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PREFACE

The aim of this book is to provide a suitable course of
practical physics for the students of the Intermediate classes
of the South Indian Universities. The book had its origin
in the notes prepared by me from time to time with a view
to meet the difficulties which the students were experiencing
in the practical classes. The earlier notes were revised in the
light of later experience and the whole has been recently
rearranged and rewritten to give it the form of a book.
Under each exercise are given an account of the elements
of the subject, the derivation, from first principles, of the
formulae required for the experimental work and a des-
cription of the experiment followed by a practical example,
which gives detailed observations from an actual experiment.
The practical examples may not only assist students in
recording and working out their own observations but may
also indicate the degree of accuracy which can be expected
in such trials.

My grateful acknowledgements are due to Dr. S. Bhaga-
vantam, Ramachandra Deo Professor of Physics and Principal,
Andhra University Colleges, at all stages—in preparing the
manuscript for the press, in going through proofs and in
making valuable suggestions.

My thanks are also due to Mr. S. Jagannadha Rao,
Draftsman, Instruments Manufacturing Section, Andhra
University, for the care with which he drew the diagrams and
also to several others who were helpful to me in various ways.

Rajahmundry, V. Arra Rao.
25-12-1941,
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CHAPTER I
UNITS AND MEASUREMENT

THE SCOPE OF PHYSICS.

Physics is an experimental science involving the
measurement of quantities such as length, mass, time, velocity,
force, temperature, etc. These are called physical quantities.
Length, mass and time are the simplest quantities amongst
them and are, therefore, called fundamental quantities.
Definite relations exist between all the other physical quan-
tities and one or more of these three. Quantities which
are derived from one or more of the three fundamental
quantities are called derived quantities.

SYSTEMS OF MEASUREMENT.

There arc two systems of measurement. The first is the
centimetre, gram, second or the C.G.S. system. These are
the units of length, mass and time, respectively. The second
is the foot, pound, second or the F.P.S. system, the foot, the
pound and the second being the corresponding units in which
the three fundamental quantities are measured.

The expression of a physical quantity consists of two parts.
The first is the unit employed and the second is the measure
or the number of times the unit is contained in the quantity;
for example, 3 feet, 20 grams, 30 minutes, etc. The omission
of the unit in such expressions makes no meaning.

A convenient length between two fine marks, made on a
bar of platinum at the temperature of melting ice, preserved
in Paris, is arbitrarily chosen as the standard of length and is
called a metre. Its subdivisions and multiples are in the
decimal system and are, therefore, very convenient in calcula-
tions. Another standard of length in common use is the
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yvard. Its subdivisions are not in the decimal notation and
80 are not convenient in calculations.

The kilogram is the standard of mass in the metric system.
It is the mass of a piece of platinum preserved in Paris by the
French Government. This is the standard kilogram and is
equal in mass to a litre of pure water at 4°C., the temperature
of its maximum density.

A solar day would have been a convenient standard of time,
if it were of constant duration throughout the year. But it
is not so, because the movement of the earth round the sun
is not uniform throughout the year. Therefore, the mean
solar day, which is the mean length of the solar days in a year,
24 x 610 X 60 OF FUE00
time interval is the second and constitutes a convenient unit
of time in the C.G.S. and F.P.S. systems of measurement.

is taken as the standard. th part of this

MEASUREMENT OF LENGTH.

A. Stepping. Apparatus required.—Dividers with sharp

points, compass and millimetre scale.
Draw a circle of a convenient radius on a plane sheet of
paper. Open the dividers so that
% the distance between the pointers is
not more than 2 or 3 mm. Start at
any point a of the circle (fig. 1). The
joint of the two arms of the dividers
must be stiff enough to keep the
distance steady. Turn the dividers
lightly on one of the points b, so that
the other end occupies the position
Fie. 1. @y, on the circumference. Continue
this and carefully step off the whole
length of the circumference, marking out every tenth step
as a guide to correct counting. A fraction of the step
may be left off at the end. Note it. Step out and count

IB

b
o‘“’
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again with ab unchanged. You get the same number of
steps though the fraction left out may slightly differ.

A B B

Fia. 2.

Draw a long straight line AB (fig. 2) on the sheet of paper
and starting at A, step off the same number of times along
the line carefully. Find the length of the step by applying
it to the millimetre scale and estimating to a tenth of a
scale division. Disturb the step and then adjust it to cover
the fraction left out on the circumference and apply it to the
straight line in continuation of the steps already marked.
Let the last point be B;. Apply the fraction in the second
case and let By be the point. Measure AB; and AB, to a
tenth of a millimetre by estimation and take the mean length
as the length of the circumference. This is evidently the
length of the perimeter of the inscribed polygon of # equal
sides each of length ab. This perimeter of the equiangular
polygon approximates to the length of the circumference and
the difference gets smaller and smaller as ab is made smaller
and smaller, i.e. if » is large. It is, therefore, necessary that
ab should be very small but at the same time of convenient
length. Multiply the length ab (determined already) by =
and add the length of the fraction of the step left out. Compare
this with the mean length of the circumference obtained above.
You will generally find a difference. How do you account for
it? What is the probable error in the determination of the
length of a single step? What fraction of the length is this
“error ? What happens then if ab is multiplied by »? Which
method of measuring the circumference do you prefer,
restepping on a straight line AB and measuring along with a
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scale, or multiplying the length of a single step by the number
of steps ?

B. Finger and thread method. Apparatus required.—A
fine thread and a millimetre scale.

Cut a convenient length of the thread. Put one end over a
mark on the circumference. Press it with a finger nail and
pass a finger of the other hand along the thread and along the
circumference to a distance of 2 or 3 mm. Slide the first
finger to the second and move the second once again. Continue
the procedure and pass the thread carefully along the whole
length of the circumference. Mark the point on the thread
with a pencil, when it comes back to the starting point.
Stretch the thread on the edge of the scale and note the
length up to the mark. This is the length of the circum-
ference. This method gives fairly satisfactory results.
What is the effect of keeping the string under varying tensions ?

In each of the above cases, measure the diameter of the
circle and find the ratio of the length of the circumference to
that of the diameter. The number of times the diameter is
contained in the circumference is a constant and is represented
by the letter . Draw two or three circles of different
diameters and find the mean ratio.

Practical example :—
(a) Measurement of Length : Length of the step ab = 2-0 mm.

AB;= 26:76 cm. \ 26-73 cm. is the
ABy= 26-70 ,, } mean circumfer-
ence.
n = 139:5; nxXab = 27-90 cm.
If ab were 1-9 mm., n X ab would be 14 cm. smaller.
The length of the step lies between 1:9 mm. and 2:0 mm.
Diameter of circle = 8-57 cm. in some direction.
’ » = 857 ,, inadirection at right angles to the
first.

Mean = 8:57 cm.
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(b) Value of m:

Diameter Circumference in cm. m
in cm.
8-57 26-73 (stepping) 3-12
8:57 27-00 (thread) 315
8-51 26-46 (stepping) 3-11
6-24 19-46 o 312

Mean constant = 3-13

Notice that the value obtained for = is nearly the same in all cases
and compare the mean value 3-13 with the standard value 3-142.

MEASUREMENT OF AREAS.

A. Qraphical method.—Draw the figure on a graph paper
divided into tenths of an inch. The area of the smallest
square is therefore 0-01 sq. in. Divide the figure into a
convenient number of parts. Count the number of small
squares in each part. Neglect fractions smaller than a half
and count parts greater than a half as full squares. Sum up
and the area of the figure is obtained in square inches, if the
sum is divided by 100. If greater accuracy is required,
estimate the various fractions in the several parts of the
figure to the first decimal place and add up each carefylly and
then sum up. The difference in areas obtained by the two
methods may not generally be much, as the errors in the first
method are mostly compensating.

Draw a circle with a convenient radius r on the graph
paper. Count the squares and find the area as explained
above. Divide this area by the area of the square with r

2
as side. The ratio gives the value of 37;:— which is equal to =.

Repeat the observations with a circle of a different radius
and find the mean value of = .
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Practical example :—
In the following observations, the circles were drawn on a graph
paper. The area and radius are expressed in inches for convenience.

Circle. Area of circle. Area of square. Ratic.
1. 8-88 sq. in. 2-82 sq. in. 315
2. 4-65 1-47 ,, 3:16

Notice that the mean ratio which is cqual to = comes out to be 3:155.
The maximum error is about 0-69,.

B. By the method of weighing.—The method of weighing is
detailed in a later section dealing with the balance. The
graph paper is practically uniform in thickness and is homo-
geneous in composition. Equal areas of the paper will be
found to have very nearly equal masses. It can, therefore, be
safely assumed that areas on the paper are proportional to
the masses of the paper within the areas.

Cut the irregular figure, whose area is required, along its
boundary on the graph paper carefully with a sharp scissors.
Weigh the paper to a centigramme. Let its weight be M gm.
From inside the irregular figure, cut a rectangle as big as
possible and weigh it. Let its weight be m gm. Calculate
the area of the rectangle. Let it be a sq. in. The area of

the irregular figure is then a 8q. in.

m
To find 7 by the method of weighing draw two circles again.
Cut the circles carefully, fold them and weigh them. Cut a
square (with r as side) within each of the circles and weigh.
Find the ratio of the weight of the circle to the weight of the
corresponding square and take the mean. Thisgivess. This
method is based on weighing and hence leads to accurate
results, if the cutting and weighing is done carefully.
Practical example :—

(a) Area of an irregular figure :
Area by counting squares = 7-86 sq. in.
Area by weighing : Wt. of whole figure = 0-81 gm.
Wt. of 27 quliam = 0-415 gm.

0 .
Area = m)(‘l =779 8qQ. 1n,
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(b) Value of w :
(1) Weight of a circle of 1:5 in. radius = 0-740 gm.
v square of 1-5 in. side = 0-235 ,,
m = ratio of weights = 3-149.
(2) Weight of a circle of 2 in. radius = 1:304 gm.
» square of 2 in. side = 0-415 ,,
7 = ratio of weights = 3-142.
Mean value of = = 3-146.

THE VERNIER.

The length of a body can be determined to the first decimal
place of a centimetre directly with a millimetre scale. If the
body projects over a millimetre mark, the fraction can be
estimated to the nearest tenth by the eye. This estimate,
however, is not very reliable and there is the probability that
it may be too high or too low. It is not easy to graduate an
edge into tenths of a millimetre and much more so into
hundredths. Hence a more satisfactory method of measuring
the length to the second and if need be to the third decimal
place of a centimetre is necessary. This is accomplished in
practice by the two devices of the vernier and the screw.

The vernier is a small auxiliary scale sliding along a fixed
main scale and reads accurately to a fraction of the smallest
division of the scale. This device was invented by Pierre
Vernier of Burgandy in the first half of the seventeenth
century. If it is desired to read to the first decimal place of
the least division of the scale (fig. 3) the edge of the auxiliary

V

A B ILl
Olllﬂllllhlllurrll]z TITTTE,

Fic. 3.

scale V, equal in length to nine small divisions of the scale,
is divided into ten equal parts. The vernier V can be fixed
at any desired point along the main scale. One end of V is



8 INTERMEDIATE PRACTICAL PHYSICS

generally marked with an arrow and is called the zero of the
vernier.

Let AB be the body whose length has to be determined.
The scale is divided into millimetres. The end A coincides
with zero of the scale and B projects beyond 1'5 cm. by a
fraction of a millimetre, and this distance x between the 1:5 cm.
mark and the zero of the vernier is to be measured. As the
eye is passed along, the distance between the successive scale
divisions and the corresponding divisions on the vernier gets
smaller and smaller and finally the distance becomes zero and
the seventh division of the vernier coincides with 2-2 cm.
mark of the scale. A division on the scale is greater than a
division on the vernier by 0-1 mm. Therefore, the distance
between 1-6 cm. mark of the scale and the first division on
the vernier is short of by 0-1 mm. The distance between
the 17 cm. mark and the second division on the vernier is
2—0-2 mm. and so on. The difference between the 2:2 ¢m.
mark and the seventh division on the vernier is [x—(0-1 X 7)
mm.] = x—0-7 mm. and this is zero, as the two marks coincide.
We, therefore, have z = 0-7 mm. or 0-07 cm. and the length
of the body is 1-57 cm.

The least count of the vernier is the least length which the
vernier can read and is generally the difference between the
length of the smallest division of the scale and the length
of the smallest division of the vernier. The least count in
the above case is 0-1 mm. or 0-01 cm.

The fraction z is therefore obtained by multiplying the
least count with the number of the division on the vernier
which coincides with a division on the scale. This is the rule
of the vernier.

It might sometimes happen that no division on the scale
exactly coincides with a division on the vernier. The choice
lies always between two coincidences and the nearer one is to
be considered.



UNITS AND MEASUREMENT

9

If the scale is graduated to half millimetres, how do you

graduate the vernier to read to 0-01 cm. ?

Is the length of

the vernier now longer or shorter than that in the above ?

Practical example :—

To construct a vernier that would read to 0-001 cm.
A number of possible ways are given below.

Smallost Length of the | No. of divisions | Least count.
d;visi n on vernier in on the vernier (Difference
No. O O scale divisions | and the length between
the scale in . .
millimetres and in of each in columns 2
* | millimetres. millimetres. and 4.)
1 05 49 = 245 mm.| 59. Ly 045 0-01 mm.
> 50
0-49 mm,
2 0-25 24 =60 ,, | 95. 15690 0-01 ,,
' 25
0-24 mm.
3 0-20 19=38, | 99.Ly3sg 0-01 ,,
* 20
0-19 mm.
4 0-10 9=109 , | 10.Lx%09 0-01 ,,
10
0-09 mm.
5 1-0 99 = 99 ,, L1 0-01 ,,
100; 100 X 99
0-99 mm.

Note how the length of the vernier changes with the fineness of the
scale. In the third and fcurth cases, the main scale is too fine to be
accurately drawn and in the last case the vernier is too long. So, in
practice, these cases are not met with. Out of the other two, the first
is the better, as the graduation of the scale is more easy and the vernier
is not inconveniently long.

THE VERNIER CALLIPERS.

The principle of the vernier is applied in this instrument,
which is generally employed for all ordinary work in the
laboratory to read to 0-01 cm. The scale is engraved on
a steel rectangular bar (fig. 4) from one end of which
projects a fixed jaw at right angles to the scale as shown
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in the figure. Another jaw slides along the scale and can

be fixed at any point by means of a screw. The vernier
.scales are engraved on this movable piece and the sides of

0||l-lnwululul i T
I I‘l |m 7, ol 19 ) MO, M 42, S, e, (S "W, 18

Fic. 4.

the jaws facing each other are parallel planes. When the
jaws are in contact, the zero of the scale and the zero of the
vernier coincide. The body whose length is to be measured
is lightly gripped between the two jaws and the movable jaw
is screwed in. The distance between the jaws is the length of
the body and it is the distance through which the movable
jaw has slided on the scale. This is equal to the distance
between the zero of the scale and the zero of the vernier. So
the reading of the zero of the vernier on the scale gives the
length of the body. The fraction of the scale reading is read
according to the rule of the vernier already explained. The
other edge of the steel bar is divided into inches and fractions
of an inoch. For more accurate work callipers reading to
0-001 cm:. is available.

CIRCULAR VERNIER.

The circumference of a circle can be subdivided into a
number of equal parts. The greater the radius of the circle
the finer can be the subdivision and the greater will be the
length of the arc subtending a given angle. Angles are
measured to a degree with circular protractors which are
generally of a decimetre in diameter. Any finer subdivision
makes the circle inconveniently large, and so angles cannot
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be directly measured to less than 0-5 degree. Smaller frac-
tions are measured with the help of a vernier, an auxiliary
concentric arc of a suitable length moving alongside the
graduated circle (fig. 5).

Fic. 5.

In the instrument called the spectrometer the circle is
generally divided to 0-5 degroe. The vernier arc subtending
an angle of 29 half degrees is divided into thirty equal parts.
The least count of the vernier is therefore one minute of arc.
In certain instruments, used in more accurate work, the
circle is bigger and is graduvated to 0-25° and the vernier
is divided to read to 15 seconds of the arc. How is the
vernier to be constructed in this case ?

THE SCREW.*

In this instrument, a screw moves in a nut, which is at rest
relatively to the screw. The nut is hollow and short, and
the screw is solid and long. The inner surface of the nut is
cut into a spiral channel so as to correspond exactly to the
spiral ridge on the solid cylinder or rod. The screw cut into
the nut is called the concave or the internal screw and the
screw on the rod is called the convex or the external screw.

* Accurate screw cutting is a very difficult operation. The screw
was perfected to a high degree of accuracy by Sir Joseph Whitworth
who invented a very accurate method of cutting varied standards of
screws, which could be replaced at any time. The advent of the
Whitworth standard screws very much improved the method of
accurate measurement and made the standardization of machines
possible, by facilitating the repair and replacement of the different
parts of machines. Accurate scales are drawn with a dividing machine
which consists chiefly of an accurate screw. Any slow motion in a
modern machine is affected with the help of a screw.



12 INTERMEDIATE PRACTICAL PHYSICS

When a screw moves in a nut, the motion of any point on
the screw is a combination of a rotation and translation.
The translation or advance of the screw is perpendicular to the
plane of rotation and is parallel to the axis of rotation or the
length of the screw. Any point on the screw, therefore, moves
in a spiral round the length of the screw. The translation o1
advance of the screw for a complete rotation is called the
pitch of the screw, and is equal to the distance between corre.
sponding points of the successive turns of the thread. For a
known fraction of a rotation the screw moves through the
same fraction of the pitch, and by managing to have the pitch
and the fraction as small as practicable, very small lengths
can be measured with the screw.

A screw is either right-handed (fig. 6a) or left-handed (fig. 6b).
When looked at in the directior
of translation, while the screw
is advancing, the rotation it
right-handed in one and left.
handed in the other. In one
the thread slopes downwards
from the right towards the left
and in the other downwards
from the left towards the right.

Man is by nature right-handed. Driving in a screw into,
say, a block of wood requires a greater effort than drawing it
out. Hence a right-handed screw is more convenient. All
the screws with which we generally come across are right.
handed.

Is the screw, which an Indian goldsmith uses in the
ornaments he makes, a right-handed one or a left-handed one ?
How does he make the screw ? Is it by cutting into a rod ?

The screw-gauge and the spherometer are the two practical
applications of the screw and are employed for the measure-
ment of small lengths.
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THE SCREW-GAUGE.

This appliance is alternatively called a micrometer gauge
or a micrometer callipers. It is made of steel and consists
of a rod A on which a screw is cut (fig. 7). The rod is fixed

Fic. 7.

to one end of a hollow cap B shown in section. The screw
moves in a nut inside a hollow cylinder C and a scale is
engraved on the outside of C along a line parallel to the
axis of the screw. The hollow cylinder is rigidly attached
to a bent arm D. To one end of this arm is fixed a plug
P; which has a carefully worked planc face parallel to the
‘end face P, of the screw rod which is also a plane. The
cap B has a bevelled edge F graduated into 50 equal parts.
The scale in this case is divided into millimetres and half-
millimetres. When the two plane faces P; and P, are in
contact, the zero of the linear scale and the zero mark of the
edge coincide. The pitch of the screw is 0-5 mm. Since the
edge of the cap is graduated into 50 equal parts, the cap can
be accurately moved to a fiftieth of a turn, for which the
screw advances or recedes by 4 of 0-5 or 0-01 mm. This
distance is the least measurable advance of the screw and is
the least count of the instrument. This instrument is used
to find the thickness of thin plates, the diameter of wires, etc.

Undue pressure in handling the cap to turn the screw
damages the screw thread and so the screw is turned by
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handling a safety clutch G, whica slips round when the pressure
applied exceeds a safety limit. E is a grip which, when
slightly turned, grips the screw and registers the reading of
the screw-gauge.

When the two plane faces are brought into contact by
working the safety head, a division on the bevelled edge
coincides with a mark on the graduated scale. This point on
the scale is its zero mark and this mark on the edge is the
zero of the edge; and the distance between the plane faces is
zero. But in a particular instrument there may be zero error
as whon mark 1 on the edge lies on the divided line and
not the mark 0. This mark 1 is then the real zero of the edge.
The real zero is one division above the marked zero. The
zero error thus corresponds to one division of the edge and is
+0-01 mm. The change in the zero or the zero error is due to
the wear and tear of the instrument. Turn the screw so
that division 10 on the edge lies on the graduated line. The
screw moves through a distance corresponding to 10—1 or 9
divisions only of the edge. We have to conclude that the
plane surfaces aro 0-09 mm. apart. The nominal reading on
the edge is 10 and the corrected reading is 9 : so the correction
is —0-01 mm.

If, in another instrument, the division 49 coincides with the
zero of the scale when the plane faces are in contact, 49 is
the real zero mark and lies one division below the marked
zero. The zero error is, therefore, —0-01 mm. and the
correction is 4+-0:01 mm. If the real zero is above the marked
zero, the correction is negative and if it is below the marked
zero, the correction is positive. The error and correction
are opposite in sign.

Practical example :—
To measure the diameter of a wire :

Pitch of the screw = 0-5 mm.; least count = 0-01 mm.,; zero error
= +40-01 mm.
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Reading
Reading on on
the scale | the edge.
inmm, }————

- |

0-5 23 2)4 Mean edge reading for one set = 24-2

o ié 53 ys 'y ', another set = 24-7
35 25 Mean edge reading = 245
23 25 Observed mean diameter = 0:745 mm.
25 24 Corrected mean diameter = 0-735 mm.

Six sets of recadings at different points of the length of the wire are
taken. At each point readings are taken for two diamecters in
directions at right angles to each other. The mean of the twelve
readings is taken as the observed diameter.

THE SPHEROMETER.

This is essentially a micrometer screw. A is the screw
ending in a point (fig. 8). The screw works in the nut D,

Fi1a. 8.

which forms the centre of a tripod supporting the screw.
The ends of the legs lie on the three corners of an equilateral
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triangle and the end A points to the centre of the triangle.
F is a metal disc rigidly attached to the screw and its edge is
divided into a number of equal parts and this enables the
measurement of a fraction of a rotation of the screw. G is a
scale attached to one of the legs and is parallel to the
length of the screw. The movement of the screw is measured
along the scale. A plane glass plate is supplied with the
instrument and the instrument is mounted on it. The ends
of the three legs lie in the plane of the glass and the distance
between this plane and the end of the screw is measured with
the spherometer.

The pitch of the screw and the least count are first deter-
mined. The instrument is mounted on the glass plate.
Suppose the point A is above the plane of the plate. Screw
it down until A touches the glass plate. If, in doing so, the
screw is turned too much, it will be below the plane of the
ends of the three legs and the instrument can be rotated
about the point A. When A just touches the plane, the
instrument can be just rotated about A; and then all the
four points are in the plane of tho plate. A very delicate
touch will be found enough to rotate the instrument. When
that is so, read the division on the disc which is against the
zero of the scale. Repeat the observation twice and the mean
of the three readings z is the zero reading of the instrument
and the distance between the point A and the plane of the
glass plate is zero.

This instrument may be used to measure the thickness of a
plate of glass as follows. Raise the screw and push in the
plate between the screw and the big glass plate. Lower the
screw until it just touches the top surface of the small plate.
This adjustment is to be delicately made as explained above
and the mean of three readings is to be taken. Complete
turns of the screw are registered on the linear scale G and
can as well be counted as a check. The fraction of a turn
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is read on the disc F. If F is divided into 100 equal parts
and the pitch of the screw is one millimetre and z is 4, then
4 % 0-01 or 0-04 mm. is to be deducted from the reading of the
instrument to get the thickness of the glass plate. Similarly,
measure the thickness at three or four points on the surface
of the small glass plate and take the mean thickness of the
plate.

The spherometer is mainly intended to measure the radius
of curvature of a curved surface which i3 either concave or
convexr. For this purpose the instrument is mounted on the
curved surface and the screw moved until it just touches the
surface at A (fig. 9, and b). Note the reading. The difference
between this and the zero reading gives the elevation or
depression AH. C, C; and C, are the three ends of the legs
of the tripod at the corners of an equilateral triangle (fig. 9¢c).
CC,Cs is the circumscribing circle. H is the centre of the circle
and CD isits diameter. CAD (fig. 9, @ and b) is a section of the
surface containing the screw point A and the diameter CD
of the circle, the plane of the circle CC;Cy being at right
angles to that of the paper. O is the centre of the sphere of
which the surface forms a part. OA (fig. 9, @ and b) is the
radius of curvature R and it can easily be expressed in terms
of the radius r of the circle CC,Cy and AH, by the help of a
well-known property of the circle. The rectangle

(2R—AH)x AH = (CH)2
5. 2Rx AH = (AH)24(CH)2
AH (CH)E & o2

T toaaE =2t a

h = AH and is measured with the spherometer directly;

r = the distance between the ends of the screw A and of any

one of the three legs of the instrument when all the four

points are in one plane. This distance can be directly
2

'.R=
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measured from the central screw point to the ends of the
three legs separately and the mean taken.

0
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The radius can alternatively be expressed in terms of the

side of the equilateral triangle. CD bisects the angle C,CC,
2B
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and in the triangle CHF, F is the middle point of CC, and
HF is at right angles to CC,. If a represents the side of the
equilateral triangle, then

CH  r

. e _ 3 _ 22
c 57 ="g and r = a//3 or r =3
. h a2

'R_§+§7z'

a is more easy to measure as the ends of the three legs are
always in a planc whereas in measuring r directly, the central
screw must be brought into the plane of the end points of the
three legs before the measurements are taken.

MEASUREMENT OF MASS.

Mass is the quantity of matter in a body. It occupies
space and is perceived by our senses. The weight of a
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body is the force with which the body is attracted by the
earth and is proportional to its mass. Two bodies are equal
in mass if their weights at the same place are equal. The
weights of two bodies and, therefore, their masses are
compared by means of the balance.

The balance (fig. 10) consists of a beam with its fulcrum
at its middle point. An agate prism with its knife-edge down-
wards forms the fulcrum and is the axis of suspension of the
balance. The knife-edge of the beam is supported on two
agate planes fixed to the top of a brass rod passing through the
vertical brass pillar. At either end of the beam is fixed an agate
prism with its knife-edge pointing upwards and a scale pan
is suspended at either end from a small double-hooked stirrup
fitted with a groove (fig. 11). Inside the groove is cemented
an agate plane which rests on the knife-edge.
A long pointer is screwed on to the top of
the beam and moves just in front of an
ivory scale fixed to the brass pillar. The
end of the pointer stands at the centre of
the scale when the beam rests horizontally
on the central knife-edge. If there is any
error, adjustment can be made by screwing
in or out a small nut at either end of the
beam.

Turning the handle to the right raises the

Fia. 11. brass rod inside the pillar ; the beam rests

on the agate planes and is free to oscillate.

Turning the handle down to the left lowers the rod and

arrests the beam which is supported on the two arms of

the brass pillar. The pillar is mounted on a wooden platform

provided with levelling screws. A plumb line arrangement

helps to keep the pillar vertical. The balance is enclosed in a

wooden case with a sliding glass door in front and is provided
with a catch to keep the door at a convenient height.
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The following rules are to be observed when using a balance :

1. Do not touch the weights in the box but handle them
with the forceps. Put back each weight into its
proper place.

2. Lower the beam whenever you have to add or remove a
weight ; or else the knife-edges will be damaged.

3. Keep the door of the balance-case shut while observing
the oscillations of the pointer; or else the currents in
the outside air disturb the balance.

4. Put the body to be weighed in the left-hand pan and
counterpoise it with weights in the right-hand pan.

5. Add weights from the box in the order in which they
are arranged, in the decreasing order of magnitude.
This is a quick way of getting at the right weight of
the body.

6. Take the first big division on the left of the scale as
zero but not the middle division and estimate the
position of the end of the pointer to a tenth of a
division on the scale, viewing directly against the
centre of the scale.

7. Count the weights while they are in the pan and check
them again as you put them back into the box.

8. If the pointer of the balance does not oscillate well
about the centre of the scale or if the brass pillar
is out of the vertical as indicated by the plumb
bob, do not meddle with the balance but report
the matter to the Demonstrator.

The following procedure should be adopted for obtaining
the mass of a body to the nearest centigram. The first
operation consists in finding the zero of the balance. For this
purpose turn the handle and raise the beam. Gently beat the
air above one of the scale pans with the hand if necessary,
and the pointer begins to oscillate. Close the glass door.
As the pointer swings within the scale judge the extreme
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positions of the pointer on the scale. Take readings for a
few successive turning points and lower the beam. The
mean position between a turning point on the left and the
next turning point on the right is nearly the place where the
pointer would come to rest after the oscillations gradually die
out. This point is called the resting point of the pointer.
The method of finding the resting point will be understood
from the practical example given below.

Place the body, whose mass has to be determined, in the
left-hand pan and put a weight from the box on the right-
hand one. Slightly turn the handle to the right. Generally
one pan is seen clearly to be the heavier. Add on or remove
weights, until a stage is reached when it is not very easy to
judge which pan is the heavier. At such a stage, the pointer
begins to oscillate. Close the glass door, observe the turning
points and calculate the mean resting point. Lower the
beam carefully and note the load in the right-hand pan. If
this resting point is to the left of the zero of the balance
determined already, then the weights in the right pan are
heavier than the body (why?). Remove a centigram from
the right-hand pan, proceed as before and find the mean resting
point for the load. This resting point may be to the right of
the zero of the balance. The weights then are lighter than
the body. Two weights which differ by a centigram are thus
obtained and the weight of the body lies between them.
Select that weight which gives a resting point that is nearer
to the zero of the balance and this is the weight of the body
to the nearest centigram. The mass of the body is the mass
of this weight, and is found correct to a centigram.

To obtain the mass of a body to a greater degree of accuracy
use is made of the sensibility of the balance. The number of
divisions of the scale through which the resting point moves,
for a change of a centigram in the load, is called the sensitive-
ness of the balance. This is also called the sensibility of the
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balance. It may alternatively be expressed as the weight
necessary to change the resting point of the balance through
one scale division. The sensitiveness of a balance varies
with the load and is maximum for a particular load.

Practical example :—
A metal piece is taken and its mass is found.

Turning points : Pans empty.—

Left. Right.

1-2 75

1-6 7-2  Resting point is 1L3’_;'1§§ = 4-44
1-8

Mean = 1:53 Mean = 7-35
The middle division of the scale is 5.
Turning points : 12-:05 gm. in the right-hand pan against the body.—

Left. Right.
0-8 83 :
1-2 7-8 Resting point is w = 4-6
2
1-6
Mean = 1-2 Mean = 8-05
The body is heavier than 12-05 gm.
Turning points : 12:06 gm. in the right pan.—
Left. Right.
- 1-0 3:0
—0-8 30 Resting point is oo _ 1.08
—07 -

Mean = —0-83 Mean = 3:0

Ncte that two small divisions are marked to the left of the zero
mark of the scale and hence negative readings are also obtained.
12:06 gm. is heavier than the body. The mass of the body lies between
12:06 gm. and 12:06 gm. 4-6 is nearer the zero of the balance than
1-08 and 12:05 gm. is, therefore, the mass of the body to the nearest
centigram.

In the above example, the sensitiveness of the balance at 12 gm.
load is 4:6-1:08 = 3:52 divisions per 0-01 gm. or 0:352 of a division
per 0:001 gm. Using this figure, the mass of the metal piece may be
obtained to the nearest milligram as follows :
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Adding 10 milligrams to 12:05 gm. lowers the resting point by
3-52 divisions. Adding %—;—gx 10 = 0-45 milligram to 12-05 gm.

brings down the resting point from 4:6 to 4-44 which is the zero of the
balance. The true mass of the body is 12:05+0-00045 gm. or 12:050
gm. to the nearest milligram.

MEASUREMENT OF TIME.

The unit of time based on the mean solar day has already
been defined. Accurate measurement of time is somewhat
difficult and is generally not attempted in elementary physics
classes. Simple mechanisms which go by the name of a
clock or a watch are, however, easily available for routine
measurements in a laboratory. A pendulum or a balance
wheel or a tuning fork or any other mechanism which
repeats its motion at regular intervals may be adapted to
measure time. All such instruments must be calibrated
beforehand with reference to the standard unit of time by
astronomical methods. The accuracy with which an interval
of time may be measured with the help of one of the above
devices depends upon the accuracy with which the calibration
had been carried out and upon the regularity with which the
motion in question repeats itself.

An ordinary watch or a clock is generally furnished with
an additional stopping and starting device and a centre
seconds-hand, before it is used in a laboratory for measuring
small intervals of time, generally 0-2 second. Such an
instrument is called a stop-watch or a stop-clock and may be
easily stopped or started at any desired instant.



CHAPTER 11

DYNAMICS
MOTION.

If a body moves from a point A to another point B along
a straight line AB in a certain interval of time, the body
is said to be displaced from A to B and the straight line AB
represents the displacement of the body both in direction
as well as in magnitude. The rate of change of position of the
body or its rate of displacement is called its velocity. Velocity
has thus both magnitude and direction and a straight line
can fully represent it.

A body may not always move with the same velocity.
The rate of change of velocity is called acceleration.

Practical example :—

(a) To find graphically the space traversed by a body by plotting velocity
against time ;

The following are the data in a given case :

Timeinsgeconds .. 0 1 2 38 4 5 6 7 8 9 10
Velocity in cm. per
second o 5 7T 10 14 19 25 32 40 49 59 70

Plot the time on the horizontal axis, one inch representing two
seconds as shown in figure 12. Plot the velocity along the ordinate,
one inch representing 10 cm. per sec. Let AB be the smooth curve (?)
passing through the pcints plotted. Let ¢; and as on the X.axis
represent two instants of time near each other and let p, and p, be
the corresponding velocities, If the time ap— a, is very small, the
difference in the velocities pg— p; will be negligible and the distance
travelled will be equal to (@y—ay)X (p, or pg), if the two points a;
and ay are consecutive. Then the area of the very narrow strip shaded
in the figure is (ag— @,) X (p; or pg) and represents the distance travelled
in that small interval of time, which is small enough for the velocity
to be considered uniform. The top side of the rectangle coincides
with a very small portion of the curve. The area AOCB is made up
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f a number of such strips and each successive strip represents the
istance travelled in each successive small interval of time. So the

70 B
60
elocity —Time Curve
87
50
40
E—Q
] 10
s
o
30 FHoH :
anly
HAQ
1
::t 2
::\ 50
20::L\
22K
S
:E§ 42
10
A 73
7/me n Seconds
|ISANNEEEREENRERERES!
INOOENEBNEENERRNEDNE] C
0 1 2 3 4 S 6 7 8 9 10
Fic. 12.

otal distance traversed by the body is represented by the area of the
igure AOCB. Divide this area into a number of convenient parts as
thown in the figure by dotted lines. Count the small squares, neglecting
)arts less than half the square and counting as whole squares those
vhich are more than half. The area represented by one square inch
s the distance travelled in 2 seconds at the rate of 10 cm. per sec.
ind is equal to 20 em.
lin.x1in. =1 sq. in.
In 2 sec. at 10 cm. per sec. = 20 cm.
tXv=s.
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The area of the figure is found to be 14:55 sq. in. and so the distance
traversed by the body in 10 sec. is 14-55 X 20 = 291 cm.

The motion of the body is not one of uniform acceleration as is
evident from the curve (?) and also from the values given above and
the distance travelled cannot be easily calculated. Hence, the
graphical method is very useful in such cases.

Again in the above case, the velocity is changing within every second.
If, to the first approximation, we assume that the distance travelled
in each second is numerically equal to the mean velocity of the body
during that second, the sum of all these successive means gives the
distance travelled by the body in 10 sec. The mean velccities in the
successive seconds are 6, 85, 12, 16-5, 22, 28.5, 36, 445, 54 and 64-5 cm.
per sec. Distance travelled in 10 sec. = 6+48:54+12+4 . . . 4645
= 292-5 cm., a result which does not differ much from the one already
obtained graphically. They agree within 0-59, of each other.

(0) To find graphically the velocity at any instant from the distance
time curve :

In the foregoing exercise, the distances travelled in successive
seconds are known and hence the distances travelled at the end of

the lst, 2nd . .. .and 10th seconds are as follows:
Time in

seconds .. 1 2 3 4 5 6 7 8 9 10
Distance in

cm. .. 6 145 265 43-0 650 93:5 1295 174-0 228-0 292-5

Plot the distance against time. Let OA (fig. 13) be the curve. It
is roquired to find the velocity of the body at any instant.

The velocity of a body at any instant is the ratio of the distance
travelled during a small interval of time including the instant, to the
interval. The interval is so small that the velocity during that interval
may be considered to be practically constant. On the curve, D is a
point and corresponds to an instant of time and according to the
above definition, the velocity at D is given by the ratio I]})‘—(()J; BC is the
distance travelled in a small interval of time DC. If these quantities
are made smaller and smaller, the more and more would the side BD
of the right-angled triangle BDC coincide with the curve BD.
Ultimately when B coincides with D, the side BD becomes a tangent
to the curve OA at the point D. Draw, therefore, a tangent DD’
to the curve at D and let DC’ be the ordinate to the curve at D. The
two triangles BDC and DD’C’ are similar and hence the velocity at

~
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D¢’

Y

are expressed in centimetres and seconds respectively, the ratio
expresses the velocity at the instant in em. per sec. The velocities
at different instants can similarly be found. Thus if the velocities at
the end of successive seconds are found graphically, they will nearly
agree with the velocities originally given in exercise (@) above. The
results obtained are given below.

D is given by the ratio If the numerator and the dencminator
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Fi1a. 13.
Velocity at the From Graph " From Exercise (@)
end of cm./[sec. 1‘ cm.[sec.
e — | -

1st second 10 7
2nd ,, 10-3 10
3rd ., 16-6 14
4th ., 1£-7 19
5th 250 25
6th ,, 31-2, 32
7th ,, 37-0 40
8th .. 30-0 ' 49
9th . 37+0 59
10th ., 77-0 70
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In the velocity time curve of the
previous exercise, the ratios like
DC’
])ICI
give the accelerations at the res-
pective instants of time (why ?).
(alculate these accelerations.

at different points of the curve

ACCELERATION.

Velocity may change either
in direction or in magnitude or
in both. Acceleration which is
the rate of change of velocity
may be uniform or variable.
We study here only the simple
case of uniformly accelerated
motion, along a straight line.
Here, the velocity is changing
only in magnitude and that
uniformly : the motion is, there-
fore, necessarily in a straight
line. A freely falling body is
a familiar example.

Such motion can be conveni-
ently studied with an appara-
tus called Fletcher’s trolley.
The apparatus consists of a
heavy trolley T (fig. 14) mount-
ed on three smooth-running
aluminium wheels (W). The
trolley runs freely on a rect-
angular hardwood plane p,
along two guide lines marked
parallel to its length. An iron
bridge B is fixed to the plane
and a long vibrating strip S,
clamped to the bridge, carries

29

Fia. 14.
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a brush b at its end. The length of the strip is so
adjusted that it makes five complete oscillations
per second. The mass of the trolley can be varied
by inserting or removing iron cylindrical masses
m which fit into the holes in the trolley.

Pin a strip of white paper, cut to size, on the
flat top surface of the trolley and place it on the
plane along the guide lines. Insert one or two of
the wooden planks, usually supplied with the
apparatus, underneath the plane and give it a
certain inclination. Ink the brush and screw it
down so as to make it touch the paper, holding
the trolley in position as shown in the figure.
Vibrate the strip and let go the trolley. The
strip moves in a direction at right angles to that
of the motion of the trolley and a wavy curve
(fig. 15) is marked on the paper. Stop tho strip
and move the trolley up the incline. A straight
line cutting the curve symmetrically at points
0, 1, 2, 3, etc. is drawn. Tho time taken by the
trolley to move from the starting point zero to
any of the points 1, 2, 3, etc. is obviously (%)
01, 02, 03, etc. of a second. Measure the
distances 0-1, 0-2, 0-3, etc. with a dividers and
millimetre scale. It may be that the middle line
does not cut the curve symmetrically and so
take observations in two sets 1-3, 1-5, etc. and
0-2, 04, 0-6, etc. By successive subtraction,
the distances passed over by the trolley in suc-
cessive intervals of 0-2 sec. are obtained. Multi-
plying these by 5 (?) in each case, the rate of
motion in the successive intervals is obtained in
cm. per sec. You find that these rates increase
gradually with time. By successive subtraction
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again, the increases in the velocity of the trolley in the
successive intervals of 0-2 sec. are obtained and these
multiplied by 5 give the increase in the velocity in each case
that would take place in one second if the rate is main-
tained constant during the second in each case. Thus the
rate of change of velocity or acceleration of the trolley is
obtained in each case and the values will be found to be
nearly constant. This shows that the acceleration is uniform
and the mean of the different values may be taken as the
mean constant. Nearly the-same mean value is also obtained
from the other set of observations.

Having thus determined the acceleration « from considera-
tions of the first principles, we can now calculate it with the
help of the relation S = }at® and see if we get the same value
for « . In the observations made above, divide twice the
distance travelled (2S) by the time square (f2) in each case,
time being calculated from the starting point. It will be
found that the ratios are constant and the mean value agrees
well with the mean acceleration found already.

In the above curve, at all points other than that marked O,
the trolley has an initial velocity. Let 3 be the point chosen.
Let the time taken by the trolley to move from the point 3
to any other odd point, say 9, be ¢ sec. (0:6 sec.) and the time
taken to the point 15 would be 2¢{ sec. Let the distances
travelled by the trolley be S; (3-9) and S, (3-15) in the times
tand 2¢. Then

S; = ut+ Jaut2
28; = 2ut+ a2
and Sy = u.2¢+ §ou(2¢)2
= 2ut+ 22
oS —28; = at?
S.—28,
2

Lo =
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Therefore, choose different values for ¢ and calculate the

ratio -S—z_t;—%l in each case. You will find that the ratios are

nearly constant and that the mean ratio agrees well with the
mean acceleration determined. This affords an easy method
of finding the acceleration from the curve and we can take
any point as a start and there is no restriction that the
starting point for observations should coincide with the
starting point of the curve. Therefore, in the case of the
determination of o from the first principles, it is better to
mark a convenient point as the zero.

Practical example.—

Change of | Rate of

Distance Rate of .
. h velocity | change of
moved in | motion or in the velocity

Time in Distance the suc- velocity . in tl
secs. travelled | cessive in the spc:essn;re . l:’ lels
in cm. intervals | intervals | 'Toorvais | interva
of time in cm. ;l):alrcx; ;relrc.::c'
m em. per sec. per 0-2 sec. | per sec.
0-0-2 1-0 1-0 50 .. ..
0-0-4 4-17 3-17 15-85 10-86 54-25
0-0-6 9-27 5:10 26-50 9-65 48:25
0-0-8 16-42 715 35-76 10-25 51-25
0-1-0 25-55 9-13 4565 9-90 49-50
0-1-2 36-75 11-20 56-00 10-356 51-75
0-1-4 49-95 13-20 66-00 10-00 50-00
0-1-6 65-20 15-25 76-25 10-25 51:25

Mean = 50-89

0-1-0-3 2:056 2:06 10-25 - ..
0-1-0-5 6-17 4-12 20-60 10-35 51.75
0-1-0-7 12-23 6-06 30-30 9-70 48-50
0-1-0-9 20-30 8-07 40-36 10-05 50-25
0-1-1-1 30-40 10-10 50-50 10-156 50-756
0-1-1-3 42-50 12-10 60-50 10-0 50-0
0-1-1-6 56-60 14-10 70-50 10-0 50-0

Mean = 50-21

Mean acceleration = 5056 cin. sec—2,
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Time after start (¢ gec.) br avlgﬁse?t:gecm ) Es cm. sec.—2
0-1 0-25 50-0
0-2 1-00 50-0
0-3 2-30 51-1
0-4 4-17 52-1
05 6-40 51:2
0-6 9.27 51-5
0-7 12-45 50-8
0-8 16-42 51-0
0-9 20-55 50-8
1-0 25-55 51-1
1-1 30-65 50-7
1-2 36-75 51-0
1-3 42-78 50-6
1-4 49-95 51-0
1-5 56-90 50-6
1-6 65-20 51-0

Mean acceleration = 50-9 cm. sec.—2

Starting Time in S, —28
point on secs, S, cm. S, em. 21 cm. sec.—2
the curve. t. y
2 0-6 15-42 48-95 50-3
3 0-6 18-25 54-60 50-3
6 0-4 16-28 40-68 50-75
7 0-4 18-20 44-45 50-31

Mean acceleration = 50:4 cm. sec.=2

The value obtained for acceleration may further be verified
in the following manner. Let § be the inclination of the
plane to the horizon. Measure the height and length along
the plane at any convenient point.

experiment was found to be 895

148 °

Sinf# in the above

Acceleration down the

incline == ¢ sin @, where ¢ is the acceleration due to gravity

at the place and is equal to 978 cm. sec.~2

895

g sin § = —— x 978 = 59-10 cm. sec.~2

148
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But the experimentally determined value is 50-6 cm. sec.~2
This difference of —(8-5) cm. sec.~2 must have been the mean
retardation due to the opposing friction. The force of friction
5
591 °
0-144 of the weight of the trolley along the incline or 0-144 x
8-95
148
since the weight of the trolley is 3160 gm. wt. Even though
the trolley moves on wheels there is some friction left still.
The load necessary to just start the trolley when the plane is

horizontal must be nearly this, as will be evident in the next
exercise.

opposing the motion of the trolley, accordingly, must be ——

of the weight of the trolley and is equal to 27-5 gm. wt.

THE SECOND LAW OF MOTION.

The rate of change of momentum* is proportional to the
tmpressed force and takes place in the direction of the impressed
force. 1If a force F acts on a body of mass m for time ¢ and if
the velocity of the body changes from U to V, the change
of momentum is m(V—TU) units and the rate of change of

m(V—-T)
t

momentum is units per second. But V = U+af,

where o is the acceleration produced. Therefore, the rate
of change of momentum = ma and according to the law this

is proportional to F, i.e. F oc ma or 7’% = constant.

If a unit force is defined as one which acting on a unit
mass produces in it unit acceleration, then ¥, m and « each
being equal to unity, the constant of proportion becomes
unity and the second law can be symbolically expressed as
F = ma. The second law may therefore be expressed in
one of the following ways: (i) Rate of change of velocity is

* The momentum of a body is measured by the product of its mass
and velocity.

3B
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directly proportional to the impressed force, or (ii) the ratio
of the impressed force to the acceleration caused is a constant
for a body and measures the mass of the body, or (iii) the
masses of bodies are inversely proportional to the accelerations
produced by the same impressed force.

Therefore, if forces F;, F, and Fs act separately on the
same body of mass m and produce accelerations a; , s and ag
respectively, then By = Ty = B = constant = m. This

*3; Xg &3
affords us a method of comparing forces and verifying the
law. Again if the same force F acts on masses m;, my and

mg and produces accelerations a;, «; and a3, then

m ®xy M o m
F = mqoy = mootyg = mgag or — = —, —1 =23 gnd 2 =
me &3 M3z & mg
o
=3, Thus a number of masses can be compared and the law
%2

can as well be verified this way.

Fletcher’s trolley is a convenient apparatus for verifying the
second law of motion. The accessories required are a scale
pah, box of weights, millimetre scale and a spring balance.

The hard wood plane of the apparatus is provided at one
end with a smoothly running, light aluminium pulley (fig. 14).
The trolley can be moved by placing weights in the scale pan
which is supported by a string passing over the pulley, the
other end of the string being attached to the hook at the end
of the trolley. XKeep the plane horizontal so that the pulley
end just projects out of the supporting table. Put enough
weights in the pan, to make the trolley move very slowly.
With this weight on, trace the curve, as explained in the
previous exercise. Fix another strip of paper to the top of
the trolley, add an additional load of F; gm. to the pan and
obtain the curve of motion again. Remove F,; and place
Fy gm. and get the trace again. Proceed similarly with
another additional load Fg gm. Calculate the accelerations
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S;—28,

2 . Take two

from the curves using the relation a =

or three sets of observations for S;, S, and ¢ with each curve
and calculate the mean accelerations oy, a3, &g, and o4.

Let W be the combined weight of the pan, the string and
the load required to just move the trolley; let f be the opposing
force of friction. The moving forces and the corresponding
accelerations in each of the four cases are as follows:—

No. | Force (gm. wt.) ﬁ‘(;lcxelsztﬂl)l
1 (W —f) o
2 | (W—f+F) oz
3| (W—f+TFy) o3
4 (W—f+F,) oy

The accelerations ay, ag and a4 are partly caused by (W—f)
and partly by F;, F, and Fg respectively. So we can associate
the forces F;, ¥, and Fj respectively with acceleratians
oag—o; , ag—o; and oy—ey. Calculate, in each of these
three cases, the ratio of the force acting to the acceleration
produced. This ratio will be nearly constant. Compare the
mean constant, thus obtained, with the mass of the trolley as
measured with a spring balance directly. Verify the law by
following the other method indicated above.

Practical example.—The load put in the pan to' make the trolley
move very slowly is 30 gm. (compare this with the value of 27 gm.
obtained in the previous exercise). The pan and the string together
weigh 10 gm. This extra weight is to compensate for the extra
friction due to the pulley and the string. W in the table (on page 37)
is accordingly equal to 40 gm. F,, F, and F3 were 50, 100 and 150 gm.
wts. respectively. g, acceleration due to gravity, is taken to be equal to

978 cm. sec.~2 In determining a,, it is convenient to put a load slightly
over 30 gm.
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In each case, the mass moved is that of the trolley with the combined
mass of the string, pan and the load in the pan. The mass of the
trolley was found directly with a spring balance, graduated in pounds
and reading to 2 0z. The reading was 7 lb. which is equal to 3175 gm.
and this compares well with the value obtained above.

ATWOOD’S MACHINE.

Let m, m be two equal masses hung on either side of

A a frictionless
light pulley
by means of
a fine string
or a ribbon.
The resultant
force at any
point of the string is zero and
the masses remain at rest. If an
":'lf.'],’.',!ﬁ?ﬂfm;”r?f"‘ 4 external force acts on one of the
masses downwards or upwards, only
for an instant, an initial velocity
is given to the system and the
system continues to move uniformly
=-C with that velocity. If a constant force
‘ acts continuously, the system moves with
R a uniform acceleration. If m; be the
additional mass put on one of the masses
m, the resultant force acting on the system
'y is myg dynes and the total mass moved is
B (@2m+m;) gm. So the acceleration of the
system, which is equal to the ratio of the
moving force to the mass moved, may be

mg

2m+m1
mass (2m+m;) changes its velocity by « cm. sec.~1 in every
second and the momentum of the masses changes by (2m +m;)a

F1a. 16. written as cm. sec.=2 The moving
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units in every second. The rate of change of momentum is,
therefore, (2m+m;)x and is equal to the impressed force m;g
which is the weight of the rider m,.

. _ _ my

. myg = (Zm+mq)e and « = Imtm, g.
So « can be made any convenient fraction of g by suitably
selecting m,. The following conclusions are easily arrived at.

m+m1

my
determined, the acceleration g due to gravity can also be deter-

. 2 .
Since g = « and m and m; are known, if o can be

mined. «; = g with a different rider m, and if

2m+mqy + 2
my and mg are so small that 2m+m, may be practically
taken to be equal to 2m+my, we get * =1 % canbe
oy 'm2 oLy

practically determined and can be shown to be equal to %

2
This verifies the statement that the accelerations produced
by different forces on the same mass are directly proportional
to the forces (Newton’s second law of motion). If another

set of equal masses M, M are used with the same rider m;,

and if ay is the acceleration produced, oy = . g and

2M+
myg = (2M4m;)ag = (2m+m;)a = constant. The accelera,-
tions produced will be found to be inversely proportional to
the masses moved. This also verifies Newton’s second law
of motion.

The above deductions and the laws of falling bodies can be
conveniently studied with the ribbon type of Atwood’s machine
(fig. 16). The peculiarity in this arrangement, originally due
to George Atwood, is that the acceleration of the moving
system can be adjusted to a convenient and measurable
value. The measurements made with it are accordingly more
manageable than in the case of a freely falling body. The
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machine shown in the figure is of an improved design, wherein
small intervals of time are accurately recorded by an oscillating
spring, as in the case of the Fletcher’s trolley. The pulley is
of thick sheet of aluminium containing a flat rim nearly one
inch wide. Equal masses M, M are hung by means of a paper
ribbon RR, the masses being attached to the ribbon by a
simple device. A vibrating metal strip is attached to the
framework of the machine and a fine brush is attached to
the free end of the strip. A is an arrester of the vibrator and
D is a hinged platform, on which one of the masses is supported
before start. An oblong rider and a friction-rider f are put
on this mass.” A handle releases the metal spring and at
the same time allows the platform to fall down and the
system begins to move. The inked brush is screwed down to
touch the paper ribbon at the topmost point of the pulley and
records the motion of the system. C is a catch, movable on a
vertical steel rod, and allows the mass M to pass through
when properly adjusted, but catches the oblong rider, and
hence-forwards, the motion of the system becomes uniform
and is recorded on the ribbon. The ribbon has an appreciable
weight and as it moves round, the difference of weight of the
ribbon on the moving side, gets greater and greater and
adds to the moving force. To correct for this error a com-
pensating piece of ribbon is attached, as shown in the
figure. The pulley is balanced well and is mounted on
frictionless ball-bearings. In spite of this, there will be some
friction left, to compensate which a small friction-rider f is
supplied and is placed on the mass underneath the bigger
oblong rider and is not removed by the catch C. The pulley
absorbs some of the kinetic energy of the moving masses
and the motion is consequently retarded, as if an addition is
made to the mass moved. This additional equivalent mass
can be calculated from the dimensions, etc. of the pulley
and is engraved on the pulley or on the framework of the
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apparatus. A box of accessories is supplied along with the
apparatus and contains the masses, three riders, ribbon roll,
ink and brush.

The value of g can be determined with the ribbon machine,
its accessories, a millimetre scale and dividers in the following
manner. Arrange the apparatus and start the experiment,
keeping the catch as low as possible. When C catches the
oblong rider, hold the masses and stop the vibrator. A trace
is obtained on the ribbon. Preserve the ribbon and repeat
the experiment with the other two riders. With the scale
and dividers, determine the acceleration in each case using
Se—28,

2
mass in each case is 2m+m;+E, where E is the equivalent
mass of the pulley. The mass of the friction rider, being very
small, is neglected.

the formula o = as already explained. The total

Practical example.—(a) To determine the value of ¢ :
m = 375 gm., E = 62 gm.
(1) my = 5 gm. Total mass = 817 gm.

§; = 715 em. _ox
Sp =229 , lta= ii—}ﬁ
t = 12 sec. !
- 36 cm. sec,—2
= [ag oM. sec.
817X 86
I e———— r,—~3
g 144535 976 cm. sec.
(2) my = 8gm. 8; =11'56cm. 13-3
Sy = 363 ,, o = —— cm. sec.—2
t = 12sec. 1-44

S. g = 947 cm., sec.—2

(3) mg = 10 gm. S, = 14-55 cm. .
45-56 ,, o= 16-45 cm. sec.—2

A
(T

12 sec. 1-44
s g = 940 cm. sec.—2
Mean value of g = 954 cm. sec.—2
(b) To verify the second law of motion :

The total mass in each case may be regarded as practically constant,
being 817, 820 and 822 gm. respectively. The ratio of the accelerations
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observed is 8:6 : 133 : 1645 which is the same as 5:0 : 7-73 : 9-57,
According to the law, the ratio should have been as 5 : 8 : 10 which
is the ratio of the respective impressed forces.

(c) To verify that S = vt :

Raise the catch to a convenient height and proceed with the experi-
ment. The distances between corresponding points on the second-half
of the trace will be found to be constant. The first half of the trace
records the accelerated motion and the second half records the uniform
motion of the system.

(d) To verify that S cc 2 or that;-g = constant (§a) :

This can be verified from any one of the traces drawn, as shown in a
previous exercise on acceleration.,

(e) How do you proceed to verify the relation v = ot ?

THE SIMPLE PENDULUM.

A heavy particle suspended from a rigid support by a fine
weightless thread constitutes a simple pendulum, in theory.
This cannot be realized in practice and so a heavy bob O
suspended by a fine thread forms a simple pendulum. The
distance SO (fig. 17) between the point of suspension S and

the centre of gravity of the bob O,

§ is called the length of the simple

‘ole, pendulum. If the bob is displaced

ST through an angle 8, (position O,)

and let go, the bob moves to-

Y wards its position of rest O along

an arc and shoots beyond O, to

an equal distance on the other side

to Og, where it is momentarily at

. rest. It returns towards O, and
Y S . shoots again beyond O to O, and
g Trree-b--777 O thus the bob oscillates about its
Fmo. - position of rest for a long time.

The maximum angle of shift 6 of
the pendulum, from its position of rest, on either side, is
called the amplitude of the oscillation. The time between two
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consecutive passages of the pendulum, in the same direction
through any point in its path is called the time of a complete
oscillation.

In starting the pendulum work is done in lifting the bob
against its weight through a small height and energy is
stored in the bob at O, and is all potential, the velocity at
0O, being momentarily zero. This potential energy is gradually
transformed into kinetic and the velocity of the bob gradually
increases to a maximum while passing through the position
of rest O, where the energy is all kinetic, and according to the
first law of motion the bob continues to move. As the
length SO is constant, the bob is constrained to move along
the arc of a circle and, in so doing, is raised against its weight
until all the kinetic energy is spent and the velocity gradually
becomes zero at Oy where the energy is once again all potential.
The same phenomenon repeats itself for some time. Friction
at the point of suspension and friction due to its passage
through air gradually absorb the energy of the pendulum.
The oscillations are steadily damped and the amplitude be-
comes smaller and smaller till the pendulum is finally brought
to rest.

The time of oscillation of a simple pendulum remains
constant to within one part in 1,000 and the vibrations are
isochronous. This is so only when the amplitude of the
pendulum is small, say within 5° at the most. If 8 is greater,
accurate determinations show that T increases with 6. The
time of oscillation is found to be independent of the shape,
size or material of the bob (except for the variations in the
friction due to the passage in air), but it is directly proportional
to the square root of the length ! of the pendulum and this

is expressed by the relation T = 2« \/ é. g stands for the

acceleration due to gravity. From this we find that ,—I,l—é, which
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is equal to ;%, is a constant at any place. This constant K
m

can be experimentally found and g can be thus obtained.
This method of determining g by the simple pendulum is a
ready and good laboratory method.

The relation T oc /1 may be verified in the following
manner.

Apparatus required are a retort stand (heavy), a spherical
metal bob, fine thread, stop-clock reading to 0-2 sec., foot
rule, metre scale, callipers, etc.

Arrange the apparatus as shown in figure 18. Displace the
pendulum through a small
angle from its position of
rest and let it go, having
noted the position of rest
of the thread on the foot
rule which is placed with
its edge along that of the
table. Care is to be taken
that the pendulum moves
in a single plane parallel
to the edge of the table.
When the thread passes
the position of rest, say towards the right, start the clock and
when it next passes the point in the same direction count
one; when it next passes the point similarly, count two
and stop the clock as you count fifty. Note the time
interval. Repeat the observation and divide the mean
interval by 50. This gives the time of a complete oscillation
T. Find the length of the thread from the point of suspension
to the top of the bob, with the metre scale. Find the diameter
of the bob with the callipers and add half the value to the
above length measured. This gives the length of the
pendulum /. Change the length and repeat the observations




DYNAMICS 45

at least half a dozen times. Calculate l— in each case and it

T2
will be found to be nearly constant. Plot the [ and T curve
and deduce the length of the seconds pendulum from it.
Note that the length of the seconds pendulum may also be
deduced, as explained in the practical example, from the
. l
mean value obtained for T2 -

Practical example.—Diameter of the bob = 2:60 cm. The distance
from the point of suspension to the edge of the foot rule was nearly
60 cn.  The displacement of the thread along the scale on either side
of the position of rest was never more than 4 cm. So the value of 8,

the amplitude in the experiments, was never more than 4/60 or 1/15 of
a radian or 4° nearly.

l Time of 50 T !

No. cm. oscillations. seconds, T2 = K
! 157:8 Sogeatzer | 2o 24.77

2 135:5 U tvsr 2-34 2475

57

3 111 LA tiraer 2.12 24.72
4 93-0 LA b3 1042 24-61

5 830 131789 1, 410 .
alsbraiee| 1836 24.62

6 67-6 1722787 1, gon
‘ I 33gflezs | 1656 24.64

—_— = -

Mean K ==.24-685
g = 9745 ¢m. sec.—2

'—l‘% is found to be nearly constant and the law is accordingly

verified. The value of g at the place of experiment (latitude
17°) is 9784 cm. sec.~2 and the value obtained above is correct
to within one in 250. How is the result affected if the clock
goes fast ?

The results may be used to obtain the length of the seconds
pendulum. A clock with a seconds pendulum ticks seconds.
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The interval between consecutive ticks or escapements of the
toothed wheel in such a clock is one second. Time can be
counted from the number of ticks. Such a clock ticks twice
in every complete oscillation and so the time of a complete
oscillation of the seconds pendulum is two seconds. Therefore,
its length can be readily calculated thus.

%é = 24685 and T = 2 sec. ..l = 9874 cm.

The value obtained from the I—T curve (not shown) is 99-0 cm.
This is the length of a simple pendulum which ticks seconds.
The pendulum which is generally seen in clocks cannot be
considered as a simple pendulum and the length of such a
pendulum in a seconds clock is considerably more than
98-74 cm.

Is the interval between consecutive ticks in ordinary clocks
and watches a second ?

Do the hands of a clock or watch move continuously or at
intervals? Why?

Is the length of the seconds pendulum the same at all
places ?

Why do you find g =981 c¢m. sec.~2 in text books in general ?

What value do you give to g in accurate work in South
India ?

How do you adjust the length of the pendulum, if the clock
is going fast ?

What is that which you wind in a clock and what purpose
does it serve ?



CHaPTER III

STATICS

FORCES AT A POINT.

A force has a point of application, a direction and a
magnitude. A straight line has the same three elements.
If one of the ends of the line is taken as the point of
application, a force can be completely represented by
a straight line. We will now consider the effect of the
action of a number of forces on a body. Here, a body is
considered to have a very small volume and any forces
acting on it are regarded as acting at a point. A single force
acting on a particle cannot keep it at rest. Two forces can
keep the particle in equilibrium, provided that they are equal
in magnitude and act along the same straight line in opposite
directions. When the two forces do not act along the same
straight line, the particle moves in a direction between the
two. A single force, which may be regarded as producing
the resultant motion, may be found. This single force, which
has the same effect on the particle or body as the two forces
that act on it, is defined as the resultant of the two forces.
The same definition can be extended to the case where more
than two forces act on a body. The forces which can thus
"be replaced by their resultant are called the components.
When three forces act on a body and keep it at rest, then
the resultant of any two of the forces must be equal in magni-
tude and opposite in direction, to the third force.

If two forces acting on a particle be represented in magnitude
and direction by the adjacent sides of a parallelogram, the
resultant force is represented in magnitude and direction by
the diagonal passing through the point of intersection of the
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two sides. This is called the law of parallelogram of forces.
If three forces acting on a body be represented in magnitude
and direction by the three sides of a triangle taken in order,
the forces are in equilibrium. This is called the law of triangle
of forces. Lami’s theorem, which is an alternative way of
expressing the law of triangle of forces, states that if three
forces acting on a particle are in equilibrium, each force is
proportional to the sine of the angle between the directions of
the othor two torces.

Any two forces acting on a body must be in a single plane.
Their rosultant also must be in the same plane. If a third
force also acts on the body and keeps it at rest, this third
forco must be equal in magnitude and act in the same straight
lino as the resultant but in the opposite direction and so
must bo in the same plane again. Therefore all the three
forces acting on a body and keeping 1t at rest must be co-
planar forces. Such aro the forces mentioned above.

The above laws may be verified in the following manner.
Apparatus required are retort stands, a drawing board, two
ball-bearing light aluminium pulleys, a set of weights, string,
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metal hooks of S shape, scale pan, instrument box, foot
rule, etc.

Pin a sheet of white paper on the drawing board and arrange
the apparatus as shown in figure 19a, keeping the board
just behind and parallel to the plane in which the three
forces are acting. Carefully trace * tho directions of the
forces P, Q, and S on the board, noting the valuoe of the
forces in grams weight. Change the hanging weights and get
a different arrangement as in figure 196. Trace the directions
and note down the forces as before.
Again lower the pulley on the left
hand side and adjust the load in the
scale pan passing over the pulley

& mrsa
.

and get a position as shown in
tigure 19¢ such that the direction of
Q is horizontal Trace the direc- o
tions as before and noto the value
ot the forces Find the weight of
the scale pan correct to a gram.
In each case soloct any two forces Fre. 190,

Pand Q. Cut off lengths OP and

0Q, to represent the forces, adopting a convenient scale.
Construct the parallelogram OPRQ with OP and 0OQ as
adjacent sides. Measure the longth of the diagonal OR and
calculate what force it represents according to tho scaloe
adopted. It will be found that this is nearly equal to the
magnitude of the third force S. Produce RO and it will
very nearly coincide with OS.  OR will thus be found to be
equal in magnitude and opposite in direction to OS. The
point O is at rest under the action of the three forces OP,
0Q and OS. If the point O were impressed by tho two
forces OR and OS only, it can also be maintained at rest.

* Keep a set squaro at right angles to the board along the string and
trace on the board the direction of the force with a pointed pencil.

4
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Therefore, the single force OR has the same effect as the two
forces OP and OQ. This force OR is the resultant of the two
forces OP and OQ and is represented by the diagonal of the
parallelogram with OP and OQ as its adjacent sides.

Consider the triangle OQR in the figures. QR is equal
in length to OP and is parallel to it, and so represents the
force P. 0Q is already drawn to represent the force Q. OR
represents the resultant of the forces P and Q and is equal in
magnitude but opposite in direction to the third force S. So
RO represents S. Hence the sides of the triangle 0Q, QR
and RO taken in order, represent the three forces Q, P and S
respectively and the point O is at rest. We, accordingly,
verify the law of the triangle of forces.

In the triangle OQR,

0Q _ QR RO
gin QRO ~ sin QOR ~ sin OQR’
but sin QRO = sin ROP = sin B
and sin QOR = sin « and sin OQR = sin y

Q P S

sin B~ sina siny’

Therefore, the ratio of any force to the sine of the angle
between the directions of the
other two forces is constant.
In one of the three above
arrangements (fig. 19¢), Q is
horizontal and S is vertical.
If the force Q were absent,
the string POS would be
hanging vertically. If the
horizontal force Q is now
applied at O, the length of
the string PO is deflected out
of the vertical, through an angle §. Apply Lami’s theorem

and show that Q =Stan@ and verify it by calculation.
4B

Fia. 19c.
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Keep S constant, vary Q and O by raising and lowering
the pulley. As the value of P is not wanted, the string
OP may permanently be tied to a retort stand. A circular
protractor placed about the point O will measure the angle 6

Q
tan 6
found to be nearly a constant. This constant is equal to the
controlling force S. Thus, we find that the tangent of the
angle of deflection is proportional to the deflecting force Q.

Is the tension of the string OP the same in the various
cases ?

How do you calculate its value in any case ?

Can the tension in any case be less than the force S ?

in each case. Calculate in each case and it will be

Practical example.—

(@) Parallelogram Law : Scale adopted in I and II was one cm. to
20 gm. wt. and in III, it was one cm. to 40 gm. wt. In each of the
three cases, the diagonal OR when produced backwards passed very
nearly through the direction of the third force. The maximum angle
of deviation was 1°. All the forces were in gm. wt. and the angles in
degrees.

Calculated value of the resultant N
No from the length of the diagonal tli‘lql;l}l:il;(;a‘g)trf;
' according to the scale adopted. © e
in gm. wt. in gm. wt.
I 196 200
II 405 400
II1 197 200
(b) Lami’s Theorem :—
rlaels « | 8l v ] 2| o]s

No.

in gm. wt. in degrees sine | 8in B | siny

I | 2001 200 200 119 120 121 | 228-7 | 231-0 | 233-3
IT | 250 | 307 | 400 143 127 90 | 415-4 | 384-4 | 400-0
III | 300 | 227 | 200 90 130 140 | 300-0 | 296-3 | 311-1
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(¢) Tangent Law :

Q ] Q
No. gm. wt. gm. wt. 8 tan 0
1 227 200 50° 190-5
2 112 . 31° 194-0
3 144 . 36° 198-0
4 174 »s 42° 193-2
5 207 . 46° 199-9

PARALLEL FORCES.

A solid body which can keep its shape and size unaltered
under the action of impressed forces is called a rigid body.
The effect of a force on such a body is the same, whatever be
the point of application of the force. When a rigid body is
acted on by a number of forces and is in equilibrium, the forces
do not produce either translation or rotation. If the directions
of all the applied forces meet at a single point, rotation cannot
be produced and when the number of the concurrent forces
is three, the condition of equilibrium has already been stated
in the previous exercise.

Let us now consider the simple case of a rigid body acted
on by a number of parallel forces, some like and some unlike.
Two parallel forces are said to be like when their directions are
the same and said to be unlike when their directions are
opposite. The tendency of a force to rotate a rigid body
about a fixed point is measured by the turning effect and is
called the moment of the force about the point. The moment
varies directly as the magnitude of the force ¥ and the per-
pendicular distance d of the line of action of the force from the
fixed point. If the turning power of a unit force at a unit
perpendicular distance from the point is defined as the unit
of moment, then the constant of variation becomes unity and
the measure of the moment of the force about the point
is the product F' xd. Let O (fig. 20) be the fixed point in the
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rigid body. Let a force F be applied at the point A in the
direction AB. The moment of the force about O is, according
to the above definition, measured by F x d.

d .
Fxd = OAx()KxF = QA XF cos 8.

So the moment of the force about O can also be measured by
the product of the distance
between the point chosen 0
and the point of application

of the force and the resolved J
component of the force along

the perpendicular at the

point of action to the line

joining the point chosen and

the point of application. Fcos @
The moment of a force Fra. 20.

about a point is considered

to be negative if the force tends to rotate the body in the
clockwise direction, and positive if it tends to rotate it in
the anticlockwise direction.

When a number of parallel forces acting on a body are in
equilibrium, two conditions hold good. These are: (i) the
algebraic sum of the forces is zero, and (it) the algebraic sum
of the moments of the forces about any point in the plane of
the forces is zero. These conditions may be verified in the
following manner.

Apparatus required are a metre scale, a number of weights,
two spring balances (graduated in grams), wire hooks, etc.

Weigh the metre scale with the hooks slipped on to it. Let
the hooks be so thin that each weighs less than a gram.
Arrange the apparatus as shown in figure 21. By adjusting
the points of application of the forces on the scale, it can be
made horizontal as judged with the eye, from a distance.
This facilitates the reading of the perpendicular distances of

A
]
]

6

)
1
}
)
'
'
]
!
!
|
\
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the lines of action of the forces from the point chosen, directly
from the scale. The rigid body is the scale itself and it may

Fie. 21.

be kept at rest in an inclined position as well, but the distances
are then to be measured with another scale. Note the value
of the forces and the points on the scale at which they are
acting. Moments can be taken about any point in the plane
of the forces which is the vertical plane in this particular
case. For convenience of measurement, the points may be
chosen on the scale itself. Select 2 or 3 points, one of them
being a point at which one of the forces acts. Write down the
moments of the forces about the points chosen with their
proper signs and find their algebraic sum in each case. The
point chosen is supposed to be fixed and the scale capable of
rotation about it. As the body is at rest, obviously, there
can be no resultant force acting on it and for the same reason
no resultant turning moment either.

Practical example.—

The spring balances read to 10 gm. and to a maximum of 500 gm.
The metre scale weighed 100 gm. The upward forces were the tensions
in the spring balances and their sum was 500 gm. wt. The sum of the
downward forces including the weight of the scale was also 500 gm. wt.
and the algebraic sum was zero.
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Points about .
. Moments of the forces in
. | Point of which moments .
Force ;n action are taken. gm. wt. cm. units.
gm. Wi | on seale.
a b c a b c
cm. | em. | cm.

100} | 186cem.| 0 25 50 | —1860 640 | 3140
250 4 235 ,, .. .. .. 5876 —375 | — 6625
100} 50-0 ,, . .. .. — 5000 | — 2500 0
200 546 ,, .. .. .. {—10920 | —5920 — 920
100 712 ,, .. .. .. — 7120 | —4620 | — 2120
250 4 76-0 ,, o .. .. 19000 12750 6500
Algebraic sum of moments: —25 —25 —25

SIMPLE MACHINES.

A machine is a contrivance in which a force applied at one
point is available at another, with its magnitude and direction
often changed. Machines like a steam engine or a bicycle
are complicated in their structure. They can be analyzed
into simpler parts called simple machines and these can be
classified under a few heads, like the lever, the inclined plane,
and the pulley. The last two will be studied in some detail
in the following sections.

In a machine a force called power is applied at a point and
work is done against a resisting force called weight or resistance.
This power must be carefully distinguished from the usual
term which means the rate at which an agent can work.
The ratio of weight to power is called the mechanical advantage
of the machine. This is, in many cases, greater than unity.
The advantage of a machine is only in the power applied but
not in the work done. According tQ the principle of the
conservation of energy, the work done on the machine must
be equal to the work done by the machine. Hence the
power P multiplied by the distance through which its point
of application is displaced must be equal to the product
of the weight W and the displacement of the point of action of
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the weight. This means that the displacements are inversely
as the corresponding forces.

the statical principle of work.

THE INCLINED PLANE.

This statement is known as

A rigid plane surface inclined to the horizontal at an angle
less than a right angle is called an inclined plane. A body
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can be pulled or rolled along
the length of the plane by
the application of a force less
than the weight of the body.
Let ABC (fig. 22) be a verti-
cal section of the inclined
plane. A weight W can be
kept in equilibrium at any
point on the incline by the
application of a force P.
Three cases arise. These
are (a) when the direction of
P is along the plane, (b)
when the direction of P is
horizontal, and (c¢) when the
direction of P makes any
angle 8 with the plane.

Let ¢ be the angle of incli-
nation of the plane. Inany
case, the body is in equi-
librium under the action of
three coplanar forces, the
power P, the reaction R and
the weight W, and they can
be represented by the three
sides of a triangle taken
in order as shown in the

figures.
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In fig. (a), let the forces be resolved in two directions at
right angles to each other, one of the directions being along
and the other at right angles to the plane. Since the forces
are in equilibrium, the algebraic sum of the components in
each direction must be zero. R has no component along
AB and P has none at right angles to AB. W sin ¢ is the
component of W along BA and W cos ¢+ along RW.

S P—Wsint=0and R—Wecosi =0
.'.P=Wsiniand‘—y—————=——-=—

where ! is the length of the plane (AB) and % is the height
(BC) of the plane.
In fig. (b), resolving and equating similarly, we get P cos :—
W sin i =0 where P cos 7 is the component of P up the plane.
. W AC
S P=Wtanv,or—1-5 = 3c
This is the tangent law of forces. We also have P sin ¢4
W cos i—R = 0, if we consider the forces at right angles to
the plane.
In fig. (c), considering the resolved components parallel to
AB, we have P cos 8—W sin 7 = 0.

W  cos @
Considering the components perpendicular to AB, we have
R4+Psin—Wecost=0 .. .. (2
‘g s;)rfg is a general expression and the ratio -—‘12—7 in the
previous two cases can be deduced from this. Putting § =0
corresponds to fig. (@) and 6 = ¢ corresponds to fig. (b). P
may be on either side of AB and this does not affect the value

Y—IY but only alters the value of the reaction R.



58 INTERMEDIATE PRACTICAL PHYSICS

—— 18 a constant, when
8in 1

the power acts parallel to the plane, may be verified in the
Jollowing manner.

Apparatus required are an inclined plane, a roller weight,
scale pan, box of weights, foot rule, dividers, clamp, etc.

To reduce resistance due to friction, a glass plate G (fig. 23)
is fixed on the top face of
theincline. The plane AB
is hinged at the bottom
edge to a horizontal
wooden plank AC, which is
secured to the working
table by a metal clamp.
A ball bearing aluminium
pulley is fixed to the top
end of the plane. Through
a glot cut parallel to the
longth . of the vertical
wooden plank F, passes a thumb screw E, by means of which,
the plank F can be clamped to the incline. A hcavy brass
roller W is supported by the weight of the scale pan and its
contents. Clamp F at a convenient height. Put weights
P, in the pan just enough to draw the roller upwards—the
motion being as slow as possible (why ?). See that the length
of the string is parallel to the edge of the plane (why?).
Adjust the weights now to P, so that the roller just rolls
downwards.* Take the mean of P; and P,. Add the weight

The condition of equilibrium that

Fie. 23.

* Let f be the frictional resistance between the glass plate and
the roller. When the roller moves up, friction resists motion and
acts downwards. If p is the load in the pan required to balance the
weight if there were no friction, P, must be in excess of p by f and P;
= p-+f. When the roller moves down the incline, the frictional
force again resists the motion and so acts up the plane and assists the
pull exerted by the load in the pan and Py is less than p by f and
Py = p—f. The mean of P, and P, is equal to p. The resistance
due to friction is thus eliminated.
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of the pan to it and P the power required to balance the
weight is obtained.

Measure the height BC (k), the vertical distance between
the lower edge of the upper plank and the upper edge of the
lower plank, at any convenient point B, with a millimetre
scale. Measure the length AB (I) along the edge. Calculate
the ratio s—ilrz‘i which is equal to —~——P;< l. Alter the inclination 7,
by clamping F at a different height and repeat the observa-
tions. Take a number of sets of observations. You find that
qui is nearly constant. Weigh the roller with a spring
balance and compare it with the mean constant obtained
experimentally. Hence for a given weight, the power required
to balance it on the inclined plane is proportional to sine @
or the slope of the plane. Note how the mechanical advantage
decreases as the inclination increases. What is the lower
limit for the mechanical advantage ?

Apply the principle of work and show that the work done
is the same whether (i) the roller is lifted vertically against
its weight through the height A (work = W x 4), or (ii) when
it is rolled against the component P of the weight down the
incline through a length ! to reach the height h (work =
Pxl). If the roller is to be raised through the same height
in either of the above two ways in the same time, it is obvious
that the rate of displacement of the roller along the plane
is greater than that along the vertical. This idea is some-
times expressed as what is gained in power is lost in speed
and this is only another way of stating the statical principle
of work and the principle of conservation of energy.

Is it more advantageous to apply the power parallel to the
incline or in a horizontal direction ?

What is the maximum angle of inclination in the latter
case beyond which there is no mechanical advantage ?
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Practical example.—Scale pan weighed 80 gm. (w). A spring balance
reading to 500 gm. in 50 steps was used. W = 840 gm. (Two spring
balances were employed.) Weights are expressed in gm. wt.

U WO LD !

Total
Mean h A P Pxl
No- | Pyl Py | T | POWer | em. | em. s = h |1 TR
TU=
382|359 | 370-5 450-5 21-7 | 40-8 847-0 23
3321309 320-5 4005 19:2 | 40-8 851-1 23
3001279 ! 289-5 3695 17-7 | 40-8 851-8 21
265|232 | 2435 323-5 156 | 40-8 846-1 23
202|181 191-6 2715 12-9 | 40-8 858:8 21
Mean 851 gm. | 22°2 gm.
wt. wt.

Half the difference P;— Py is the mean frictional force between the
roller and the glass plate and was 11 gm. wt. nearly, in the above case.

THE PULLEY.

The pulley consists of a rigid circular wheel with a uniform
groove cut in its outer edge. It moves freely round a central
axis, which rests in sockets in an outside frame, called the
block. In such a pulley (fig. 24a), the friction at the points
of contact of the axis and the
frame is considerable. In fig.
@ == 245 is given a sketch of a ball-

bearing pulley and is of an
improved design, where the
friction at the bearings is con-
siderably reduced. The axle
is fixed to the outer framework
and passes through the central cylindrical part of the wheel,
called the hub. Steel balls of equal and suitable size are
symmetrically arranged between the axle and the hub. If
the framework is fixed, the pulley is said to be a fixed pulley.
The power is applied to lift a weight, by means of a rope or
string passing over the groove of the pulley. The power is

9] (@

Fia. 24.
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equal to the weight in magnitude, but it can be applied in
any direction to suit our convenience. A fixed pulley is used
to draw water at a well as it is more convenient (why ?) to
apply the force in a downward direction than upward, as
would be the case if there were no pulley. The magnitude
of the power applied is smaller than that of the weight lifted,
if a movable pulley is used. The mechanical advantage in-
creases as the number of movable pulleys employed increases.

The mechanical advantage with a single movable pulley
(t) when the strings are parallel, and (ii) when the strings
are inclined at an angle 0 to the vertical may be determined in
the following manner.

Apparatus required are two ball-bearing pulleys in block,
a set of hecto-gram masses, a scale pan, box of weights,
string, etc.

Weigh the movable pulley to the nearest gram in a balance.
Arvange the apparatus as shown in figure 25 (a), with the

strings parallel and in the same vertical plane. Load the
pan till the weight W just moves up. Remove some of
the load and adjust again till the weight just goes down.
Take the mean load and add the weight of the pan and
the sum gives the power P. The weight W is the sum of
the hanging weight (w;) and the weight of the pulley (ws).
When a force is applied by means of a string which passes
over a smooth peg or a pulley, the force is transmitted
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from point to point of the string unaltered and the tension
of the string is the same throughout and is equal to the
power acting. The parallel forces T and T act upwards,
W acts downwards and they are in equilibrium. T4+T—.
W =0and W = 2T = 2P and)g = 2. Change the hanging
mass w; and repeat the observations a number of times.
You find that the ratio % is always nearly 2.

The principle of work may be verified in the following
manner. The power and weight balance cach other in all
positions. Mecasure the heights of the bottoms of the pan
and w, from the table. Displace P through a distance and
measure the heights again. The difference in the readings
gives the heights moved. Let the weight be moved up d, em.
and let the power consequently go down d, cm. Wxd,
units of potential energy is gained by the weight and the
power P has lost P x dg units of its potential energy. You will
find that Pxdy; = Wxd;. This happens if d, is equal to
2d,. Compare the speeds with which W and P move and
verify the statement what is gaitned in power is lost in speed.

The case of inclined strings is shown in fig. 25 (b). The
strings are inclined but lie in the same vertical plane. As the
tension is the same, the strings must be equally inclined to
the vertical (?). Resolve the tensions along the vertical and
the horizontal. The horizontal components are each T sin 8
and are opposite in direction. The resultant force is there-
fore 2T cos § upwards along the vertical and this balances
W. The relation W = 2P cos 6 should therefore hold good.
Find the power P to balance the weight W (w;+w,;).* Trace

* If weights are put in the pan to make it just move up and down
and the mean taken, the angle # is different in the two cases and
introduces a considerable error. Since the error due to friction is
much less with the ball-bearing pulleys, a single observation for each
position will suffice.
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the directions of the strings on a paper pinned to a vertical
board placed just behind the arrangement. Produce the
traces and measure the angle between the strings with a
protractor. Half this angle is §. Change the inclination and
observe again. Work out g and 2 cos 0 in each case. You
find that they are nearly equal. Note how the mechanical
advantage varies with § and how, when 8 is zero, the advantage
is & maximum and is equal to 2.

Practical example—Wt. of movable pulley = 76 gm., Wt, cf pan
= 8 gm. Forces are oxpressed as gm. wt. and lengths in cm.

(a) Strings, parallel,

Py P, |Mean| W=
Wy + Wy
gm. | gm. | gm, | gm,

gm.
a~]

cm, | cm, d1

prevent W mov-
ing down.

Wt. in pan just to
move up W.
gm.
Wt. in pan just to

130 126 138 | 134 |136 276 203
17:2 | 34'5 | 2:006
230 225 238 | 233 2355 | 476 2:02
21:0 | 42:5 | 2024

284 278 292 | 286 |289 576 1-99

(b) Strings, inclined.

Weight

. P w

in pan 20

g111)1. gm. ’ gm. 2 cos 0 W/P
360 358 73° 576 1-61 1-62
390 398 85° 576 1-47 1-45




CHAPTER IV
HYDROSTATICS

DENSITY AND SPECIFIC GRAVITY.

Density is the mass per unit volume. The density of water
at ordinary temperatures is very nearly ono gram per cubic
centimetre. In the English system of units, it is very nearly
62-5 1Ib. per cubic foot. Water is easily procured anywhero
and the densities of all other substances are compared with
the density of water. The density of a body compared with
that of water is called its relative density or specific gravity.

__ density of the body

Sp. Gr. of a body = density of water

__mass of unit volume of body
" mass of unit volume of water

__mass of any volume of the body
" mass of the same volume of water -

Glass bottles of known volume, fitted with ground and
perforated stoppers, are used in the determination of the
density of liquids and the specific gravity of heavy and
insoluble solids available in small pieces or in powder.

The density of water at the laboratory temperature may be
determined in the following manner. Take a density bottle,
dry it and find its mass when empty, with a balance, to the
nearest centigram. Let it be m; gm. Fill the bottle care-
fully with clean distilled water. Insert the stopper gently.
Clean and dry the outside. Weigh again and let the mass

mg—m,
volume of bottle

be m, gm. Density of water is equal to

gm. per c.c.
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At the ordinary laboratory temperature (25°C.) the density
is very nearly 0-996 gm. per c.c. Repeat with clean tap
water or well water and note that the density is not appreciably
different (perhaps 0-997 gm. per c.c.). In all ordinary work,
the density of water is taken as 1 gm. per c.c. and this gives an
error of only about 3 in 1,000, which is quite small.

The relative density of any other liquid, say kerosene, may
be found in the following manner. Clean and dry the specific
gravity bottle and fill it with kerosene. Clean the outside
of the bottle again. Find the mass of the bottle filled
with kerosene to the nearest centigram. Let it be mg gm.
If m; gm. is the weight of the empty bottle, (mg—m,)
gm. is the weight of the given volume of kerosene. Density
of kerosene is equal to v————————-oll’.ng F ::) 1 T, &M per c.c. (mg—m;)
and (mg—m,) are the masses of the same volume of water
and kerosene respectively. Sp. gr. of kerosene is, therefore,
mg—m;y
Mo —my

You find that the density of kerosene expressed as above
in grams per cubic centimetre is numerically the same as its
specific gravity. This is because the density of water in the
C.G.S. system of units is 1 gm. per c.c. If  gm./c.c. be
the density of a body, its relative density will be equal to
Z gm. per c.c.
1 gm. per c.c.
of water is not numerically unity but as stated already is very
nearly 62-5 1b. per cubic foot. Hence the density of any
body in the F.P.S. system is numerically different from its
density in the C.G.S. system. But the specific gravity of any
body is the same whether densities are expressed in the C.G.S.
system or in the F.P.S. system. For example, 0-81 gm. per
c.c. is the density of keroseme in the C.G.S. system;
0-81 gm./c.c

1 gni./c.c.
5

equal to

, a number or ratio.

which is . In the F.P.S. system, the density

which is 0-81 is its relative demsity. Let the
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density of kerosene be now expressed in the F.P.S. system,
remembering that 1 1Ib. = 453-6 gm. and that one cubic foot =
28320 c.c.

. 0-8
Density of kerosene = 536 X 28320 1b. per c.ft.
*. relative density of kerosene
0-81 x 28320
= 536x625 — 08! (approx)

As the relative density of a body is only the number of times
the body is denser than water, it must be the same in whatever
units the densities may be expressed.

The specific gravity of a heavy body in the form of small
preces may be determined in the following manner. The
weight of the body in air is found as usual with a balance
and the weight of water equal in volume to that of the solid
is found out with the help of the specific gravity bottle by
displacement.

w gm. = wt. of solid in air.
w; gm. = wt. of solid in air4+wt. of sp. gr. bottle filled
with water only.
wy gm. = wt. of bottle filled partly with the solid and the
rest with water.
Then w, —w, gives the weight of water displaced by the solid.
The solid displaces its own volume of water, if care is taken
that no air bubbles adhere to the solid under water. Sp. gr.

of the solid is

u)l—W2 ’
PRESSURE WITHIN A FLUID.

Let A (fig. 26) be a metal cube placed on the surface B
of a table. The weight of the cube acts on the surface
vertically downwards and since there is equilibrium, the
table reacts at each point with an equal and opposite force.
A downward thrust due to the weight of the cube acts on

5B '
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the surface and is balanced by an equal upward thrust.
The cube is homogeneous and of
uniform height. Hence the thrust
is uniformly distributed over the
surface. Thrust per unit area s
called the pressure at a point on the { l

surface and so the pressure is the 4 B
same at every point of the surface. I [

[

A

If A is a metal cone, the weight
on different unit areas on the
surface B is different and therefore
the thrust is not uniformly distributed. Pressure at a point,
when uniform, is measured by the total thrust divided by the
area on which the thrust is acting ; when not wuniform, it 18
measured by the ratio of the thrust over a very small area
surrounding the point to the area, the area being so small
that the thrust can be taken to be uniformly distributed over
the area. Pressure is expressed in grams weight per square
centimetre in the C.G.S. system and in pounds weight per
square inch in the F.P.S. system. Pressure is caused in one
of two ways. It may be due to the weight of a body as in
the above case or it may be due to the elasticity of the
body exerting pressure as in the case of a compressed
spring. In either case, pressure is transmitted from point to
point by the elasticity of the body. Air has weight. The
atmosphere surrounding us exerts pressure. The weight of
the whole column of the atmosphere over each unit area in
the open is the atmospheric pressure. This pressure is com-
municated to the inside of a room by the elasticity of the
atmosphere.

It is common experience that water jets out forcibly through
a hole at the side of a vessel containing water and that it jets
out more and more forcibly if the hole is bored lower and
lower. It is obvious that the liquid exerts a lateral thrust

Fia. 26.
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on the sides of the containing vessel and that this thrust
increases with the depth. Consider any point inside a liquid
at rest. As explained already, a set of two equal and opposite
vertical thrusts acts on the point. As the point is subject to
lateral thrusts also and as it has no lateral motion, a set of
two equal and opposite lateral forces must similarly act on
it. The point is at rest under the action of these two sets of
forces.

Consider a small area a sq. cm. (fig. 27) at B, at a depth
hy cm. inside a liquid at rest, of density d
gm. per c.c. The downward thrust on a
1 8q. cm. at B is due to the weight of a
column %, cm. of the liquid on the area a
4 sq. cm. The volume of this column is
hya c.c. and its weight is jad gm. There-
-| fore, the thrust per unit area or pressure at

a point at B is Zblaai=hld gm. wt. per

sq. cm. Similarly, the pressure at a point
on the surface A at the depth ks cm. is hyd gm. wt. per
8q. cm. It is clear, therefore, that the pressure at a point in-
side a liquid or fluid at rest is directly proportional to the depth
of the fluid and to the denmsity. As the elasticity of a
fluid is independent of direction, the pressure at any point
is communicated equally in all directions and the lateral
pressure at any point on A is, therefore, also hod gm. wt.
per 8sq. cm. If A, is another point in the fluid at the same
depth h; cm., in the same horizontal plane as the surface
A, it is obvious that the pressure at that point A, is equal to
the pressure at A.
We shall now compute the thrust on the vertical side of a
vessel containing a liquid. Let the height of the contained

liquid be A cm. = AB and let C be at a height g cm. from the
bottom B (fig. 28).
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EL A _
Al
A
D C
B,
P B
Fic. 28.

Pressure at A = pressure at E = 0.
pr.at C =pr.at D = gd gm. wt. per sq. cm.

pr. at B = pr. at P = kd. gm. wt. per sq. cm.
pr.at A+pr.at B pr. at E4pr.at P.
2 2

Consider another set of points A;, B, one centimetre below
E and above P respectively.

pr.atC =

,orpr.at D=

pr. at A} = 1 xd gm. wt. per sq. cm.

» 9 Bl = (h_l) d. ”» ”» ”»
*. mean of pressures at A; and B,
= (»l—t%ﬂgm. wt. per sq. cm.
h
= 2 xXd D) ’»
= pr. at D.

Similarly, by considering pairs of points, one of which is
x cm. below E and the other z cm. above P, the mean pressure
can always be shown to be that at D, the middle point on the
vertical side. Therefore, it is clear that the pressure on the
vertical side EDP gradually increases from E to P and that
the mean pressure is that at D. The thrust on the vertical
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side is therefore the mean pressure multiplied by the area of
the vertical side EDP.

Now consider the cylindrical column of the liquid AB

(fig. 29) on a unit area. At any point of its length, the

transverse section of the

column is a circle. Lateral

thrusts of equal value act at

every point of the circle and

- < are together in equilibrium. So
these lateral thrusts need not
— . be considered. The other forces

that must be considered are

A the downward thrust of the

‘ liquid on B, the weight of the

Fia. 29. column AB and the upward

thrust of the liquid on A, the

bottom surface of the column of the liquid. Under the action

of these three forces, the column is at rest. Therefore, the

two downward forces must be together equal and opposite

bo the upward thrust. So the difference in the thrusts or the

resultant wpward thrust is equal to the weight of the column
of the liquid AB.

Let M be the mass of any portion of the liquid at rest. The
lateral thrusts acting on M must cancel one another and
have no resultant, as the mass has no lateral motion. Again,
all the downward and upward forces acting on M must be
similarly in equilibrium; one of these forces is the weight
of M which acts vertically downwards. Since M is at rest,
this weight must be balanced by a resultant upward thrust
and this is due to the liquid surrounding M.

If, instead of considering a portion of the liquid, we consider
any body M immersed under the liquid, the lateral thrusts
and the upward and downward thrusts due to the surrounding
liquid remain as before. The lateral thrusts are still in
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squilibrium. The resultant upward thrust* due to the sur-
'ounding liquid and equal to the weight of the liquid of the size
M, i.e. of a volume of the liquid displaced by the body M,
wets vertically on the body and the weight of the body acts
rertically downwards. The resultant action of these two
orces determines the motion of the body.

If the weight of the body M is greater than the resultant
ipward thrust which the body under the liquid experiences,
he body sinks with a force equal to the difference. If these
swo forces are equal to each other in magnitude, the body is
it rest at any depth of the liquid and behaves just like a
portion of the liquid. If the resultant upward thrust is
zreater than the weight, the body moves up like a cork under
water under the action of a force equal to their difference
and comes to rest and floats, part of the body being immersed
under the liquid. The downward thrust due to the liquid
s now absent and the upward thrust, which is equal to the
weight of the liquid displaced, is equal and opposite to the
weight of the body.

PRINCIPLE OF ARCHIMEDES.

When a body is immersed in o fluid, it experiences an
upward thrust which is equal to the weight of the fluid displaced.
This statement was first made by Archimedes, the philosopher
of Syracuse, more than two thousand years ago.

This principle may be verified with the help of a metal
sylinder, callipers, balance, hydrostatic stool, box of weights,
1 beaker of water, a beaker of kerosene and fine thread.

1. Find the weight of the cylinder w,, with the balance by
the method of oscillations, correct to a centigram. Suspend
the cylinder by a piece of thread to the lower hook of the left

* It is clear from this that when a body is immersed in a liquid, it
pxperiences a resultant upward thrust which is equal to the weight of
the liquid displaced by the body, (Archimedes’ Principle).
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iand stirrup, so that the cylinder is well immersed under
rater in a glass beaker supported on the hydrostatic stool
7hich lies astride the pan below. Put an equal length of
hread in the right hand pan. Find the weight ws; of the
ylinder under water by the method of oscillations. The
ylinder should freely move under water and should have
o air bubbles sticking to it.

w;—w, = loss of weight under water.
= the resultant upward thrust or buoyancy.
= wt. of displaced water.
= wt. of water of volume equal to the volume of
the cylinder, according to the principle of
Archimedes.

The volume of the cylinder can be directly determined and
1e weight of an equal volume of water ascertained. For this
urpose, find the mean length, I cm. of the cylinder and the
iean diameter, 2r cm., with the callipers. The volume of
10 cylinder is 772l c.c. and the weight of this volume of water
7%l gm. Tt will be found that (w; —ws) gm. and =72l gm.
re very nearly the same and these quantities have been
etermined independently. The statement, that the loss of
eight under water is equal to the weight of the water dis-
laced, is thus verified.

2. Find the weight wg gm. of the cylinder in another liquid,
erosene. The loss of weight under kerosene is (w;—wg) gm.
he weight of the volume of kerosene, equal to that of the
ylinder, is #r2ld gm., where d gm. per c.c. is the density of
erosene. It will be found that (w;—wsg) gm. and =nr2ld gm.
re very nearly equal. Hence, the principle is once again
erified.

The following applications of the principle are of interest.
1. The principle of Archimedes affords us a very good
1ethod of determining volumes of solids, regular or irregular
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in shape. If z gm. is the loss of weight of a solid under water,
the volume of the solid is z c.c. (%)

2. Thespecific gravity of a liquid may be determined with
the help of this principle. Weigh a given solid in air, in
water and in the given liquid Let m; gm. and m, gm. be
the losses in weight of tho body under water and under the
liquid respectively. m, gm. is the weight of water equal in
volume to that of the solid and mg gm. is the weight of the
same volume of the liquid. Thus the weights of equal volumes
of water and the liquid are obtained.

loss of weight in liquid
loss of weight in water
__ mg gm.
" my gm.

Specific gravity of the liquid =

3. The specific gravity S of a solid heavier than water
may be found as follows.

S— wt. of body in air _ wt. in air

" wt. of an equal volume of water ~ loss of weight in water-

4. The specific gravity of a heavy solid soluble in water
may be found in the following manner.

Weigh the solid in air. Let the weight be w; gin. Weigh
the solid in a liquid in which it does not dissolve and find the
loss in weight, w gm. The specific gravity s of the liquid is
previously determined by a specific gravity bottle or is given.

w gm. = loss of weight in the liquid = weight of liquid of

volume equal to
that of the solid
immersed.

__ weight of a given volume of liquid

~ weight of the same volume of water

__ loss of weight of the solid in the liquid
" loss of weight of the solid in water’
volume is that of the solid.

if the given
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.". loss of weight of the solid in water = u_;;im_. .

wt. in air wy _ W1

loss of weight in water  w/s  w

Sp. gr. of solid, S =

5. The specific gravity of a solid lighter than water may
be found as follows. A heavy solid that can sink the light
solid under water is required.

Let w = wt. of solid in air.

w;= wt. of solid in air 4 wt. of sinker under water.
we= wt. of both together under water.

wy is smaller than w,, because when the light solid is under

water, it experiences a loss in weight.

wy—wq = loss of weight of the light solid or the weight of

the volume of water displaced by the solid.

= sp. gr. of the solid.

w1 —We

6. The percentage of copper in a gold ring may be found
in the following manner. Gold rings are made generally out
of sovereigns and contain a certain amount of copper. Copper
may be added while making the ring. Archimedes’ Principle
can be applied to find out the percentage of this copper.
This was the problem about King Hiero’s crown which
Archimedes solved.

Weigh the ring in air and in water and find the specific
gravity s of the ring. s gm. per c.c. is the density of the ring.
8 will be smaller than 19-3, the specific gravity of pure gold (%)

Let w = wt. of ring in air.

x = wt. of copper in the ring.

We shall assume the specific gravity of copper to be 8:9.
The weight of gold in the ring is (w—z) gm. and its volume is
w—z
193 &

volume is 59 ©C Total volume or volume of the ring is

c. The weight of copper in the ring is  gm. and its
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193 ' 89

of ring. [?53—% +8—x§] 8 = w.

From this, x can be calculated and f—-—v x 100 is the percentage

[w—x+ d :l c.c. But, volume of ring X density = weight

of copper in the ring.
In the above determinations, the following points are to
bo noted.

(@) Whenever a solid is suspended by a thread under a
liquid, an equal length of the thread is to be put
in the other scale pan.

() The body must be freely moving under the liquid
and must have no air bubbles sticking to it.

(c) All weights have to be determined to the nearest

centigram.
/
THE TEST TUBE FLOAT.

A flat bottomed test tube of uniform section is taken. A
narrow strip of squared paper divided into tenths of an inch
is pasted inside the tube parallel to the length with its zero
touching the bottom of the tube. The strip is so pasted that
the divisions are seen from outside. The test tube is loaded
at the bottom with lead-shot and, if necessary, the shot may
be fixed in position by pouring in melted paraffin wax.
Such an apparatus is called a test tube float.

The test tube floats to different heights in different liquids.
According to the principle of Archimedes, the weight of the
test tube is equal to the weight of the volume of the liquid
displaced, as explained already. Since the sectional area of
the tube is uniform, the volumes of the displaced liquids
are proportional to the depths of immersion. Let A; cm.
be the depth of immersion in a liquid of density d; gm./c.c. -
Let Ay cm. be the depth of immersion in a liquid of density
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dg gm.jc.c. and let w gm. be the weight and a sq. cm. the
sectional area, of the tube.
Then w = hyad; = head, = weight of liquid displaced.

e hldl = hzdg
hy _ de
e dy

The depths of immersion are thus inversely proportional to
the densities of the liquids and the ratio of the densities of
any two liquids can thus be readily determined. The heights
h, and h, are read to the tenth of a scale division by estimation.

If a narrower test tube of half the section, ‘—l-sq. cm., is

selected and if the weight of the tube w is the same, the
height of immersion in any liquid is doubled, because,

w=h1ad=°h1.%.d.

The difference in the heights of immersion for any two liquids
is therefore also doubled. Thus the sensitiveness of the
instrument increases with the narrowness of the tube. As
test tubes are generally not sufficiently narrow, the results
obtained with such floats are not very accurate.

To compare the densities of two given liquids, put the float
in the heavier liquid (why ?) and add lead shot till it just
floats vertically. Read the height of immersion A;. Put
the float in the other liquid and find the height of immersion

hg. Calculate the ratio it Float the tube again in the

hy'
heavier liquid and add a few more shot. Read the height.
Put the float in the other liquid and read the height again.
Calculate the ratio of heights. Repeat the observation with a
little more of the shot in the float and find the ratio. The
mean of the three ratios gives the mean density of one liquid
relative to the other. If one of the liquids is water, the
specific gravity of the other liquid is easily obtained. When-
ever the float is transferred from one liquid to the other,
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care has to be taken to clean and dry the outside of the
tube.

BALANCING COLUMNS.

The U tube and the Hare’s apparatus are examples in which
the principle of balancing columns is employed.

The apparatus required for comparing the densities of two
liquids are a U tube on stand, a beaker of water, a beaker of
kerosene, and two funnels.

The U tube is mounted vertically on a wooden stand (fig. 30).

A millimetre scale graduated lunmuuum mumlmumuml

along either edge is screwed on to
the stand in the middle, parallel to
the length of the limbs of the tube.

Pour water through one of the
limbs. It stands at the same
height in both the limbs. Then,
pour kerosene into the other
limb. A surface of separation
A forms where the two liquids
meet and moves down as kero-
sene is added. In the figure,
BA;A is water and CA is kero-
sene. But in a liquid at rest, the
pressures at two points are equal,
if they are on the same horizontal.
So the pressures at A and A, are
equal. Let «; and ay be the sec-
tional areas of the limbs and d,
and dy be the densities of the liquids in the limbs AC and
A, B respectively.

wt. of liquid column AC
sectional area at A

_ ACXx ay X dl

=

Pressure at A =

= ACXd, gm. wt. per sq. cm.
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Pressureat A; = é—l-B—{;M = A;B X dygm. wt. per sq. cm.
2

5 ACxdy = A;Bxd, and if AC = h, and A,B = h,

hy _ {41

hldl = h2d2 a;nd kl = (l2

The pressure due to the column k; cm. of kerosene balances
the pressure due to h, c¢cm. of water and their densities
are inversely proportional to the heights of the balancing
columns. These balancing heights are, as shown above,
independent of the sectional area of the two limbs, because
pressure at any point is thrust on each unit area.

Slowly add more and more of kerosene into the limb AC and
take six sets of balancing heights. The mean of the ratios
of the observed heights gives the specific gravity of kerosene.
Let not the common level A be too low (?). If A gets very
near the bottom, add water into B. The above method is
employed for liquids that do not mix.

If two liquids that mix with each other are given, a heavy
liquid that does not mix with either of them, say mercury,
is required. Mercury is first poured into the tube to a
small height. The two liquids are now poured one in each
limb until the surfaces of mercury lie in the same horizontal
as judged on the scale. Arguing as before, the pressures of
the two columns of liquids balance each other and their
heights are inversely proportional to their densities. It
may be noted that this method gives accurate results only
when the adjustment of the equality in level of the mercury
surfaces is perfect. Any small error in this produces a large
error in the result (?).

In the case of free surfaces of liquids that wet the tube, the
lowest point of the meniscus is to be read on the scale. If
the surface of the liquid is convex, the top point of the meniscus
is read.
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Practical example.—

Reading of Balancing ht. Specific
gravity of
kerosene

Top Common Top Kerosene Water A
surface of face surface of h h 2
kerosene | S1I18¢¢: water. 1 2 hy
139 em. | 995 em. | 13:0 em. | 3:95 em. | 3-05 em, 0-772
151 ,, 70 137 ,, 81 67 0-827
168 ., | 33 ., | 146 , |135 , |113 0-837
177 ,, -3, 15-1 ,, (164 ,, 138 0-842
230 ,, 46 20-2 184 156 0-848
242 ,, 2:3 20-7 ,, 219, 184 0-840

Mean sp. gr. of kerosene = 0-83.

With miscible liquids, mercury can be dispensed with if
the U tube is inverted as in Hare’s
apparatus. ABDC (fig. 31) is the
inverted U tube with an opening at
the top. A rubber tube is slipped on
to the projection at the opening and
P is a pinch cock. The lower ends
of the tube dip into two beakers
A and C containing the two liquids
of densities dy and dy respectively.
Levels of the liquid columns are read
on a vertical millimetre scale along-
side the tube.

Release the pinch cock and suck
gently. Close the cock. The pres-
sure of the confined air falls. To
balance the difference of pressure
between the atmosphere and the con-
fined air, the liquids rise in each tube
and equilibrium is restored. Consi-
der the point C at the bottom of
the liquid column DC. The pressure
of the confined air and the pressure
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due to the column DC (hy ¢m.) act together at C vertically
downwards and the atmospheric pressure acts vertically
upwards and C is at rest. If p and = respectively represent
the pressures of the confined air and atmosphere, we have

p+hedg = 7. Similarly considering the point A we have
p+hyd, = m where AB = h; cm.
hi_dy

S —p=hd =h2dzandh2 =0
The densities are inversely as the balancing heights of the
liquids. The balancing heights are independent of the
section of the limbs of the apparatus.
Suck up slowly and gradually. At each stage, take a set of

readings and calculate the ratio 3—2 . A mean of seven or eight
1

values gives the density of one liquid relative to the other.

Practical example.—Copper sulphate solution and water are taken.—

Reading of surface | Reading of surface | Height | Height

of liquid column. of water column. of of Sp. gr. of
Liquid Water | solution,
Lower. | Upper. | Lower. | Upper. | column. | column.
42 cm. | 51°7cm. | 4:0 cm. | §6:5 cm. | 475 cm. | 525 em. | 1:105
42 ,, | 488 ,, 40 ,, | 630 ,, |446 ,, |490 ,, 1-098
42 ,, |459 ,, 40 ,, 498 ,, |41.7 ,, |458 ,, 1-098
42 ,, |42:26,, 40 ,, |458,, |3806, |41-85,, 1-100
43 ,, |3815,, 41 ,, | 415 ,, |338, |374 , 1-106
43 ,, |335 ,, 41 ,, |36:2 ,, |292 ,, |321 ,, 1.099
43 ,, |251 ,, 41 ,, 270 ,, |208 , |229 , 1:101
Mean sp. gr. of solution = 1-101
HYDROMETERS.

Hydrometers are of two kinds, namely: (i) of constant
weight and variable immersion, and (ii) of constant immersion
and variable weight. The instruments of the first class are
sub-divided into (a) those in which the graduations on the
stem are of equal length, and (b) those in which the gradua-
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tions on the stem are of equal differences of specific gravities.
Baume’s hydrometer, common hydrometer and Nicholson’s
hydrometer are examples of the three types respectively.

We shall now describe how a Baume’s hydrometer is
graduated. Consider a flat bottomed test tube float, weighted
at the bottom. Let the length be divided into, say, 65 equal
parts. Let the tube be so loaded that it stands at mark 45
when floated in water. Let s;5, 844, otc. be the densities
of liquids in which the float sinks to marks 45, 44, etc.
respectively. But the densities are inversely as the heights
of immersion.

8 45 45
R 8—:—: = = Ebecause 845 = 1.
. 45 45
Agam 843 = 4—3, 840 = 4—2‘ ete.

The specific gravity corresponding to each mark on the tube
can thus be calculated.

845 844 =1- Zg - :1_5
1 1 44 43 1
i i -_—_E—E:Eandsoon.
Thus the reciprocals of the specific gravity numbers are in
arithmetical progression, the common difference being

4L5 . Therefore, the calculated specific gravity numbers 8,5,
844, ©tc. are in harmonic progression.
Agai -—458—458———613
g&m,846—46, 47—47’ 48—'48’ C.
45, 1
and 845—3846 = l—zé = ZB

_45_45_( 1\ _ (2
T T T T\ 46) T\ @

2 1 . . 1
— ( i 415) and this is less than %
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Thus, the difference in the specific gravity numbers corre-
sponding to successive divisions on the tube increases as we go
down the tube.

Spirits, oils, solutions and other common liquids have their
specific gravities ranging between 0-700 and 2-000. These
values correspond to the divisions 64-3 and 22-5 of the test
tube float (?). These divisions mark the limits of the working
length of the tube. So, up to the division 22, the tube may
be of any convenient shape, if its size and weight remain the
same. Floats having a weighted bottom, a hollow body and
a uniform stem are called hydrometers. In a Baume’s hydro-
meter the stem is divided into equal lengths and the instru-
ment can be used for the determination of specific gravities of
all common liquids.

The difference between