position, If
the bubble remains 1n the same position on 1ts scale when the
dip circle 18 turned front to back the surface of the base plate
on which the vertical circle turns 1s horizontal 1 a north and
south direction  Now turn the dip circle through 90° and adjust
the third levelling screw till the bubble remains stationary on
its scale during the rotation It will then remain stationary
however the dip cucle 18 rotated, and the surface on which that
cucle turns 18 hoiizontal

The needle should now be removed from 1its box with
tweezers, the axle cleaned by being thrust into a piece of pith
or soft cork, the agate knife-edges and the axle dusted with a
camel-hair brush and finally the needle placed on the Y stirrups
with 1ts face to the face of the dip circle After the box 1s
closed the stirrups should be lowered by the screw outside, and
the axle allowed to rest on the agates Rotate the dip circle
on the azimuth circle till the upper end of the needle reads 90°
on the dip crcle Read the azimuth circle Rotate the dip
crcle till the lower end of the needle reads 90° Read the
azimuth circle. The two readings should be nealy alike
Turn the dip arcle front to back and 1epeat the two settings
Turn the needle front to back on the agates, using the tweezers
for the purpose, and repeat the four settings The mean of the
eight readings gives the best azimuth setting for the axle of the
needle to be magnctic north and south. Rotate the dip circle
through 90° 1 azimuth, so that the faces of dip circle and
needle are to the magnetic east, the axle 1s then magnetic east
and west and the needle moves in the magnetic meridian,

As the oscillations of the needle die down read three
consecutive turning pownts first for the upper then for the lower
end, and calculate the position of rest of each end as in the
case of the balance (p 32)

Turn the cucle through 180° so that the face is west and
repeat the observations Turn the needle tront to back on 1ts
bearings so that the front 1s now to the east, and repeat the
observations Finally bring the circle back 180° so that 1its
face 18 again east and repeat the readings
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Remove the needle, place 1t 1n the wooden frame provided,
cover the axle and reverse 1ts magnetism by stroking 1t several
times gently with opposite poles of the two bar magnets
provided, one being held 1o each hand and the stroke of each
magnet being away from the axle. Place the needle on its
sturup. with 1ts face to the face of the circle and repeat the
whole of the observations.

The obseivations taken may be summarised as follows

Circle {ea t}, Needle J’ea%b}’ Magnetisation jdlrecb}
est | west 1everse

the first four alternatives refeiring to the faces of circle and
ncedle

Tabulate the observations as follows
Dip Tnstiument A 14 Oct 1913
Azmuth readings with ends of needle at 90°
21°47, 21°0/, 21° 1/, 21° 8’ etc. Mean 21°2’,

Circle rotated through 90° from mecan reading

top bottom mean
Ce Ne Md 67021 67°20 67°20 5
CwNw Md 67°18 67°16 17
CwNe Md 67°19 67°16 175
Ce Nw Md 67°18 67°20 19

mean 67"18 5

Similarly for Mr.
The mean of the two means is taken as the final result

8 P 24
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APPENDIX B.

Tur following details, referring chiefly to the dimensions of the
apparatus used 1n the Physical Lahoratory of the Umiversity of
Manchester, will probably prove usetul to teachers

BLCIION
IV SpiriT LEVEL
The ordinary 8 inch “brass adjusting level” 1s
switable If the tube 1s not graduated, a paper
scale may be gummed to 1t
\'s CaviBraTioN Tuse

A tube about 20 ems long, of 7 ¢m external
and 07 em internal diameter, may be used The
tube and mercury should be quite dry

VI-VIII Barance aNnp Density

A piece of quartz of 100-200 grams 1s a suitable
body to weigh, since 1t can easily be kept clean,
and therefore of constant weight As quartz 1s
unacted on by water 1t 18 also switable for the
density determimations

XI MomeNT oF INERTIA

The block should be suspended by means of a
thin soft wire free from kinks

XIII Comrounp PENDULUM

A brass bar about a metre long, 2 cms broad
and 5 cm thick, 18 suitable The steel knife-
edges are supported on glass plates A simpler
arrangement consists of a brass bar with a number
of holes about 1 cm diameter bored through 1it,
most of them near one end The bar 18 hung from
a fixed kmfe-edge which projects through one of
the holes
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SFCTION
X1V  Bgams
Stiaight-grained beams about a metie long,
13 to 2 cms broad and 7 to 9 cm thick, should
be used

XV Rty

The thinnest steel pranoforte wire (No 30) and
a wire about No 25 are smitable The upper end
of each wine 1s soldered 1nto a hole 1n the centre of
a short length of brass wire of 15 to 2 mms,
diameter, the lower end 1nto a hole 1n a brass sciew
of 3 mms diameter which screws nto a hole 1 the
axis of a cylindrical brass weight about 4 cms
diameter and 5 cms long  The upper shott wire 15
clamped 1n the support

XVI ViscosiTy
The tubes should have a length of 50 to 80 cms ,
the bore should be 5 to 8 mm A solution of
common salt of density 1 05 to 1 10 (about 10°%/) 18
suitable

XVII  SurracE TENsion
The thin glass used for covering mncroscope
shides 1s suitable for the balance method

XVIII ExPANSIiON OF A SOLID
Tubes of about 1 em diameter and 60 or 70 cms
long are convenient

XIX ExpaNsioN oF A Liquip
The graduated stem of a broken 0° to 100° C.
mercury thermometer serves for the stem of the
dilatometer The bulb should have about 4 times
the volume the bulb of the thermometer had

XX Prussure COEFFICIENT OF A Gas

The bore of the capillary tube 18 about 7 mm.
and the bulb about 10 cms diameter The distance
of the fixed maik on the capillary tube from the
bulb 18 about 20 cms A little strong sulphurie
acid should be placed 1n the bulb to keep the air dry
By warming the bulb shghtly after a little mercury
has been poured into the open tube, the volume of
air enclosed may be reduced to the desued value
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BEQTION

XXI

XXII

XXIV

XXV.

XXVI

XXVIII

XXIX

XXX.

APPENDIX B

ExPANSION OF A (As
A tube of *1 cm bore and about 25 cms long is
smtable The divisions etched on 1t may be ren-
dered more distinct by rubbing a little rouge into
them A strip of white enamelled glass should be
placed between the tube and frame

PressUre AND BoiLing Point
An ordinary bothng flask with the delivery tube
bent upwards at the point where 1t joins the neck
of the flask 18 suitable, A condenser 40 cms. long
18 Necessary

Laws or Cooring
The calorimeter of copper 3 mm thick 1s 6 5 cms.
diameter and 8 cms high It stands on cork legs
within a water-jacket, the insile diaweter of which
18 8 5, the outside 12 5, and the height 12 cms

CALORIMETRIC MFASUREMENTS.
A piece of rubber 1 x 3 x 3 cms 18 convenient

Seeciric HEAT oF QUARTZ
The steam heater 1s 40 cms. long, has an in-
ternal diameter of 6 5 and an external of 9 5 cms
The internal cavity 18 closed at the top by a cork,
and at the bottom by a metal door which can be
moved aside so that the substance may be lowered
mto the calorimeter

Latent HeaT oF StEAM
The condenser 18 of copper 3 mm, thick The
box 18 4 x 3 x 15 cm,, 80 that 1t can pass freely into
the calorimeter
Hear oF SoLurtioN
A calorimeter of thin copper 3 6 cms diameter
and 4 cms high 1s used to hold the salt.
MgzonaNIcAL EQUIVALENT OF HEAT
The apparatus used is that of Puluj, with a
modified arrangement for measuring the frictional
couple,
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XXXI.

XXXIIL

XXXV.

XXXVI

XXXVIIL

{(XXVIIL

XXXIX

XLIT.

XLIL

APPENDIX B 8is

FREQUENCY BY 'THE SYREN

It 18 convenient to apply part of the pressure
on the top of the bellows by hand, as this enables
the note of the syren te be readily varied by a
shight change of the force used

Lissasous’ F1GURES

Large forks of frequencies 128 and 256 are

suitable
SexTaNT.

The objects viewed should be at a considerable
distance from the observer, and their angular
distance apart should not be greater than about
20°,

CURVATURE OF LENsLS

The optic bench 18 1 metre long and 14 cms wide
The lens 18 an ordinary reading lens of 11 cms
diameter.

ToraL REFLECTION
The cube has an edge of 4 5 cms, and the sht 18
22 cms above the table

MAGNIFYING POWERS
A board pamnted white, with a black scale
pamnted on 1t with divisions about 8 cms apart, and
each fifth numbered, makes a suitable object for the
first exercise
UsE OF SPLCTROSCOPE
The salts are contained 1n 2 inch corked sample
bottles placed 1 holes 1n a block of wood 20 cms
by 7 cms The crayons are the ordinary coloured
crayons sold 1n sixpenny boxes.
THE SPECTROMETER AND ITS ADJUSTMENTS
The model of the vernier 18 about 30 cms long
The graduations are on paper gummed to wooden
blocks and varnished.
ReFracTIVE INDEX OF A SoLIp.
The small piece of mirror 18 provided to enable
hght to be reflected down on to the verniers when
the readings are being taken. 24—3
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SECTION
XLIV. PHOTOMETRY
The standard sperm candle weighs 3} of a
pound

XLVI. DirrractioN GRATING.

One of Thorp’s rephcas answers the , urpose
admirably

XLVIII. RorarioN oF PrLANE oF Porarisation. IT.

The tubes containing the sugar solution should
be of glass or be glass-hined, to prevent the acid
used 1n nverting the sugar acting on them

There are other means of producing the half
shadow field, as effective as the plate of quartz
described on p 229

XLIX. Macneric FieLps
The horizontal graduated scales are about 3 mms.
thick and 80 cms long A deflecting magnet about
6 x 5x 6cms is smtable

L. MaGNETIC SURVEY
The apparatus consists of a circular scale of
15—20 cms diameter, over which a magnetic needle
4 cms. long with a cross section of 04— 06 sq
cm, 18 suspended by a fine untwisted slk fibre
about 20 cms long The needle should have a light
aluminium pomter attached to 1t

LIL. ComPARISON OF CURRENT METERS
The resistance coils are of No. 16 platinoid wire,
and are arranged parallel to each other between
terminals which may be connected together in any
desired way by means of strips of copper.

LIII.  AprpuicaTioN oF OEM's Law
The wires are stretched along graduated metre
scales screwed to rods of wood 15 cms. thick and
6 cms. broad.
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LIV,

LvT

LVIIL

LIX.

LX.

LXII.

LXTII

LXIV.

LXV

APPENDIX B 875

ARRANGEMENT OF CELLS

The outer jars of the cells are 13 cms high and
10 cms  diameter outside, and the porous pots
12 cms. high and 5 5 cms diameter

CorPER VOLTAMETER.

The copper plates used are ahout 6 cms square,
and each has a lug about 3 cms long, which fits
mto and 1makes good electrical contact with a
spring clip

MEASUREMENT OF RESISTANCE.

Couils of about 4, 20, 100, 500, and 2000 ohms

give sufficient practice to the student.

HicH RESISTANCE

Strips of insulating material clamped between
binding screws answer for the last portion of the
exercise

Low RESISTANCE

A coil of about 30 ¢cms of No 14 platinoid wire,
with connections made to 1t at several points of 1ts
length, 18 convenient.

ResisTaNCE oF A CELL
A condenser of § to 1 microfarad capacity 18
suitable

Carey FosTErR’'s METHOD.
The two equal colls may conveniently be made
of bare platinoid or manganin wire wound on glass
and kept 1n the same bath of petroleum

TeMPERATURE CHANGE OF RESISTANCE.

About 4 metres of No 38 copper, and 2 metres
of No 29 platinoid or manganin wire wound on
strips of insulating fibre, form switable coils.

REsisTANCE OoF ELECTROLYTES,

A tube about 16 cms long and ‘4 em internal
diameter enables all the solutions to be tested by
means of one Post Office box of 11,000 ohms,
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LXVI

LXVIIL

LXXTI.

LXXII.

LXXIIL

APPENDIX B

StaNDARD CELL,
The vertical limbs of the H tube are 8 cms long
and 1 6 cms diameter

PoreNTIOMETER METHOD OF MEASURING CURRENTS
The wire used for the standard low resistauace
should be capable of carrying the current without
the increase of temperature produced altering its
resistance appreciably

EqQuivaLENT oF HEaT BY THE ELECTRICAL METHOD

The heating coil consists of 90 cms, of No 14
platinoid wire

INpuctioN oF ELecTrRIC CURRENTS

The 3 1nner coils each consist of one layer of 50
turns of No 20 copper wire, and are wound 1n
parallel The 3 outer coils are sunilar but have 40
turns  Short lengths of platinoid wire are inter-
posed between the ends of the coils and the terminals,
8o that whether one coil, or two 1n series, or thiee
1n series are 1n circult the resistance 1s the same

INpucrancs or a CoiL

The coil consists of 575 turns of No 20 copper
wire, the mean radius of a turn being 253 cms

LEARAGE AND ABSORPTION OF CONDENSERS
The dielectric of the condenser used consists
of paraffined paper, one side of which 1s shellac
varnished
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Aherration of rays emerging from a
prism, 181

Absorption 1n condensers, 357

Accurate weighing, 40

Ammeters, 248

Angles, optical methods ot measuring,
154

Apparatus, details of, 370

Balance, 28
' Mohr’s, 64
" precantions necessary with,
43
N ratio of arms of, 39
sensibihity of, 33, 37
v zero of, 30, 35
Beam, 371
,, bendimg of, 82
Bifilar suspension, 72
Biprism, 218
Boiling point and pressure, 112, 372
Buoyaney correction, 41, 48

I

Cadmium standard cell, 323
Calibration curve, 26
N ot graduated tube, 22
’ spinit-level, 17
'y tube, 370
Callendar’s formula for
thermometer, 318
Calorimeter, 372
Calorimetry, cooling coriection 1n,
126, 138
Capacity of condensers, 357
Cell, resistance of, 308, 375
,, standard, 323, 876
Cells, voltaic, 260, 875
Compound pendulum, 756
Condensers, capacity of, 357, 363
comparison of, 361
' leakage and absorptionin,
857, 376
. residual charge, 359
Conductivity of electrolyte, 821
Cooling correction 1n calormmetry, 126

platinumn

Cooling, laws of, 119, 872
. Newton’s law of, 123
Copper voltameter, 271
Curient measuring instruments, 248
)y meters, comparison of, 250,
374
standardisation  of,
265, 271
Currents measured by potentiometer,
332, 370
Cuivatures of lenses, 167, 873

LR ”

“Damping ”’ of galvanometer oscilla-
tions, 286

Decimals, 1ule for discarding un
necessary, 131

Density, 52
- of a liqmd, 62
' ,» sold, 62, 57

Dew pomt, 116

Diffraction grating, 222, 874

Dilatometer, 100

Dip, determination of, 867

Discarding unnecessary decimals, rule
for, 131

Earth’s horizontal magnetic force,
237

Electro dynamometer, 248

Electrolytes, resistance of, 819

Electromotive forces, comparison of,
328, 361

Equvalent simple pendulum, 706,
79

Error, fractional, 6
,» probable, 3, 5
,, 8ystematic, 7
Errors of observation, 1
Estimation by eye, 10
Expansion, coefhcient of, of a gas, 109,
372

coefficient of, of a liquid,
100, 371

coefficient of, of a sohd,
97, 371

)

”
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Foster’s, Carey, method of comparing
resistances, 311

Frequenoy of a tuning fork, 146,
378

Galvanometer, adjustment of marror,

270

' adjustment of tan-
gent, 247

' constant by  water

voltameter, 265
‘dead beat,” 286
how to 1ncrease sen-

sitiveness, 246, 270,

279
mirio1, 276
s moving coil, 248
resistance of, 304
shunt, 284
, tangent, 244
Gauss’s eyepiece, 202

s method of weighing, 45
Heat, mechanical equivalent of, 142,

338, 872, 376
Heat of solution, 140, 372
Heater, steam, 372
Humidity, relative, 117
Hydrometer, 65
Hygrometer, Daniell’s, 116

' wet and dry bulb, 118
Hygrometry, 116

Index of refraction by total reflection,
173

of matenal of lens,
172

Inductance of a coil, 346, 376

Induction of elcctric currents, 341,
376

Ineitia, moment of, 67, 71, 370

Interference of hght, 218

Interpolation, 115, 191-4

) I )

Kelvin’s current balance, 249, 271
' method for galvanometer
resistance, 304
EKundt’s method of measuring velocity
of sound, 148

Latent heat of steam, 137
” " water, 135

Laurent’s polarumeter, 229

Leakage 1n condensers, 357

Least squares, method of, 7

Length, measurement of, 9

Lenses, curvatures and powers of,
167, 873

Level, calibration of, 17

Lissajous’ figures, 151, 878

INDEX

Lodge’s modification of Mance's
method for cell resistance, 308
Logarithmie decrement, 287, 319

Magnetic field, 234, 374
v moment of magnet, 236
) survey, 241, 371
Maguetometer, 237
Magnifying powers, 176, 373 *
Mance's method fo1 celliexistance, 308
Mechanical equivalent of heat, 142,
338, 372, 376
Microscope, magnifying power of, 177
' use of, to measure a small
length, 11, 91, 94, 99
Minimum deviation of light thiough
prism, 207
) deviation of light through
mating, 225
Modulus of ugidity, 8b
,, Young’s, for a beam, 82
Mohi’s balance, 64
Moment of mertia, 67, 71, 370
,»  magnetic, ot magnei, 236

Newton’s law of cooling, 123

Objective method of measuring angles,
155

Ohnv’s law, veufication of, 235, 374

Oscillations, damping of, 280

Pendulum, compound, 75, 370
equivalent sunple, 79
' Kater’s, 77
Personal equation, 8
Photometer curve, 217
Photomet1y, 215, 374
Platinum theimometry, 317
Polarisation, 10tation of plane of, 226,
229, 374
Post Office resistance box, 290
Potentiometer, 330
method of measuring
currents, 332, 376
Powers of lenses, 167
Pressure, effect of, on boiling poimnt,
112, 372
' coctticient of gas, 104, 371
Prisn, angle of, 207
Pulu)’s friction cones, 142

3

iR}

Refractive index by total reflection, 173
by spectrometer, of
sohd, 205, 373
by spectrometer, of

hqud, 211
,,  power, 213
Resistance of a cell, 308, 375
of a conductor, 257,289,375

. 3

1 LR]

13



INDEX

Resistance bridge, 289
" of electrolytes, 319, 375
ot a galvanometer, 304
high, 297, 208, 375
low, 302, 375
standairds, comparison of,
311, 375
temperature coeflicient of,
314, 375
Resistivity, or specific resistance, 259,

’

ER]

Rider> of balance, eirors of, 33

Rigidity, modulus of, 86, 371

Rotation of plane of polarisation,
220, 229, 874

Saccharimetiry, 229

Saturation, fractional, 117

Sensibility of balance, loaded, 37

' . unloaded, 33

Sextant, 163, 373

Smging flame, 146

Solution, heat of, 140, 372

Sound, velouty of, by Kundt s method,
148

Specific gravity, 53

’ . flask, 57
' heat of india rubber, 126
. s quartz, 132

s refractive power, 213
Spectra, mapping, 186
Spectrometer, adjustment of, 196, 373
Spectroscope, adjustment of, 180, 183,
373
Spectroscopicmeasurements, reduction
ot, to wave lengths, 189
Spectrum, band, continuous, line, 183
diffraction, 222
normal, 189
Splm level, 370
,,  calibration of, 17
‘}temn heater, 372
Subdivision by eye, 10
Subjective method of
angles, 150

»

mcasuling

CAMBRIDGY

379

Surface tension, 93, 371
Syren, use of, 147, 373

Tangent galvanometer, 244

Telescope, magmfying power of, 176

Temperature coefhcient of electrical
resistance, 314

Temperature coeflictent of expansion

of gas, 109, hqwmd, 100, solid, 97
Thermo electric circuits, 334
' diagram, 337
power, 330
Thermometer, constant volume gas,
107
. platinum, 317

Time, measurement of inte1vals of, 12
periodic, 13
Total reﬂvctmn, 173, 370
Tube, calibration of, 22
’.I‘unmg fork, frequency of, 146
Tuning forks, comparison of, by Lis-
sajous’ figures, 151

Velocity of sound, measurement of, 148
Vernier, 9
Viscosity, 89, 371
Voltaio cells, arrangement of, 260
Voltameter, water, 265

N copper, 271
Voltmeter, 249

Water equivalent of calorimeter, 130
" v thormometer, 130
,»  voltameter, 2656

Wave length of light, 195
" nmieasurement of, by dif-
fraction grating, 222

measurement of, by inter-
terence, 218
,» numbers, 189, 195

Weighing, accurate, 40

Weston standard cell, 323

Wet and dry bulb hygrometer, 118

’ ”

Young’s modulus for a beam, §2
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