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PREFACE.

Tue object of this book is to provule a course on the
theory of Heat, of Intermediate University standard,
linked up more closcly than is usual with the pmctxca‘
side of the work. Accordingly a large number of experi:
ments is included, specially suited for laboratory practice;
and where possible the text is based upon them. Als:
where classical experiments are described they ave fre-
quently illustrated by simpler experiments which are well
within the students’ powers,

Congiderable trouble has heen expended to insure the
inclusion of the most recent methods of work and the
description of the most suitable forms of apparatus,

Full accounts have been given of the latest methods in
pyrometry, the liquefaction of gases, and the determina-
tion of vapour density and of tempemture gradient, while
the graphical treatment of expansion and conduction of
heat deserves mention.

This book is based upon text-books on the subject
written by the.late Di. R. Wallace Stewart, but with that
exception Dr. John Satterly is solely responsible for its
contents and methods of treatment,
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HEAT.

CHAPTER 1.

INTRODUCTORY.

1. Heat sensations. We distinguish in every-day life
between ““ hot”” and ‘““cold” bodies by the sense of touch,
and we are familiar, in the same way, with the fact that
one body may be ‘ hotter’ or “ colder’ than another, or
that the same body may become “ hotter ” or * colder.”

‘When we touch a substance hotter than the hand we
experience the sensation of heat, and we say that heat
.Jg:es from the substance to the hand. In the same way

nen we touch a substance colder than the hand we
experience the sensation of cold, and we say that heat

asses from the hand to the substance. In each case the
_atensity of the sensation depends upon the extent to which
transfer of heat between the hand and the substance takes
place, and, as will be learnt later, this depends not only
upon how hot or cold the substance is, but also upon the
nature of the substance.

It must be noted, however, that sensation is not always
a safe guide in determining the relative hotness or coldness
of bodies. For example, let the right hand be placed in
hot water and the left in cold water for a minute or so, and
then let both hands be plunged simultaneously into luke-
warm water. This water will feel hot to the left hand and
cold to the right hand. This shows that in interpreting
sensations of heat and cold the previous state of the hand,
or other organ of touch, must be considered.

Again, in the hot room of a Turkish- bath all the objects
are equally hot and hotter than the body. To the sen

HT.P 1



2 INTRODUCTORY.

of touch, however, all objects made of good conducting
material, such as metal, appear to be much hotter than
objects made of bad conducting material, such as wood or
cloth. This, as explained later, is due to the fact that in
the case of good conducting materials the transfer of heat
to the hand is greater and more rapid than in the case of
bad conducting materials. Similarly, on a cold day an
iron bar lying out of doors will appear much colder than a
broomstick, owing to the fact that heat is transferred more
rapidly from the hand to the iron, which is a good con-
ductor, than to the wood, which is a bad conductor. These
illustrations show that in interpreting sensations of heat
and cold the nature of the substance touched must be con-
sidered as well as the state of the organ of touch.

It should be noted that the sensations referred to in this
article are those due to actual contact with a hot or cold
body.

T{xe sensations of heat and cold experienced in the
neighbourhood of hot and cold bodies are usually due to
radiation. This subject is dealt with in Chapter XIV.

2. Temperature. Instead of saying thata body becomes
hotter or colder we may say that a body acquires higher
or lower degrees of hotness. Degrees of hotness below a
certain standard, commonly that of the human body, might
perhaps be spoken of as degrees of coldness, but it is
more conveniént to use one term—hotness—as applicable
throughout the whole range of temperature. To speak of
degrees of hotness is, however, clumsy and inconvenient.
The term temperature is therefore used when we deal with
the idea of degree in relation to hotness.) When a body
has acquired any particular degree of hotfiess it is said to
be at a particular temperature, and as a body becomes
hotter its temperature is said to rise, and as it cools its
temperature is said to fall.

3. Difference of temperature. It is a matter of common
experience that when a hot body is placed in contact with
a colder one, the hotter body becomes colder and the colder
bd‘df'becomes hotter. We say in such a case that * heat”
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has passed from the hot body to the cold one. Thus when
a kettle containing cold water is placed on the stove-plate,
or on a fire, heat passes from the hot plate or fire to the
cold water in the kettle. Also if a cold piece of metal is
placed in contact with a hot piece heat passes from the hot
piece to the cold piece until the two pieces attain the same
temperature. "

‘We may therefo ne the difference of temperature
betwee ] d B as that _condition 18
essenti gfer of h to

or B to A, If two bodies are at different temperatures,
en when they are placed in contact heat passes from the

body at higher temperature to the body at lower tempera-
ture. Or, if two portions of the same body are at different
temperatures, heat passes from the portion at higher tem-
perature to the portion at lower temperature. Similarly
if two bodies are at the same temperature no heat passes
from one to the other when they are placed in contact.

The transfer or exchange of heat between bodies not in contact
belongs to the subject of radiation. See Chapter XIV.

4. Nature of heat. When asubstance is heated it is said
to gain or absorb heat. When it eools it is said to lose or
give out heat. A question at once arises as to what may
be the nature of what is here called heat. It is evidently
not material, for the mass of a body does not change as it
loses or gains heat. The question ig specially dealt with
in Chapter XVI., huf it.amay be stated-hese,. hriefly, that

whenever heat is produced energy-wa-some form or other is
found to disappear, and, in accor with the theory of
trans i Toy, 1t is recognised that this ener:

8 transformed 1 —and that heat 1s therefore
a._qu_of__e;l}g% Thus when coal burns in air the
chemical energy of the products of the combustion is less
than that of the original coal and air concerned, and the
quantity of chemical energy so lost merely appears as the
energy of heat. Similarly when a piece of-lead is ham-
mered the energy used by the wielder of the hammer is

not lost, but is found as heat in the flattened piece of
lead and in the hammer,
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Hence, as a body is heated it gains energy in the form
of heat, and as it cools it loses energy in the form of heat.

According to modern views of heat, the molecules of any
given body are supposed to be vibrating to and fro, at a
rate dependent on the temperature, and the sum total of
the kinetic energy of its molecules, due to this vibratory
motion, determines the molecular kinetic energy for any
temperature. As the temperature increases this molecular
kinetic energy increases, as does also the potential energy
of the system of molecules, and the total change in mole-
cular energy accompanying any thermal change is equi-
valent to the heat generated or absorbed during that
change. '

The process of combustion is capable of a similar expla-
nation. All chemical change is due to molecular or atomic
interaction, and it will be understood that the heat effect
attending any chemical change may be due to a change in
molecular energy resulting from this interaction.

5. Heat a measurable quantity. A quantity is that which
can be expressed in terms of a fixed unit of its own kind,
and its measuvre is the ratio of the given quantily to the
chosen unit. Thus, if 2 is the measure of any quantity,
the meaning is that the quantity considered is twice as

t as the fixed unit—e.g. if a foot is chosen as unit of
length, alength, the measure of which is 2, is two feet long.
Let us now consider if heat is, in this sense, a measurable
quantity. ‘

Suppose that we have & hydrogen-gas flame whose rate
of burning is absolutely uniform, we may assume that
ite heating effect is equal for equal intervals of time. If
now a fixed quantity of water, at a given temperature, is
heated by this flame for a given time, its temperature will
be raised to a certain degree, indicating the absorption of
a definite quantity of heat. An exactly equal quantity of
water will, under the same circumstances, reach the same
temperature in the same time, and will therefore absorb the
same quantity of heat. Hence, if double the quantity of
water is heated upder precisely similar circumstances, it
will be raised to the same temperature in double the time—
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that is, after the absorption of double the quantity of heat.
If, therefore, the quantity of heat absorbed in either of the
cases first considered is taken as the unit, the measure
of the quantity absorbed in this last case is 2.

Heat may thus be considered as a measurable quantity.
The unit adopted in its measurement is quite arbitrary.
We might, for example, take the unit to be the quantity
of heat required to raise one pound of water from one par-
ticular temperature to another. Then the measure of the
quantity required to raise m pounds through the same
range of temperature would be m. This subject will be
further considered in the chapter on Calorimetry (Ch.
VIIL.).

6. General effects of heat. When a body is sufficiently
heated or cooled various well marked effects are generally
produced. The general character of these effects is the
same for most substances. The more important are in-
cluded under the following heads —

(1) Change of temperature.

(2) Expansion or contraction, i.e. change of volume.

(3) Change of state.

(4) Change in physical properties.

(8) Promotion of chemical action.

7. Change of temperature. This is almost axiomatie, for
we have assumed that if the temperaturt of a body is
rising it is absorbing heat. It is, however, only true when
a body is not changing its state (Art.9). When water is
boiling its temperature remains constant ; extra heat given
to the water is used up in changing some of the water to
steam, and the temperature of the steam is still the same
as that of the water.

Again, when water is being frozen heat is removed
from the water, but the mixture of ice and water still
remains at the freezing point, and not until all the water
has been frozen 1s it possible for the ice to get colder than
this temperature. When, however, a substance remains in
one definite state—solid, liquid, or gaseous—gain of heat
produces a rise in temperature, loss of heat produces a
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fall in temperature. Conversely a rise in temperature
ilndica.tes a gain in heat, and a fall in temperature a loss of
eat.
' 8. Change of Volume. It is found
that in general* when a body is heated
it expands, and will, if allowed to cool
to its original temperature, gradually
contract to its original volume. This
is the same whether a body is a solid,
a liquid, or a gas. The amount of con-
traction is different for different bodies;
in general, gases expand more than
liquids, and liquids more than solids
for the same rise of temperature.
Gravesande’s Ring and Ball (Fig. 1)
is an historical piece of apparatus which
. is used to illustrate the change of di-
s mensions which occurs on heating. The

i ball when cold may be passed through

Fig.1. - the ring. When heated it refuses to
go through the ring. If allowed to rest
in position and cool its dimensions in time become smaller
than the ring and it falls through.

Fig. 2.

Exp. 1. Obtain a flat strip of brass about 18 inches long. Screw
‘down one end on a fixed wooden block, B (Fig. 2), allowing the other

* Exceptions are water below 4°C., silver iodide, Rose’s fusible
alloy, and some other alloys.
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end to rest freely on a second block, A. If the top of A is not quite
even cover it with a piece of finely ground glass or slightly roughened
metal. Also, if necessary, roughen the under side of the end of the
strip. Take a straight short piece of knitting-needle, V V, and to
one end of it fasten by sealing-wax at right
angles to its length a piece of straw, P P, six
inches long to act as index. Insert the other
end of the needle under th> end of the strip.

If the weight of the strip is not sufficient to

keep the needle and pointer in any position in

which they are put, a weight, W, sufficient for"
this purpose should be laid on the strip. Be-

hind the pointer placea graduated circular scale

38. Now heat the strip by Bunsen burners

and observe that the pointer slowly moves over

the graduated scale, finally taking up a posi-

tion of rest. Now the motion of the pointer

tells us that the ncedle has rotated, and the

cause of this rotation is obviously the expan-

sion of the rod. Now remove the burners. As

the rod cools the pointer moves back to its for-

mer position, showing that as the temperaturc

falls the rod eontracts.

Exp. 2. Fit a 4-.0z. round-bottomed flask
(Fig. 3) with a cork through which passes the
emf of a piece of coarse thermometer tubing about 8 or 9 in. long.
Completely fill the flask with alcohol coloured with a little magenta
dye. Then insert the cork so as to make the liquid rise a short
distance in the tube. Now place the flask in & beaker of hot water.
Observe that the liquid rises in the tube.

Exp. 8. Fit a 4-0z. round-bottomed flask (or, better, a bulb with
very short neck) with a cork through which a piece of glass quill
tubing passes nearly to the bottom (Fig. 4). Put in the bottom of
the bulb a little coloured alcohol, into which the bottom of the tube
is allowed to dip. Now hold the bulb in the hand. The heat thus
imparted will, by causing the asr in the bulb to expand, force some
of the alcohol up the tube.

9. Change of State. Bodies may exist in three states—
solid, liquid, and gas, and the change from one to the
other may always be effected by the application or with- .
drawal of heat. Thus, for example, if ice is heated it
melts into water, and if water is heated sufficiently it boils
away and becomes steam. The reverse of the process is
the withdrawal of heat from steam, when it condenses
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to water, and the withdrawal of heat from water, when ics
is formed. Again, air is a gas under usual conditions, but
if subjected to intense cold it can be liquefied and even
solidified.

10. Change of physical properties. It is found that
heating and cooling modify in many ways the properties of
matter. Iron heated to redness differs materially from iron
at ordinary temperatures ; zinc at ordinary temperatures is
hard and brittle, but when warmed it is soft and flexible;
steel may be softened or tempered by heating and cooling,
and so on. Again, some bodies change colour on being
heated : thus mercuric iodide is red at ordinary tempera-
tures, but changes to yellow when heated.

The elasticity and rigidity of solids, the viscosity of
liquids, the ease with which a substance conducts electricity,
and, in fact, all the characteristic physical properties of
matter change with change of temperature.

11. Chemical change. It is well knggp.that heat fre-
quently tends to promote chemical action. Thus coal, wood,
sulphur, magnesium wire, and many other substances when
heated with free access of air combine vigorously with the
oxygen of the air, and we have the phenomenon of com-
bustion or burning, which is simply oxidation accompanied
by a large output of heat. Also coal, wood, and other com-
pound substances when heated by themselves in a closed
space undergo decomposition, and give rise to various pro-
ducts; thus coal gives rise to coal-gas and coal-tar.

Again, if calcium carbonate is heated to a high tempera-
ture it decomposes or dissociates into calcium oxide and
carbonic acid gas. If the products of dissociation are
cooled together calcium carbonate is again formed.

EXERCISES I

1. Distinguish between heat and temperature,
2. Enumerate the effects of heat.

8. Describe experiments showing that solids, liquids, and gases
expand on heating.



CHAPTER II.

THE THERMOMETER.*

12. Measurement of temperature. When we have said
hitherto that an object was hof, we meant that when we
touched it with the hand heat flowed from it to the hand;
and when another object was said to be cold, we meant
that when we touched it heat flowed from the hand to it.
The eriterion, therefore, was the temperature of the hand,
and our judgments were based on sensations. To this
method of estimating temperature there are three serious
objections :—

(1) Our sensations are not sufficiently delicate. (2)
They do not admit of numerical measurement. (8) The
criterion (the temperature of the hand) is variable.

A reference scale of temperature might evidently be set
up by selecting and arranging a series of standard tempera-
tures each defined, as the temperature of melting ice is, as
the temperature of some standard substance in a definite
physical state. Any required temperature tould then be
specified loosely by referring it to its position on this scale
of standard temperatures, but it is obvious that without
some consistent method of comparing and graduating the
intervals between the arbitrarily selected fixed points of the
scale the exact specification of any temperature intermediate
between two points is impossible.

It is, therefore, necessary to have some more certain
means of comparing temperatures. Instruments called
thermometers have been devised for this purpose.

Derinrrion.—The thermometer is an instrument for
the comparison and measurement of temperature.

# Greek, thermos, hot ; thermé, heat; metron, a measure,
9



10 THE THERMOMETER,

13. Preliminary idea of a thermometer. We saw in
Art. 6 that the effects of heat on matter are very diverse.
The one which lends itself most readily to the measure of
degree of hotness (or temperature) is that of change of
volume (or expansion). So long as no change of state
occurs expansion, in most substances, is simultaneous with
change of temperature, and change of length or change of
volume may therefore be taken to indicate change of tem-
perature. Also, a particular length of any given rod or a
particular volume of any given quantity of liquid corre-
sponds to a particular temperature and may be taken as
an indication of that temperature.

Exp. 4. Take a flask and tube as set up in Figs. 3 or 4, provide
the tube with a graduated paper scale reading upwards, and carry
it about to different parts of the building inside and outside. Near
the fire it will be observed that the reading is highest. As it is
taken to colder parts of the building note that the reading is low
and to the hotter parts the reading is high. Suppose now that the
reading when in Room A is the same as that when in Room B, what
may we say about their tempegatures? Proceeding on the above
assumptions, obviously they are equal.

With a flask and tube as used inthe above experiment
the changes in the volume of the liquid are clearly indi-
cated, and with a large bulb and a stem of very narrow
bore an instrument capable of indicating very small changes
of temperature may be constructed.

In practice & glass, flask, or bulb filled with mercury is
found to work most satisfactorily, and such is invariably
used if the temperature to be measured is likely to rise
nearly as high as that of boiling water. If the indicator
be provided with a scale etched on the stem its readings
can be more readily noted and compared, and the useful-
ness of the instrument is greatly increased. The scale
adopted may be quite arbitrary. A scale of millimetres,
for example, would serve, but it would evidently be an
advantage if the scale were arranged to indicate degrees of
temperature in accordance with some generally understood
and easi'y realised scale.

Such a scale may be obtained as follows: Let the tem-
perature indicator be placed in melting ice, and when the
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position of the liquid column in the stem is steady, let it
be marked by a fine mark on the stem. This mark indicates
the temperature of melting ice, which experiment teaches
us to be a constant, naturally fixed temperature. Then
place the indicator in steam from water boiling under the
normal atmospheric pressure, and when the liquid column
i1s again steady let its .position be marked. This second
mark indicates the temperature at which water boils under
the normal atmospheric pressure, and this is again by
experiment found to be a constant, naturally fixed tem-
perature. These two temperatures are generally known as
the freezing point and boiling point of water, and from these
two fized points a scale is readily derived.

14. The principle of graduation of a scale of tempera-
ture. The range of temperature between the freezing point
and the boiling point may be divided into any number of
steps by dividing the volume of the stem into a corre.
sponding number of equal parts. For example, the range
of temperature from freezing point to boiling point may
be divided into 100 steps or degrees by dividing the volume
of the bore of the stem between the two marks correspond-
ing to these temperatures into 100 equal parts.

It should be carefully noticed here that nothing is said about
dividing the range of temperature into 100 equal parts. Tho
volume of the stem bore between the two marks is divided into 100
equal parts, but the corresponding steps or degrees bf temperature
indicated by these divisions may or may 1ot be equal, and aro
evidently determined by and vary with the expansibility of the
liquid used in the indicator. For example, if two indicators are
accurately made and graduated in the way here described they will
usually give two different scales of temperature ; that is, if both were
¥)la.ced together in a bath where the temperature is gradually raised

rom freezing point to boiling point, it is probable that the tem-
perature readings would agree exactly only at the fixed points. The
question that here arises is not which is right, but which is to be
adopted as the standard, that is, which is to be set up as ““right ”
by Xeﬁnitiou and common convention. Hence, if an indicator of this
kind is to be used as a standard instrument for general reference,
the liquid and the material of the bulb and stem must be specified,

An instrument constructed and graduated on these
principles to indicate temperature with reference to an
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arbitrary selected scale is known asa thermometer. Certain
substances are better suited than others for the measuring
of tempesature. A body which changes volume only to a
small extent for large variations of temperature 1s not
suitable. Solids are not used as thermometers because
their alterations in size even when heated or cooled con-
siderably are minute. Gases change volume very readily
when exposed to different temperatures, and for certain

urposes an air thermometer is a useful instrument.
giquids are, howevdr, the bekt adapted for ordinary ther-
mometry.

Of liquids, mercury is the best for all general purposes,
because it boils at a very high, and freezes at a very low,
temperature. Hence it remains liquid through a long range
of temperature. Water has a comparatively small range
of temperature between its freezing and boiling points.
Alcohol is useful for measuring very low temperatures at
which mercury would be frozen, and it is also used in
some self-registering minimum thermometers, but it can-
not be used for high temperatures because it boils at a
lower temperature than the boiling point of water. Mer-
cury has some other advantages. It quickly assumes the
temperature of anything in which it is immersed without
abstracting much heat from the substance, and it ‘does not
soil the glass. Standard thermometers are usually mercury-
in-glass thermometers with a scale engraved on the glass
stem. ’

15. Construction and filling of & mercury-in-glass ther-
mometer tube. We now give the usual laboratory method
of constructing a student’s rough form of thermometer.

XO length of thick capillary tubing, having as uniform a
bore as can be found, is taken and well washed, first with
a solution of iotassium bichromate in strong sulphuric
acid, then with distilled water, and finally dried by a
current of hot air. Before proceeding to construct the
instrument, it is well to make a preliminary test of the
uniformity of the bore of the tube chosen. For this

urpose, a short thread of mercury about an inch long is
introduced by suction into the tube.
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With a little management, a thread of the desired

length may be got into the bore and moved into any part
of the tube. This done, the length of the thread is
measured by suitable means in a particular position in the
tube; the thread is then"moved into some other position,
and again measured, and so on. If the length remains
constant for different positions it is eyident that the bore
must be perfectly uniform. This is never found to be the
case with any tube, and if the differencés in length are
very great the tube must be rejected and another tired.
When finally a suitable tube is obtained, one end is heated
till melted, and is then blown into a bulb.
The size of the bulb is determined by the
purpose the thermometer is intended to
serve. The larger the bulb the longer will
be the degrees of the scale.

In order to introduce mercury into the
bulb a funnel-shaped reservoir is made at
the top of the tube,* or a small funnel is
attached to the tube by means of an india-
rubber joint (Fig. 5), and more than suffi-
cient mercury to fill the bulb is poured into
it. The bulb is gently heated, so that the
air in it expands, and some of it escapes
by bubbling through the mercury. It is
then allowed to cool, and as the air con-
tracts a small quantity of the mercury from °
the reservoir enters the bulb. This process
of alternate heating and cooling is con- Fig. 5.
tinued until the bulb is about half full of
mercury.

The bulb is then gently heated until the mercury boils
and its vapour expels the air, which bubbles through the
mercury in the upper reservoir. All traces of air and
moisture are thus removed, and when the tube is allowed
to cool the mercury in it forms a continuous column filling
the bulb, stem, and part of the funnel. While still warm

* Such thermometer tubes can be bought ready-made from most
{nstrument makers,
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the excess of mercury in the funnel is poured off and the
tube is heated at a point just below the bulb and then
drawn out so as to greatly constrict the
bore. The bulb is now heated a little
above the highest temperature the ther.
mometer is mtended to indicate. The
mercury now completely fills the stem,
and while it does so a blow-pipe flame
is brought to bear upon the constriction
and the upper part of the tube is drawn
off and the thermometer finally closed.

The instrument is now ready for
graduation, but it is better to keep it
from two to three weeks before pro-
ceeding with this process, because when
glass has been heated to a high tempera-
ture it takes a long time (in some cases
years) to recover its original volume.

Fig. 6 shows the usual forms of a
mercury-in-glass thermometer.

If great accuracy is desired the ther-
mometer should be kept for several
months before graduation.
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/16. Determination of the fixed points

of the thermometer scale. As a pre-

Fig.6. limihary to graduation it will be neces-

sary to mark on the stem the position

of the thread corresponding to the two standard tempera-

tures referred to above as the freezing point* and boiling
point of water.

The freezing point. To determine this point the ther-

mometer is placed in a cylindrical vessel { and the reservoir

* The lower fixed point is always called the freezing point,
though, in reality, it is the melting point of ice, not the freezing
point of water. The freezing point of water, in fact, is not con-
stant, but is influenced by several circumstances.

+ Sometimes a funnel is recommended for this purpose, but this
is unnecessary, for as long as any ice remains in the cylinder the
temperature is that of the freezing point. -
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and the lower part of the stem are completely surrounded
by melting ice (Fig. 7). When the level of the mercury
becomes perfectly stationary a fine mark is made
on the stem at the extremity of the column. This
is one of the fixed reference points on the scale
and indicates the temperature of melting ice. |
The boiling point. In orderto mark this second
point on the thermometer the apparatus shown in
Fig. 8 is used. It is made of copper and the
steamn from water boiling in the lower part cir-
flica culates round the
| double casing of
2| the upper part, and
finally escapes by a
side tube near the
bottom of the outer
casing. The ther-
mometer is passed
through a cork, and
placed in the apparatus in
the position indicated in
the figure. After some
time the mercury becomes
stationary, and the thermo-
meter is adjusted so that
the top of the mercury col-
umn is just seen above the
cork; its position is then
marked, and the second
reference point on the scale
is thus determined. It in-
dicates the temperature of
steam from water boiling
under the atmospheric pres-
sure indicated by the baro- Fig. 8.
meter at the time of the
determination. For the present we shall suppose this to
be normal.

. If such an apparatus as shown in Fig. 8 is not available—and it
is-not really necessary, except for the most accurate work—s flask
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with & long neck may be used. The thermometer is supported by
& olamp so that it hangs centrally down the neck of the flask, as
much of the thermomneter being in the flask as possible, care, how-
ever, being taken that the bulb is well above the boiling water.
Figs. 11 and 12 give other suitable forms of apparatus,

It should be noticed that the thermometer is placed in
the steam and not in the boiling water. It has been found
that the temperature of boiling water depends on a variety
‘of cirtumstances, whereas the temperature of the steam
depends only on the pressure at which boiling takes place.

The distgnce between the freezing point and the boiling

7. g™ WS point on any given thermometer is sometimes

0 called the fundamental interval of that ther-

momg,;ter.

. "1/'; Graduation of the thermometer. The
il two reference marks being thus obtained, it
remains to graduate the space between them,
and to continue the division throughout the
whole length of the stem. A zero point is
then chosen and the divisions below it are
marked negative, and those above positive.
There are three scales of graduation now in
use; and as we may have temperatures ex-
- pressed in any one of these scales, it will be
necessary to consider them. They are called
the Centigrade, Fahrenheit, and Réaumur
scales (Fig. 9).

. For the Centigrade scale we are indebted
to Celsius, a Swede. On it the freezing point
is taken as zero and marked 0°; the boiling
point is marked 100°. The space between
the fixed points is thus divided into 100
equal divisions, called degrees. Graduation
on the same scale is extended beyond the
reference points ; and the divisions below
zero—i.e. below freezing point—are considered negative,
and those above positive. This scale is the one most
generally used for scientific purposes.

A ,,'I‘h&f“'ahrenheit scale was introduced by Falrenheit, & .
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German of Dantzig, about the year 1714. On it thé
freezing point is marked 32° and the bhoiling point 212°,
the space between being divided into 180 equal degrees,
and the division extended above and below the fixed points.
In this method of division the zero is at a poimt 32° below
the freezing point; it is supposed to indicate the lowest
temperature which can be got by mixing snow and salt.*
This scale is very generally used in Great Britain for the
purposes of ordinary life, and to some extent for those ‘of
science, especially in meteorology.

On the scale invented by Réaumur, a Frenchman, the
freezing point is taken as zero and marked 0° #hd the
boiling point is marked 80°. There are thus 80 equal
divisions between the fixed points on this scale. It isused
in several European countries for medical and domestic
purposes, but is never used in England.

Having decided on the scale the thermometer, stem is
coated with paraflin-wax and the scale scratched ‘thereon.
The stem is then exposed to the action of hydrofluoric
acid, when the exposed part of the stem is etched. The
wax is then melted off.

A degree of temperature on any thermometric scale is
the change of temperature corresponding to the expansion
of the mercury in the thermometer from one division of
the scale to the next.

A particular temperature on any thermometric scale is
the temperature indicated by a thermometer when the
mercury in the stem stands at a particular division on that
scale. For example, the temperature 15°C. is the tem-
perature indicated when the mercury in the stem of a
mercury-in-glass thermometer stands at the 15th division
above zero on the Centigrade scale.

It is sometimes necessary to convert temperatures ex-
pressed in one scale into the corresponding temperaturea

* In Fahrenheit’s original scale the upper fixed point was the
temperature of a human being in normal health, and was taken ag
24°. It was later altered to 96. The scale was now extended to
the boiling point of water, which was found to be about 211°. The
temperature of boiling water was now taken as 212, and on the
scale as now amended the temperature of a lruman being is 98°,

H.T. P 2
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in one of the other scales. To effect this it is also neces-
sary to remember that the range of tvmperature from
freezing point to boiling point is the same on each scale,
and that the freezing pont on the Fahrenheit scaleis 32
degrees above the zero of that scale. Hence 180 degrees
on the Fahrenheit scale are equival.nt to 100 degrees on
the Centigrade scale and 80 degrees on the Réaumur scale,
that is 9 degrees Fahrenheit = 5 degrees Centigrade = 4
degrees Réaumur ; and a temperature F on the Fahrenheit
scale’is (I' — 32 degrees above the freezing point.

If therefore ¥, C, and R denote corresponding tempera-
tures on the Fahrenheit, Centigrade, and Réaumur scales
we have the relation

F-32_ C_R

(F--32): C: R::9:5: 4o0r T =3-3

Example. If a Fahrenheit and a Centigrade thermometer are
placed in the same liquid, and the Fahrenheit instrument reads 68°,
what is the reading of the Centigmde instrument ?

The liquid is (68 ~ 32) = 36° K. above freezing point.

Therefore the distance from the freezing point to the head of the
mercury column

by s = % (distance from the freezing to the
. ) ’ boiling point) )
13- - 100 = ¢ (distance from the freezing to the

boiling point).

Therefore in the Centigrade thermometer
also the distance from the treezing point to
the head of the meroury column

=4 (distance from the freezing to the

boiling point)
68— ol == * x lw = m.
Therefore the indication on the Centigrade
ol T 9 instrument is 20°.

Note.—In working such problems as this it
is as well for beginners to sketch two ther-
mometers side by side as in Fig. 10 in order
to understand clearly that 1t is the tubes between the freezing and
the boiling points which are to be divided proportionately.

Fig. 10.

18. Comparison of mercurial thermometers with one
another. From what has been said it is plain that one
important thing aimed at in the construction of thermo-
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meters is, that the indications given by different but
similarly constructed instruments may be comparable with
one another, so that a temperature referred to by one
experimenter may be reproduced by anyone wishing to
do so. If it were possible to make all mercurial ther-
mometers out of the samme glass, their indications would
be strictly comparable. This is, however, impossible ; and
it must further be remembered that the construction of
a thermometer is a very difficult operation, and that, there-
fore, errors in construction are alinost certain to be made.

For these reasons mercurial thermometers are not, in
practice, strictly comparable; and it is usual to compare
all thermometers, likely to be used in important experi-
ments, with a standard thermometer. Such a standard is
kept at the National Physical Laboratory at Teddington,
and any thermometer sent there for comparison is returned
with a table of corrections, the application of which will
make its indications or readings strictly comparable with
tho-e of any other instrument similarly compared.

Exp. 5. Test the correctness of the freezing-point mark
on a thermometer. Chisel off with a large chisel enough
ice from a block of ice to fill a bottle or earthenware pot.
Add a little water and insert the thermometer well into
the mixture. Wait till the reading is constant, then note
it down. The difference between the reading and the
freczing point as marked is the error of the thermometer
at this temperature. If the reading is above the freezing
point the correction is negative, if below it is positive.

Exp. 6. Test the correctness of the boiling-point mark
on & thermometer. A flask provided with a side tube
and thermometer (Fig. 11) is most suitable for this purpose,
or a flask may be fitted up with a side tube as shown in
Fig. 12. The thermometer is thrust well down through
the cork* until the bulb is about an inch or two above the

* The thermometer may even be supported in a clamp to hang
centrally down the neck of the flask. No cork or side tube are
then required. -
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water in the flask. Boil* the water for about five minutes;
the mercury ¢ lumn should then be quite steady, and the
position of the top of the column can be read. This will
be the boiling point. Correct for pressure if necessary,t
and then find the correction to be applied to the thermo-
meter at this temperature.

Fig. 12.

Exp. 7. Compare two graduated thermometers. Place the ther-
mometers, A, B, together in a large water bath provided with a
stirrer. One of the thermometers, A, is to be considered as the
reference or standard thermometer., Warm the bath to definite
temperatures as indicated by A, say 0°, 10°, 20°, etc. Note the
respective readings of the other thermometer, B. Between the

* To prevent the water bumping as it boils, place a few fragments
of unglazed earthenware (broken flowerpot) in the flask. When
boiling occurs, & continuous stream of bubbles of steam will come
off from these fragments, the boiling being continuous and com-
paratively gentle.

+ The temperature of boiling depends on the atmospheric pres-
sure. By definition (see Chapter XI.) the temperature of steam
from boiling water is 100°C. only when the barometer reads 760 mm.
at 0° C. at sca level in latitude 45°. If, therefore, great accuracy is
required read the barometer. At sea level in the latitude of London
the temperature of boiling is approximately *0367°C. below or above
100° C. for each millimetre that the barometer (corrected to 0°C.)is
below or above 7596 mm. (Scec Art 140.)
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temperatures of observation the bath may be heated quickly, but
when near to one of them adjust the Bunsen flame so that the
tempcrature changes very slowly and stir well.

Compare a Fahrenheit thermometer with a Centigrade. Plot
(i) the readings of the Fahrcnheit thermometer with regard to those
of the Centigrade, also (ii) Fahrenheit temperatures equivalent to
Ceutigéa.de. (The latter is a straight line : 50°F. = 10°C., 140°F.
=60°C.)

If the curve obtained in (i) is approximately a straight line, then
the bore of B is practically as uniform as the standard. If the
curve is definitely above or below the straight line of equivalent
tﬁmperatures (ii), it is likely that the scale has been badly fixed to
the stem,

19. Different forms of thermometers. For special pur-
poses various forms of thermometers are used. The more
mmportant of these ave described below.

The alcohol thermometer. Alcohol is sometimes used
instead of mercury in the construction of thermometers.
It has the advantage that it can be employed for very
low temperatures: mercury solidifies at — 89° C., whereas
alcohol may be exposed to a very much lower temperature
(—130°C. without solidifying. Italso expands much more
(ten times) than mercury for the same rise of temperature.
The expansion of alcohol is not uniform with temperature
as indicated by a mercury-in-glass thermoweter. The
expansion increases with the temperature, and for this
reason alcohol thermometers are usually graduated by
direct comparison with a standard mercurial thermometer.

Another advantage of alcohol is that an aleohol ther-
mometer has a less capacity for beat than a mercury
thermometer of equal sensitiveness. A disadvantage,
however, of the alcohol thermometer is that if the top of
the stem is colder than the bulb the alcohol has a
tendency to distil over from the bulb into the top of
the stem, thus rendering the graduations temporarily
inaccurate.
~ Pentane is another liquid used in low-temperature
thermometers.

Exp. 8. Graduate an alcohol thermometer. As alcohol boils at
78°C., temperatures higher thau this (amongst these is the steam-
point) cannot be determined, Immerse (see Exp. 7) the ther-
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mometer successively in baths at 70°C., 60°C., down to 0°C. (ioe
and water), and — 10°C. (obtained by a mixture of ice and salt), as
indicated by the standard thermometer. In each case mark the
position of the alcohol surface with a piece of cotton tied tightly
around the stem of the thermometer. Transfer the position of the
cotton rings to a card, and divide the spaces so that the scale.may
read to degrees. Bind the card to the stem by fine wire.

High temperature thermometers. Mercury boils at
357°C. at normal pressure, and ordinary glass softens at
high temperatures. In order to get thermometers which
will read to high temperatures, up to 550°C. say, these
difficulties are got over by using a very hard glass (boro-
silicate) for the thermometer and filling the space above the
mercury with nitrogen at high pressure (16 atmospheres)
to retard the boiling of the mercury. In other forms
of high temperature thermometers the mercury is replaced
by the liquid alloy of sodium and potassium. This alloy,
which looks very much like mercury at ordinary tempera-
tures, has a very high boiling point.

Electrical methods of measuring very high and very
low temperatures. The electrical resistance of a metal
wire varies with temperature in a simple manner, and
as it is an easy matter to measure such resistance very
accurately this variation of resistance affords an accurate
means of measuring temperature.

Again, the thermoelectric current in a circuit containing
two junctions of two different metals depends on the
difference of temperature between the junctions, and this
variation of current provides a simple means for the
measurement of temperature. The advantage of both
these methods lies in their applicability to very high and
very low temperatures. For a further description see
Chapter XVIIL
. The air thermometer. When we come to consider
‘what should be the properties of a perfect thermometric
substance, we shall find that air (or some similar gas
which closely conforms to Boyle’s Law) comes nearest the
required standard, and is sometimes used when very
accurate measurements are required. More usually a
mercurial thermometer which has been compared with an
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air thermometer is employed. We shall consider the air
thermometer when dealing with the expansion of gases.

20. Maximum and minimum thermometers. It is often
necessary to know the highest or lowest
temperature reached in a given interval
of time. TFor instance, it is usual in
making meteorological observations to
record the highest (maximum) tempera-
ture attained during the day and the
lowest (minimum) temperature reached
during the night. For these purposes
maximum and minimum thermometers
are emploved.

8ix’s maximum and minimum thermo-
meter is one of the oldest of its class,
and is at once a maximum and mini-
mum thermometer. Its general plan of
construction is shown in Fig. 13. The
bulb B and part of the stem down to m
is filled with alcohol. This is the real
thermometric part of the instrument:
the column of mercury, m m', which
occupies the U-shaped part of the tube Fig. 13.
merely acts as an index. Above m’ the
tube contains alcohol, as also does the lower half of the
bulb C. The upper halt of C contains alcohol vapour only,
thus leaving room for expansion.

As the alcohol in B expands or contracts the extremities,
m and m/, of the mercury column rise or fall as the case
may be, and the extreme point reached in each case is
indicated by one end of a light steel index, ¢ or ¢ (shown
on a larger scale at I). This index is pushed before the
mercury column, and is prevented from returning by
means of a spring, S, which is just strong enough to hold
it in its place. ‘I'he position of the index ¢ evidently in-
dicates the minimum temperature reached, and that of 7'
the maximum temperature. When it is required to set
the instrument ready for any observation, these indices are
brought into contact with the ends m and m’ of the mer-
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curial column by means of a small magnet. This instru-
ment is largely used by gardeners and nurserymen.

Rutherford’s maximum and minimum thermometers are
two separate instruments, but are usually mounted on the
sawe frame, as shown in Fig. 14.

Fig. 14.

The maximum thermometer, X, is a modification of the
ordinary mercurial thermometer placed in a horizontal
position. The maximum temperature is registered, as in
Six’s instrument, by means of a steel index ¢. As the
thermometer lies borizontally there is no necessity to
attach a spring to the index. The maximum temperature
will thus be indicated by the position of that end of the
index which is nearest the bulb of the thermometer.

The minimum thermometer, N, is an alcohol thermo-
meter, and is the only minimum thermometer in geuneral
use. It is placed in a horizontal position, and for regis-
tering the minimum temperature there is a small index of
glass or enamel n, which allows the column of alcohol to
expand past it without moving it; but when the alcohol
contracts, the index, being wetted by the liquid, is drawn
backwards by the surface film at the extremity of the
alcohol column. The minimum temperature is thus indi-
cated by the position of that end of the index which is
furthest from the bulb.

"I'he instruments are set by inclining the frame in such
a way as to cause the indices to slide down to the ends of
the liquid columns. They are largely used by meteoro-
logists.

Phillips’ maximum thermometer (Fig. 15) is a mercury
thermometer with a very fine bore, in which the column
of mercury is broken by a small bubble of air which
separates a short thread of mercury from the rest of the
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column. This thread takes the place of the index in
Rutherford’s thermometer. The instrument, which usually
occupies a horizontal position, is set by placing it in a
vertical position and gently tapping it.
The bubble of air is thus reduced to its
smallest dimensions, the gap in the column
being about 1 mm. in length. When the
mercury expands the index thread is pushed
on so long as expansion continues. When
contraction takes place the thread remains
stationary, and the graduation is so ar-
ranged that the forward end indicates the
maximum temperature experienced since
the instrument was last set.

The ordinary clinical thermometer (Fig. !
16) is a form of maximum thermometer. {
There is a constriction in the stem (¢, Fig.

16). When the mercury expands it readily !
passes through the conmstriction, but when
the mercury is cooling the column breaks f
at this point, as shown in the figure. The
osition of the upper end of the column
eft in the stem can thus be read at leisure. H
This thermometer is graduated to give a
short range of tempsrature above and f
below 98'4° ¥, the normal temperature of
the body. If placed in the mouth or arm-
pit for a few minutes until it attains a
stationary temperature its maximum read-
ing gives the temperature of the body.

21. Very sensitive thermometers. When Fig.15. Fig.16.
a salt is dissplved in water the temperature
of the water is lowered. 1f the solution is now heated
to boiling it will be found that the temperature of boil-
ing is above that of the temperature of boiling of pure
water, and if the solution is frozen its freezing point will
be lower than the freezing point of pure water. In
hysical chemistry the measurements of the cooling pro-
Juced by solution, the elevation of the boiling point and
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the depression of the freezing point are of great impor-
tance and sensitive thermometers have been devised for
the purpose.

It is obvious that if a small difference of temperature is
to be measured accurately, the bulb of the thermometer
must be large in comparison to the volume of
unit length of the bore. If the thermometer is
to read actual temperatures over a long range
this would necessitate a very long stem. It is,
however, not actual temperatures that are re-
quired but only differences of temperatures, so
that a short-stem thermometer serves the pur-
pose provided there is some means by which the
end of the mercury column can always be got to
rest within the limits of the scale.

Fig. 17 shows a Beckmann’s thermometer
designed for this work. It will be noted that
] the stem at the top of the tube is turned over

-~ and enlarged into a reservoir into which the
excess mercury can be driven. For example,
suppose that with the thermometer shown in the
figure, whose stem covers a range of 6°C. and
which reads to 1}5° C., we wished to measure
the lowering of temperature when common salt
is dissolved in water. The thermometer is

' 4 heated to a temperature a little higher than the
| { water so that the mercury column expands into
the reservoir. The thermometer is now placed
in the water, and the mercury column will come
back to rest just below the upper limits of the
scale. The salt is now mixed with the water,
the water well stirred, and the cooling observed.

Fig. 17. It will be noticed that with these thermo-

meters the stem of the thermometer is quite a
fine tube and is protected from outside by an enclosing
tube fused on to the bulb of the thermometer. The scale
is engraved on a piece of milk glass which fits behind the
stem and between it and the outer sheaf. The walls of
the bulb are very narrow, in order that the mercury shall
soon artive at the temperature of the bath in which it is
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laced. Obviously the scale of such a thermometer must
{:e calibrated by comparison with a standard thermometer.
The quantity of mercury in thermometric use differs in
different experiments, but the difference is so small that
no correction to the size of the degrees is required on this
account.

22. Sources of error in a mercurial thermometer. The
more important sources of error are :--

(1) Change of zero. In many cases, if an ordinary
mercurial diei*ﬁl&'riétér, which has been made for some
time, is placed in melting ice, it will be found that its
indication is a little higher than the freezing point marked
on the scale. The reason of this is referred to in Art. 15.
If the thermometer tube has not been kept long enough
before graduation, the gradual contraction of the bulb
after graduation causes its interior volume to decrease,
and consequently the volume of the contained mercury at
0°, although constant, appears to increase, and the level of
the column corresponding to the freezing point rises. To
correct this error, it is only necessary to re-determine the
freezing point from time to time, and to deduct the
observed error from any reading made. Thus, if zero is
found, some months after graduation, to be at 0°1°C., and
the reading of the thermometer when placed in a bath of
water is 64:5°C., the correct temperature of the bath is
64-4°C.

(2) Recent heating. This is a temporary source of error
arising fron the suma cause as change of zero. If a ther-
mometer is heated to a high temperature and then allowed
to cool, the bulb will for some weeks have a larger volume
than the normal. Hence, if the thermometer is placed in
a liquid of lower temperature, the mercury will not rise to
the same graduation as it normally would, and the tem-
perature it indicates will be lower than the real tempera-
ture of the liquid. The same thermometer must therefore
not be used for determining low temperatures soon after it
has been used for high temperatures. The error is merely
temporary, and is, after a day or so, quite inappreciable,
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It is for the above reason that, in the construction of
thermometers, the freezing point is determined before the
boiling point; if the lutter were determined first, and the
former soon after, the zero would be marked too low on
the scale and would gradually rise, as explained above,
under change of zero.

(3) Temperature of the steam at time of marking the
boiling point. 'The temyperature of steam depends on the
atmospheric pressure under which boiling takes place. At
760 mm of mercury at 0° C. at sea level in latitude 45° it
corresponds to 100°C. or 212° F.; but if the pressure is
greater or less than this, the boiling point indicates a
temperature higher or lower than this temperature.

Tables have been drawn up from experiments by
Regnault giving the boiling points corresponding to a
wide range of pressures (see Table, p. 236). llence, if
the barometric height is read at the time of determining
the boiling point, the temperature corresponding to this
height can be obtained from these tables, and the gradua-
tion carried out accordingly.

(4) Temperature of the stem. When a thermometer is
used to determine a temperature, it is often impossible to
subject more than the bulb and a small portion of the.
stem to this temperature. The upper portion of the stem
is thus at a different temperature from the rest of the
tube, and consequently the reading will be slightly dif-
ferent from what it would be if the whole thermometer
took up the temperature it is intended to indicate. If the
temperature of the bath is higher than that to which the
stem is exposed the reading is too low, and if the temper-
ature of the bath is lower than that of the outside temper-
ature the reading is too high. Approximate calculable
corrections can be applied in both cases, and will be dealt
with in the chapter on the Expansion of Liquids. In
some cases this correction may be considerable.

(5) A thermometer should always be read in the
ition in which it was graduated ; for, if the bore is very
gg: and the bulb thin, the influence of the pressure due to
the contained wmercury on the volume of the bulb may
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cause an appreciable change of the reading when the
pesition ef the instrument is altered. It is ebvieus that
the reading will be lowest when the thermometer is held
vertical.

(6) Imequality of bore. Ordinary thermowmeters are
graduated by dividing the distance between the two fixed
points into a number of equal parts. This method is
satisfactory if the bore is exactly uniform, but is obviously
incorrect if the bore is larger at some parts than at others.
Two methods are available for arranging that the readings
shall indicate temperature correctly. One method is to
graduate the bore so that the volumes between the marks
are equal, the other is to graduate in equal lengths, as
stated above, and then test the uniformity of the bore and
so find out the correction which has to be applied at each
division to give the correct temperature. (Particulars of
these methods will be found in practical treatises.)

(7) Theoretically, corrections should be made for the
pressure of the air at the time of determining the freezing
point, and also for the influence of external pressure on
the volume of the bulb; but these sources of error are,
under suitable conditions, quite inappreciable.

From what has been said above it is obvious that it is
not an easy matter te measure any particular temperature
accurately, say to the theusandth of a degree. It is, hew-
ever, fairly easy te measure accurately difference of tem-
perature te this extent.

SOME COMMON OR IMPORTANT TEMPERATURES.

Centigrade.
7000 ... The sun
3500 ... The electric arc
2800 ... Oxy-hydrogen flame
2230 ... Temperature of Bessemer furnace
1710 ... Platinum melts
1500 ... Iron melts

1400 ... White heat

1200 ... Orange-red heat

1083 ...  Copper melts
961 ... Silver melts
700 ... Dull red heat



30

THE THERMOMETER.

Centigrade.
400 ... Coal ignites at about this temperature
357 ... Mercury boils
327 Lead melts
232 Tin melts
115 Sulphur melts
100 Water boils (= 212° I,)
79 Alcohol boils
53 Highest shade temﬁerature recorded
368 Temperature of human body in health
(=984°F.)
17 Mean temperature of sea (= 62° F.)
0 Water freezes (= 32° F.)
=177 Mixture of salt and ice ' = 0°F.)
-39 Meroury freezes
—617 Record natural lowest temperature
~130 Alcohol freezes
-183 Oxygen liquefies
-253 Hydrogen liquefies
~268°6 Helium liquefies (the lowest temperature
yet reached)
-2731 The absolute zero = ~ 459° I',)

EXERCISES II.

1. What do we mean by the temperature of a substance? State
what properties of bodies we employ for the purpose of indicating
temperatures.

2. What are the freezing and boiling points of o thermometer ?
They are commonly called fixed points: how do they differ under
ordinary circumstances in respect of being fixed points? A tem-

rature is 20° on Fahrenheit’s scale: what is it called on the

ntigrade scale ?

3. Mercury freezes at — 40° C.

What is the corresponding
temperature on the Fahrenheit scalc ?

4. To how many Fahrenheit degrees of temperature are 20
Centigrade degrees equal, and what Fahrenheit temperature is the
same as 20°C. ?

5. Convert the following Centig}:‘ade temperatures into their
equivalent temperatures in each of the other scales :—
850°, - 6°, ~ 50°
8. Convert the following Fahrenheit temperatures into their
equivalents in each of the other scales : —
230°, 27°, - 10°, -49°
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7. Convert the following Réaumur temperatures into their
equivalents in each of the vther scules :—

11¢°, - 8§, -7,
8. Prove the following formula for the conversion of Fahrenheit
temperatures into Centigrade temperatures and vice versa.
C + 40 = 3(F + 40),
or F 4 40 = §(C + 40).

9. A thermometer was calibrated with the following results :—

(@) Assuming the 0°C. and 100°C. points to be correct, the
following table gives the correotions at the enumerated tem-
peratures :—

10° 28° | 80° 40° 500 I 60° 70° 80° 90°

|
l+-12 +'24.;+~27 +-23|+-12

+ 10| + 08 | + 06| + 06

) TheCcorreotion at 0°C. is — -20°C., the correction at 100° C.
is — '62°C.

Plot & curve between correction and temperature and find the
corrections at 25°, 45°, 85°C.



CHAPTER III

APPROXIMATIONS.

23. Every reading of an experimental result obtained
in any one of the experimental sciences—Mechanics,
Physics, Chemistry, etc.—is only approximate, i.e. it is not
absolutely true. For example, suppose the length of a
straight line is measured by an observer with a scale
graduated to tenths of an inch. If he is not a trained
observer he will give its length as, say, 7'9 inches and a bit
more. A trained observer would estimate by eye what
fraction of a tenth of an inch the line was over 7'9 inches.
Suppose he gives the result as 7°92 inches. We may then
assume that the true length of the line is something be-
tween 7°915 and 7'925 inches, i.e. we can only trust the
result to the third significant figure.

Again, suppose in measuring the sides of a rectangle
with a scale graduated to millimetres the readings are 434
and 276 cm., the fraction of a millimetre being estimated
by the eye. Since area = length x breadth, one might be
inclined to say area — 434 x 276 = 11'9784 8q. cm.

It would, however, be wrong to think that such an answer
was correct in its entirety, for the sides have not been mea-
sured sufficiently accurately to justify this. The longer side
may be anything between 4335 and 4-345, and the shorter
side anything between 2'755 and 2:765. Assuming that the
lowest estimates are the correct lengths, the area is found to
be 11:9429 sq. cm. ; and assuming the largest estimates are
correct, to be 120139 sq.cm. 'We have now as the area of
our rectangle a minimum estimate 11:9429 and a maximum
estimate 12:0139, the difference being ‘071 sq. cm., and
their mean is 11:9784. The area may thus be mathe-
matically given as 11'9784 = ‘0355 sq. cm., or in practical

32
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language as 12'0 sq. em., placing little reliance on the 0.
Of course errors made-in. estimating one dimension may
neutralise errors made in estimating the other dimension,
but this cannot be depended on.

Again, suppose the above rectangle to be one face of a
rectangular box the third side of which measured as before
is 1'52 em. Working out the volume by the usual rule
we get 434 X 276 x 1'52 = 18207168 c.c. The volume
may, however, be as low as 4335 X 2:755 x 1-515, 1.e.
1809353 c.c.,, or as high as 4-845 x 2:765 x 1525, t.e.
18-32123 c.c.

To be perfectly honest about it we can only give the
volume as 182 c.c., placing little reliance on the 2; the
third figure may be 1 or it may be 3.

It will be noticed that in the above examples the dimen-
sions are measured to three significant figures in each case
and the area or volume can only be trusted to three signifi-
cant figures: hence we get the general rule that the result
of calculations based upon measurements should only con-
tain as many significant figures as there are in the least
accurately measured datum.

Note.—Ciphers do not count as significant figures unless they lie
between numbers which are not ciphers. Thus in either of the
numbers 3002500 or ‘030025 there are five significant figures, viz.
30025.

In consequence of the rule above approximate methods
of calculation can be used in nearly all physical work,
with a great saving of time and trouble, and without sacri-
ficing the accuracy of the work. If the number of factors
to be multiplied or divided is large 4-figure logarithms are
a great boon. These logarithms are quite accurate enough
for most physical calculations. It is a waste of time to
use 7-figure logarithms.

24. Small quantities occur frequently in problems on
expansion, e.g. small increments of length, and the arith-
metic containing these quantities is apt to consume much
time unless some artifices are employed.

H.T.P, 3
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I. Note that the square or cube (or anﬁ' higher power)
of any very small quantity is very small in comparison
with that small quantity itself. Thus

(0:002)2 = 0:000004.
(0:002)% = 0-000000008.

Also the product of any two small quantities is negligibly
small in comparison with either of those quantities. Thus

0:002 x 0-:003 = 0-000006.
It is evident then that in such an expression as
1031 4 0-002 4 (0-002)2,

where the quantities are all derived from measurement,
the correct answer is not 1:033004, but simply 1-033, for
the third quantity is of much less importance than the
possible errors in the first two quantities.

Example. What is the area of a square whose side when mea-
sured is found to be 1003 om. ?

By direct multiplication (1-003)*=1'006009. Thedatum is accurate
to four significant figures, henoe this is also the accuracy of the
answer, hence the area = 1006 sq. cm. Using an elementary
theorem in Algebra, viz.

(@ + b)) =a?+2ab + b2
we see that (1 4+ 0°003)* = 1 + 2 x 0003 + (0°003)?

=142 % 0003 by the above
= 1'008.

Hence, as a general rule, we may say :— When o is small
o? is negligible in comparison with o, and

14+ ) =1+ 2a.

Similarly (1 + @)® =1+ 3a 4 84?4 o® and in practice is
equal to 1 4 3a.

Again (14a) 1+ 8) =1+ a + B8 + of. This when
both o and B are negligibly small =1 4 a 4 8: for, in
comparison with « and 3, a,liy is negligible,
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Example. The sides of a rectangle are measured and found to
be 1:00062 feet and 1-00045 fect. Find the area.

Area = (1:00062) (1:00045)
=1 - 00062 - ‘00045
= 1-00107.

It may, however, be anything between 100106 and 1-00108.

II. Again, by actual division, the reciprocal of 1 —a
where a iy less than 1 is given by
1

o =14at a4 ..,
l1—a

.. When « is very small li-—- =14«
—

Similarly under the same conditions

-i.w, which =1 —a4a?—a®, ...

1+«
reduces to 1 — a.

Also if both « and 3 are small

Hﬁ: (1+a) (l-ql;-p)=(] MR
:1+a“/3'

Example. Divide 100038 by 1:00097.
1°00038
LY = 1 4 00038 — 00097 = 1 — ‘0005
100007 + 7 00059
= 99914.

III. A summary of the above and some other simple
results is here given. Remember that for the results to be
true o and 8 must be very small in comparison with unity.

xR =1xaxp
(l*aP=1=%2
(1ta)*=1=%8q
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IV. In working oul numerical problems students will
sometimes obtain recurring decimals. Now, on thinking
of the real meaning of a recurring decimal it is evident
that such a thing can have no place in physics. The
nearest approximation, decimal or fractional, must be given
in all cases.

Example. The perimeter of an equilateral triangle is found by
measurement to be 25°1 em. Find the length of the side.

Side = 4 of perimeter = % of 25°1 = *836.

This, however, means 8:36666666 . . . . z.e. an infinite accuracy is
assumed, which is, of course, quite unjustifiable. The result should
be stated as 8:37, the 7 even being very doubtful. :

Again, working on another method, we say that the length of
the perimeter may be anything between 2505 and 25°15, ¢.e. the
length of one side may be anything between 8'35 and 8:38, .. the
answer given above, viz. 8:37, is not far wrong.

V. It is also easy to prove that squaring an inaccurate
number doubles the inaccuracy, and cubing it trebles the
inaccuracy.

It also follows that if the square root of a slightly
inaccurate number be taken the inaccuracy is halved.

Throughout this book students should carefully observe
how the above rules are applied. Contracted methods of
working should be used whenever possible. * When calcu-
lating from observed quantities, it is dishonest to use
more figures than we are sure of.” (Prof, J. Perry in
Practical Mathematics.)
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EXERCISES III.

1. The numbers 1-312, 9563, 3-569, 4'213 are known correct to
3 decimal places. Determine their sum and indicate the limits
of error.

2. Determine the limits of error in 4 213 — 3:569 (correct to 3
places).

3. The numbers 1'7324 and 2'59G8 are correct to 4 places of
decimals only (i.e. correct to 5 :igunificant figures). How far can
their product be relied on?

4. A line is measured and found to be 4:32 in. long. Kxpress
its length in centimetres given that 1 em. = -3937 in.

5. The radius of a cirele is found to be 246 cm. Find the area.

Find the approximate value of—-

6. (L-000021) (1000065, [Type, (L 4 a) (1 + B).]
7. (L:00U18)  (-99982). [Type, (1+a) (1 —=p)]
8. (L00035)% 5 (*999987)%. [T'ype, (1 + a)?, (L — a)®.]
1 1 , 1 1
0. ey, Ty, -t —
Toooe2s * 0°9987 Ze (1 -k a)’ (l - v.):l
100016 . 1-00018 lta, lda
W rogooi’ 090086 LIPS 1Y 8 TR
1 -+ 10(-000064) 100 l+a " n
1. 100[1 —25(000008) ] © 100016 L1 M T | +a‘]

12. (4:00072)%, (+00072)2.  [Type, “(1 + )3, 221 + o)),



CHAPTER 1V.

EXPANSION OF SOLIDS.

25. In Art. 8, Exp. 1, it was shown that when a solid rod
i8 heated its length increases. The increase of length is,
however, very minute, and delicate means have to be
devised for measuring it. Befere proceeding to quan-
titative measurements it is well, however, to examine
whether all substances expand on heating, and if so
whether they all have the same expansibility.

Exp. 9. Take two similar strips of steel and copper
each about 10 in. long, % in.

e S e Wide, and i in. thick, and
a STEEL coLo golder or rivet them to-
COPPER gether along their whole

a—‘m length so that they are
STEEL HOT Heat

b straight when cold.
Fig. 18. the compound strip in the
flame. Note what hap.
pens. The strip becomes curved with the copper on the
convex side, t.e. the longer side (Fig. 18). This shows that
copper expands more than steel.

Exp. 10. Cut two strips of ebonite and deal each about 10 in.
long, 4 in. wide, and ' in. thick, and glue them together along
their whole length. Repeat Exp. 9. Which expands the more when
heated, the ebonite or the dfal?

b

Exp. 11. Fuse a piece of co&:‘per wire into a glass rod.  What
happens when the rod cools? The glass fractures, the reason being
that the copper contracts more than the glass, thus pulling. the
glass to which it is stuck away from the rest. )

38
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Exp. 13. Repeat the last experiment, substituting platinum for
copper. Ne fracture ocours on cooling, showing that platinum and
glass contract (and therefore expand) at about the same rate.

The result of experiments such as the above is to show
that all common substances expand on heating and contract
on cooling, the rates of expansion being different for
different substances.

26. Linear and cubical (or volume) expansion. When
a solid is heated it in general expands, and unless the
substance is non-isotropic,* such as a crystal, it expands
equally in all directions. For example, if a cube of an
isotropic substance is heated each edge increases equally in
length, each face increases equally in area, and the volume
of the cube, as a whole, also increases. Increase of length
is spoken of as linear expansion, increase in area as super-
Jicial expansion, and increase in volume as cubical or volume
expansion.

The study of the amount of expansion may be made
by exact measurements of change of length or by exact
measurements of change of volume. When length mea-
surements are made linear expansion is directly deter-
mined, and the corresponding superficial and cubical (or
volume) expansions are deduced from the result. When
volume measurements are made volume (or cubical) expan-
sion is determined directly, and the corresponding linear
and superficial expansions are deduced from the result.
Hence in the measurement of expansion the determination
of linear expansion or the determination of volume (or
cubical) expansion may be made the starting point.

27. Rate of expansion with temperature. It must be
remembered that the thermometric scale of temperature
is derived from the expansion of mercury in a glass tube,
and that syccessive degrees of temperature correspond to

o
* An isotropic body is a body whose properties are the same in
all directions. Examples are metals, liquids, gases. The treatment
in the text will refer only to isotropic bodies. B
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successive equal® increments of volume. Hence if we
measured the expansion of any body degree by degree and
found the same expansion for each degree rise of tempera-
ture we might say that the rate of expansion with tempe-
rature was uniform, but such a statement would merely
mean that the body expands in exactly the same way as
mercury in glass appears to expand. _

It will be found that as a general rule substances
expand in approximately the same way as mercury, that is,
the increment of length or volume for each degree rise of
temperature is approximately the same, and the expansion
for one degree rise of temperature is approximately 1/n* of
the expansion for n degrees rise of temperature.

28. Coefficient of linear expansion. The following
simple law has been established by experiments :—
®Tf different bodies of the same material are heated
through the same range of temperature their lengths
increase by the same fraction of their lengths at 0° C.

For example, if the temperature of any body made of
copper is raised 1° C. on any part of the scale, then the
increase of its length is found to be gzdsy of its length at

C. The fraction z53gy is called the coefficient of the

ear expansion of copper.

DEerinirion.—The coefficient of linear expansion of the
substance composing a body is the ratio

.increase in length for 1° C. rise in temperature
) length at 9° C. )

.

* It should, however, be noticed that the increments of volume
for successive degrees of temperature are not strictly equal. In
constructing a thermometer the volume of the bore between the
fixed points is divided into equal divisions, but in using the
instrument the volume of each division inoreases with the expansion
of the glass tube as the temperature rises, so that the'inorement
of volume for each successive degree sli htg increases, and the
inerement of volume from, say, 99° C. to 1 J. is therefore greater
than that from 0° C. to 1° C. by the increase in volunie of a, degree
divi:ign due to the expansion of the glass tube between 1° C. and
100° C,
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Simple problems on linear expansion are therefore easy
applications of the Rule of Three. For harder problems
it 18 preferable to employ a formula.

Note.—In some cases the solid does not exist at the temperature
of 0°C. In that case the denominator can either be the length at
some other chosen temperature or the length caloulated for 0°C,
from some formula. As an example, solid mercury melts at —39°C.
and therefore is unknown at 0°C.

29. Formula for linear expansion. Let the length of
a body at 0°C. be E, and at t°C. be L,, and let ! be the
coefficient of linear expansion.

Then increase of length when heated {°C. = L, — L;

» ”” ” 1°C. = (Lt“ Lo'-:—t.
Thus coefficient of linear expansion = (Lt — Loy: t;
0
, L—L,
le l=—"_—29
L

Obviously this formula may also be written in the form
Lg:Lo (1 +lt) i

30. Surface expansion. A body has the same coefficient
of expansion whether we gonsider the expansion in length,
breadth, or thickness. Knowing the increase in length

‘and breadth, we can find by ordinary mensuration the
increase in area or surface.

DerinirioNn.—The coefficient of surface expansion of a
body is the ratio :
increase in surface for 1° C. rige in temperature

surface at 0° C. '
Thus, if - S, = area of body at 0°C.,
Sg =y 'Y} ° C., .
& = coefficient of surface expansion,
then, arguing as §11 Art. 29, we obtain
. S, -
8= =L

8.2
or S' = So (l + sl)-
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Next consider any portion of the surface in the shape of a square *
whose side measures m at 0°C. and L, at ¢°C.
Then  increase in ares for # C. heating = L?; — L,
= L3 (1 + 18 — L2y
= L3,(2le 4+ 1288 ;
*. increase in area for 1°C. heating = L2 (2 + I*);
. . . oL (2 4+ DY
. coeff. of surface expansion for this square —m
=+ B¢

But for any solid ¢ is very small, and therefore I3 is negligible.

Hence the coefficient of surface expansion for this square = 2/

This coeflicient cletermines the rate of expansion for any square of
any size which can be drawn anywhere on the surface. Hence the
rate of expansion for the whole surface must be the same. Thus

coeff. of surface expansion = 2 x coeff. of linear expansion.
Thus, to take an example, the inorease in the surface of a copper

body per rise of temperature of 1°C. is (2 X of its

1 ) 1
60000/ °* 30000
surface at 0°C., i.e. the coefficient of surface expansion of copper

1

is .
30000

The above is capable of an easy geometrical interpre-
tation. For let the square
: ¢ ABCD (Fig. 19) of unit side
: ’ ,,d-—- expand for a rise of temper-
¢ , ature of 1° to the square
AB'C'D), where BB’ =D D'
=1, the coefficient of linear
expansion. The 'increase in
area equals the sum of the
rectungles B'C, D'C and the
square CC'. The square ¢ C'
' |, 18 of practically negligible area
A D D compared with the rectangles
Fig. 19. B’C, D'C, and the area of each
of these rectangles is 1 X
therefore the increase in area is practically 2/, which is
thus the coefficient of superficial expansion.

* In the case of & curved surface, e.y. a %(p}mre, only rery small
gquares can be drawn upon it.
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31. Volume expansion.

DerinitioN.—The coefficient of velume expansien (er
cubical expansion) is the ratie

increase of volume for 1° C. rise tn temperature
volume at 6° C. ) ’

Thus, if V,, V;are the volumes at 0°C. and ¢° C,, and
¢ the coefficient of cubical expansion, then
Vi—V

c= ,,“V.T." and Vi =V (1 + ct).

O

Next consider any portion of the volumein the shape of
a cube, whose side measures L, at 0°C. and L. at ¢°C.
'Then, arguing as in Art. 30, it will be found that

coeff. of volume expansion for this cube
=38l 4+ 3Pt P =3l

since * and P are negligible.

This coefficient determines the rate of expansion of any
cube of any size taken anywhere within the volume of the
body. Hence the rate of expansion for the whole volume
must be the same. Thus

coeff. of volume expansion = 3 x coeff. of linear expansion.

Thus, to take an example, the increase in volume of a copper

1 1 .
. T Y ° 1 BT rard ¥ em——
body per rise of temperature of 1°C. is (3 X (SOOO(\) OF 55000 of its
volume at 0°C., i.e. the coefficient of volume expansion of copper
: 1
18

20000°

This theorem also admits of an easy geometrical proof.
Let the unit cube ABECF D G (Fig. 20) of any material
expand to the cube AB'C'D’E’ for a rise of temperature 1°,
the corner at A remaining fixed. BB’ =CC'=DD' =1,
the coefficient of linear expansion. The increase of volume
is made up of three square slabs which stand on the three
faces BEG, DF G, CEF of the cube and of height BB,
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D DY, CC respectively, three square prisms E H, F K,
GL, and the corner cube HK L. Since the increase of
edge of the cube ABCD is
very small the volumes of
the prisms and corner cube
are negligible in compari-
son with the volumes of the
three slabs. The volumes
of each slab is 1 x 1 X I,
i.e.l, and thus the coefficient
of volume expansion is prac-
tically 31.

We shall see later that the
volume expansion, and con-
sequently the linear expan-
A sion, of a solid substance

Fig. 20.C may be obtained indirectly
by observing the expansion .
of a liquid in a vessel composed of that substance.

32. Lengths and volumes at different temperatures.
Let L, L, L¢ be the lengths of a rod at 0°C,, {°C., and
t° C., ¢ being greater than ¢, and let I be the coefficient of
linear expansion of the substance composing the rod.
Then Li=L,(1+1¢)

Li=L,141¢)
f Lc’ 1 + lt’ 1 l 7 1 l \ 1 l )
o ﬁ—ﬁl—t—( + WY1 —1t)=141(¢t' —t)approx.

o L =T (L1 =) oo, (1)

a very useful relation when the length is given at some
temperature other than 0° C.
The student should prove in like manner that

Ve=Ve@d 4 e =) wovreeererennn, (2)

Formulae (1) and (2) are only approximate and should
not be used when the coefficients of expansion and the
difference of temperature are large. Scarcely any error is
obtained when they are applied to solids. In the case of
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liquids their application is sufficiently accurate for most
purposes, but in the case of gases the expansion is far too
great to admit of these approximations.

Examples. In problems on expansion it is better te work from
first principles than to calculate mechanically from the formula.

(1) Having given the length of a solid at one temperature and its co-
efficient of expansion, to find the length at another temperature.

The length of a copper rod at 10°C. is 200'34 in. Find its length
at 100° C., the mean coefficient of expansion being -0000170.

Difference of temperatures is 100 — 10 = 90°. A length 1 at
10° C. inoreases by 90 x 0000170 or ‘00153 when heated to 100° C.

Since 1 inoreases by ‘00153,
.~ 20034 in, increase by ‘308.
t.e. the length at 100° C. is 200465 in.

Note.—In working this example it is assumed that the rod expands
‘000017 of its length at 10°C. for each degree of increase of tempera-
ture. This is not strictly true. The rod expands ‘000017 of its
length at 0°C. ; but, as its length at 10° is very nearly the same as
at 0°, no appreciable error is made.

(2) To find the coeflicient of expansion, having given the length,
rolume, or area at two different temperatures.

The volume of a piece of glass at 100° C. is 100-258 c.c., and its
volume at 0° is exactly 100 c.c. Find the mean coefficient of cubical
expansion.

100258 c.c. — 100 c.c. = ‘258 c.c.

The increase in volume for 100°C. is ‘258 c.o. Henoce for 1° it is
+258/100 or 00258,
Hence the coeflicient of cubical expansion is

‘00258 c.c
100 c.c.

The coefficient of linear expansion is § of this, or ‘0000086, and
that, of surface expansion is double this, 1.e.

2 x 0000086 or 0000172,

(8) The coefficient of linear expansion of glass is 0:0000083. Find
theo ovglume at 16°C. of a glass flask of exactly 1 litre capacity
at .

In dealing with hollow vessels note that if the space inside was
exactly filled up with the same medium as the vessel is composed of,
and the vessel and contents were heated, the matter put in would
exactly fill the vessel at all temperatures. But the volume of the
matter put in is equal to the capacity of the vessel, hence the

or '0000258.
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increase of volume of a hollow vessel depends upon the volume
expansion of the matter composing the vessel.
he ocoefficient of volume expansion of glass is 0°000025. The
increase in capacity of the flask per degree is 0-000025 x 1000, and
therefore the inorease for 15° C.
= 0000025 x 1000 x 15 o.0. _
=037 c.c.

Hence capacity at 16° C. = 100037 c.c.

33. Mean coefficient of expansion. The fraction

L‘I:— tL" has been defined above as the coefticient of ex-
pa,ngion between 0° and ¢°. If the expansion is regular
the coefficient of expansion between 0° and ° is the same
as the coefficient at all temperatures between 0° and ¢°.

If, however, the expansion is not regular P-'T::?Ii'l must be

0
called the mean coeflicient of expansion between 0° and ¢°,
and if we wish to determine the true coefficient of ex-
pansion at #° we must proceed somewhat differently.

Let L,=the length at ¢ and L, the length at a
temperature ¢'° a little above ¢°. Then the mean coefficient
Lo—le
Lo (t' ”t).
now ¢ be considered constant and ¢’ be made to approxi-
mate nearer and nearer to f, then (' —¢) and consequently
(L¢ —1L,) become smaller and smaller and sthe ratio

of expansion between ¢° and ¢,° is evidently

I%‘(?":—%% tends to a certain limiting value* which is the
true coefficient of expansion at °C.

Perhaps this argument may be made easier by consider-
ing an analagous problem in dynamics. Suppose that a
moving body passes over ten feet in five seconds. The
mean or average velocity is two feet per second. If the
velocity is uniform, then we may say that, in each second,
the body passes over two feet. If, however, the velocity
is variable, all we can say is that, on the average, two
feet is passed over in each second, though, if we consider

* For a further treatment of the subject of limiting velues a
text-book of Algebra may be consulted,
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any one second, the body may have passed over more
or less than two feet. We may then ask, What is the
true velocity, at any instant, of a body moving with
variable velocity ?

Suppose 8, to denote the space passed over in ¢ seconds
after starting, and Sy the space described in ¢ seconds
from the start (¢ being a little greater than #). Then the
space (Sy — 8,) is described in (¢ — ¢) seconds, and there-
Sy — Sg.
(=10
Now, it is evident that, the smaller the interval (' —¢) is,
Sy — St
# —1)
at a definite instant of time. If, then, ¢ be considered
constant, and ¢ be taken more and more nearly equal to

t, the ratio %‘,’—_—?S‘ tends to a definite limiting value as

fore the mean velocity for this interval of time =

the more nearly will the ratio give the true velocity

(¢ — t) becomes more nearly equal to zero, by the approach
of t' to ¢; and this limiting value is the true velocity of the
hody at an instant ¢ seconds after starting.

34. Graphical representation of expansion problems.
Let OT (Fig. 21) be the axis of temperature and O L the

Fig. 21.

axis of length. Let O A represent the length of g -rod
at 0°C., and O B the length at 100°C. 'Then the point C
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represents the rod at 100°C. and the mean coeflicient of
expansion from 0°C. to 100°C. = OB-0A . _CD
’ ) 100.0A ~ 100.0A.
If the expansion is uniform, ¢.e. the rod increases by the
same amount for every equal rise of temperature, it is
obvious that the graph showing the relation between length
and temperature is tlile straight line A C. The equation of
this line is L, =L, (1 4+ ¢) where I =tan £ CAD; the
value of / is what we have called the coefficient of linear
expansion.
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Fig. 22

If the expansion is not uniform the graph showing the
relation between length and temperature will be curved.
Fig. 22 shows the graph in the case when the coefficient of
expansion increases with temperature. The line AC in
this case is concave upwards. The mean coefficient of

. o ov i, 1 CD
expansion from 0°C. to 100°C. is 106° O &

To get the coefficient of expansion at an intermediate
temperature ¢ take another temperature ¢, a little above ¢,
and draw ordinates at ¢, ¢ to cut the graph in E and F.
Draw EG perpendicular to F¢. Then for the small
elevation of temperature ¢ — ¢ the expansion is F' G, and
therefore the coefficient of expansion at ¢’ is equal to the

liniting value of st . £ when B and F are indefinitely

as before.
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close together. Now the line E F is practically the tangent
to the graph at E when E and F are close together, and
absolutely so when E and F are indefinitely close together.
Hence the coeff. of expansion at ¢°C.

= 6-1~A- X {Tangent of the angle the tangent at E makes
with O T}.

L

Fig. 23. " Fig. 21, Fig. 25.

The slope of the curve thus readily affords an indication
of the variation of the coeflicient of expansion. In the
graph shown in Fig. 23 the coeflicient of expansion in-
creases as we go from A to C. In Fig. 24 it decreases, and
in Fig. 25 the coeflicient of expansion is negative and
numerically decreasing as we go from A to C, and then
positive and increasing as we go from C to K.*

35. Laboratory methods of measuring the coefficient of
linear expansion. The expansion of most solid bodies
with rise of temperature is se small that delicate means of
measurement have to be adopted. In the method usuall
adopted either a microscope or a micrometer screw is used.

icroscopes suitable for the purpose must be of low
power, .e. the field of view should be about 2 mm. diameter.
One form is provided with an eyepiece scale, the value of
whose divisions in millimetres is easily obtained by focus-
sing the microscope upon a scale graduated to tenths of a
millimetre and noting coincidences at both ends of the field.
For instance, suppose 32 eyepiece-scale divisions exactly

*In ordinary cases the mean coefficient of expansion between
two fairly near temperatures £, and ¢, is almost exactly equal to the
coefficient at the temperature } (¢, + ¢3), halfway between,

M. T. P, 4
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cover 8 tenths of a millimetre, then 1 eyepiece-scale
division represents 0-0025 cm.

Another form of microscope is provided only with cross
wires, but it slides along a slotted base and its position is
measured by a very accurate vernier *

Micrometer screws suitable for the purpose may be of
either the screw-gauge or spherometer type.* The essential
principle in each is an accurately made screw of fine pitch,
generally 2 mm., working in a fixed collar. Graduations
on the collar indicate the number of complete turns the
screw has progressed, while graduations on a disc fixed
perpendicularly to the end of the screw indicate the
fraction of a complete turn.

Exp. 13. To determine the coefficient of linear expan-
sion of brass. Take a brass tube not less than half a
metre in length and about 5 mm. in internal diameter.

A / g T
Fig. 26.

Near one end file a deep notch, N (Fig. 26), and near
the other scratch a sharp clear line, A. Measure with a
millimetre scale the distance between A and N. Mount
the tube horizontally, the notch fitting over a knife.edge
on which it can be clamped, and the other end resting on
the stage of a microscope so that A can be viewed.. Work
on a large stone bench if possible. Attach rubber tubes
to the ends of the brass tube. Pass a current of cold
water through the tubes from the supply system.

Take the reading of A on the eyepiece scale. Take the
temperature of the water as it leaves the tube. Now pass a
current of steam through. Observe—in the microscope—
the gradudl motion of A outwards from N. When A has

* Full details of these instruments should be obtained either from
the instruments themselves or from a book of Practical Physics,
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come to rest read its position again. At the same time
read the temperature of the steam in the boiler. (This is
hardly necessary : if the barometer is near the normal the
steamn temperature may be assumed to be 100° C.)

To prevent condensation in the tube and the possibility
of its temperature not being that of the steam, the tube
may be wrapped around with a layer, T, of cotton-wool.
To make sure that the readings are correct, pass cold
water again through the tube and see if A returns to its
old position.

From the two microscope readings find the distance in
millimetres through which A has moved. Divide this by
the product of the length, N A, and the difference in tem-
peratures of the cold water and the steam: the result is
the coefficient of expansion of brass.

Example. In a certain experiment, when water of temperature
of 10°C. was passing through the tube the reading of A was 2°4,
when steam at 100° C. was passing the reading was 43'6. The
length of N A was 60°0 cm. and 1 division of the eyepiece scale was
equal to 0°0025.

x " Lo (43°6-24) x 0025 _
Then the coefficient of expansion 500 < 90 -000019.

Exp. 14. To determine the coefficient of linear expansion
of a brass rod. Mount the rod on corks, C, C,* and place

fim T JMﬂ
i e =

it inside a glass tube (as in Fig. 27) through which water
and steam can be passed. For the measurement of the
change of length use two microscopes, M, M, focussed on
two fine lines, A and B, one on each end of the tube. A
thermometer may be tied on to the rod itself. Readings
at an intermediate temperature, say 30° or 60°, may be

* Holes must be bored through the corks to allow free circulation
of the water and steam.
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obtained by slowly passing warm water from a large tank
through the tube. Put a thermometer in the tank and in
the outlet water, and make quite sure that the temperature
and the positions of A and B are stationary before reading
them. Show from the results obtained that the expansion
is proportional to the change of temperature.

Exp. 15. Find the coefficient of expansion of iron. As before,
take an iron tube, close up one end by a flat piece of metal, and
solder or sorew into the tube near it a short tube to act as an
outlet. Mount as before, but instead of a microscope take a mioro-
meter screw,* and, by fixing the collar in a clamp, arrange the
clamp so that the screw itself can be brought up to the flat cap.
Take readings with cold water and steam as before.

There are many other methods in use; they differ
chiefly in the devices which are used to measure the small
change of length.

36. Historical methods of measuring the coefficient of
linear expansion. The most important of these are the
indirect method due to Laplace and Lavoisier, and the
direct method of Roy and Ramsden.

Laplace and Lavoisier magnified the increase in length
by mechanical and optical means. Their results are not
very accurate. ’

37. Roy and Ramsden measured directly the expansion
of the rod by a micrometer screw. The pitch of the screw
was % inch and the head was divided into 100 parts, so
that measurements could he made as fine as 553y in.
The method, as slightly modified by later experimenters, is
shown diagrammatically in Fig. 28. Three troughs are
placed on a table parallel to one another on props. In
each of the two outer troughs is Pla,ced a metal rod, A B,
EF respectively, and on props in the middle trough is
placed the rod C D, whose coeflicient of expansion is to be

* A spherometer is useful for this experiment. If one of the legs
is fixed in the clamp, the screw can be brought to touch the flat
jece, closing the end of the tube. If a screw gauge is used, the
gat gieee closing the end of the tube must project sideways, sothat
the butt of the gauge does not come in the way.
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measured. The three rods are approximately of the same
length and near each extremity is fixed vertically a small
upright.

The uprights on A B carry cross wires a and b, as shown
in Fig. 29. The uprights on EF carry horizontal rods
on which are fixed cross wires e and g and equal lenses

E \
Fig. 28.

fand h. The upright at the C end of C D carries a lens ¢,
the upright at the D end carries a frame in which -slides
another frame (see Fig. 30) carrying a lens d exactly
equal to ¢. The lens frame can be moved parallel to the

O

]
Fig. 29. Fig. 30.

length of the bar by means of an attached micrometer
screw, s. - The system a c ef forms a telescope in which an
image of a formed by c is viewed through f, and its posi-
tion relative to' ¢ observed. The system bdgh forms
another exactly similar belescgge.

The three troughs are filled with melting ice and the
rods adjusted until on placing the eye at f the intersection
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of the cross wires ¢ exaotly covers the image of the inter-
section of the cross wires a. Placing the eye at £ the
micrometer screw is adjusted until the intersection of
cross wires g exactly covers the image of the intersection
of cross wires b. The reading of the screw is now taken.

The ice in the central trough is now melted and the
water heated to boiling. C D expands and most likely ¢
moves to the left of the straight line aeg and d to the
right of the straight line bgZ. The centre trough is now
gently moved until ¢ is brought back into line with aef,
and now the micrometer screw is again adjusted until d is
brought into line with bgk. The reading is again taken
and the difference in the two readings gives the amount
lens d has been moved to the left, v.e. the amount the
length of the rod C D between the uprights has expanded
on being heated from 0° C. to 100° C. From this the
coefficient of linear expansion is deduced.

This method is interesting, as it was devised by
Ramsden and Roy to determine the true lengths of the
metal rods used in measuring the base-line on Hounslow
Heath when making the first Ordnance Survey of Great
Britain. B

COEFFICIENTS OF LINEAR EXPANSION OF SOLIDS.
These are mean coefficients between 0°C. and 100°C. As they

differ slightly for different specimens of the same substance it must
be understood that they are only approximate.

Invar (a nickel steel) ... il
Quartz ... 0000017
Glass ... 0000086
Platinum 0000089
Cast Iron 000011
Steel ... 000012
Copper ... 000017
Silver ... 000019
Lead ... .. 000028
Tin 000923
Ice (between (°C. and 50°C.) ‘000053
QOak . ‘000056

Sulphur ... ... .. 00006
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The coefficients given on the last page refer to the
Centigrade scale, but they may be converted to refer to
any other scale. The student, for example, should prove
that the coefficient of expansion per degree Fahrenheit
is equal to five-ninths of the coefficient of expansion per
degree Centigrade.

38. Anomalies in the expansion of solids.

(1) If an iron wire is gradually heated it expands until
the temperature is approximately that of a dull red heat.
It then contracts, and after that expands again. This
anomalous contraction occurs at the temperature at which
iron loses its magnetic properties. Evidently at this tem-
perature the molecules of the iron suffer some rearrange-
ment.

(2) Dr. Joule discovered that, although the coefficient
of expansion of vulcanised caoutchouc is very large, if a
rod of thig substance be stretched the expansion on heat-
ing diminishes, and that if the weights used are sufficiently
great it actually contracts when heated. It is some-
times said that the coeflicient of expansion of stretched
caoutchouc is negative, but what really happens is that
the elasticity of caoutchouc increases on heating, so that a
larger force is required to cause the same elongation as at
lower temperatures.

(3) Iodide of silver when heated contracts until the
temperature is 116° C. At this temperature the substance
changes into an allotropic modification.

(4) Rose’s fusible metal, which consists of two parts
bismuth, one part lead, and one part tin, expands from
0°(1). to 59°C., and then contracts up to 96°C., when it
melts.

(5) Crystals expand diﬁemntlg in different directions,
they are not isotropic (see Art. £6)

39. Volume expansion of solids. It will be u
after a study of the Expansion of Liqui
measurement of the volume expansion of
exactly the same methods as those
measurement of the volume expansion
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the experimental study of the volume expaunsion of solids
and liquids is practically one subject.

In the early stages of research into the expansion of
solids and liguids all experimental work on the expansion
of liquids was complicated by the expansion of the vessel
containing it, and this presented a serious obstacle to the
advance of research. The results obtained always involved
the coefficients of expansion of a liquid and a solid, and
neither could be accurately determined unless the other
was known. If the absolute expansion of any one liquid
or solid were known this could be taken as a starting
point for the determination of other coefficients.

Attempts were made to obtain a starting point of this
kind by making exact determinations of linear expansion,
but at that time it was found impossible to make deter-
minations of sufficient accuracy. This difficulty was, how-
ever, done away with by the discovery of Dulong and
Petit’s method of determining the absolute expansion of a
liquid, and Regnault’s determination of the coefficient of
absolute volume expansion of mercury gave the starting
point of all accurate determinations of coefficients of
volume expansion for solids and liquids.

40. Practical precautions necessary on account of ex-
pansion of metals by heat. 'The expansion of metals is
very frequently a source of trouble. Thus, in constructing
a railway, small spaces have to be left between the metals
to allow for expansion due to the extreme yearly range of
temperature. Similarly, allowance must be made for ex-

nsion in constructing an iron bridge, and it is often

ifficult to secure rigidity and yet allow each part freedomn
of expansion. The tubular girders of the Britannia Bridge
are mounted on rollers at each end, so that they may
be free to expand, without straining the structure. For
the same reason, the joints of water pipes and gas mains
are miade like those of a telescope. If furnace bars are
§rmly fixed they become bent, owing to the expansion
whigh they undergo on heating; for this reason the ends
;)f the bars.should be free to move in the direction of their
ength, : '
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Metal castings often break in cooling, on account of one
part cooling more rapidly than another, and thus producing
great strains in the metal. For example, in casting a
wheel with a thin rim but massive arms, the rim solidifies
and cools much more quickly than the arms, and as a
consequence the contraction of the latter is opposed by
the rim, and a stress is set up which may fracture the rim
or one or more of the arms. To avoid this, the arms are
often bent: they then can yield to the strain without
breaking.

Exp. 16. Go to a railway station and note how expansion is

allowed for in the rods working the ‘““points.” Make a careful
diagram of the device adopted.

Exp. 17. Pour boilin% water into a thick glass bottle. The bottle
breaks. Now pour boiling water into a thin glass beaker. The
beaker does not break. Explain why there is this difference.

The imperial standard yard is the distance, at 62° F.,
between two fine lines engraved on gold plugs, which are
inserted into a bronze bar kept in the Standards Office,
and in all measurements made by metal rods or chains the
temperature must be noted, and a correction applied.

In the construction of clocks, chronometers, and watches
of the best kind, great precaution has to be taken to
obviate the effects of expansion on the time-keeping part
of the mechanism. The rate of a clock is generally con-
trolled by a pendulum, whose time of vibration varies as
the square root of its length, or, more accurately, as the
square root of the distance between two points called
respectively *“ the centre of suspension” and “ the centre of
oscillation.”* If the temperature varies this distance
varies, and the clock goes “slow” as the temperature rises
and “fast” as the temperature falls. Compensated pen-
dulums are constructed to prevent this change of rate with
change of temperature.

Example, The rod of a certain pendulum is made of light wood
45 in. long, and supports on a flange at its lower extremity & heavy
netal oylinder, which fits loosely around the rod. What must be

* See Wagstaff’s Properties of Matter, § 9.
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the length of the metal oylinder in order that the rate of the pendu.
lum may not vary with the temperature? The coefficient of linear

expansion of the wood is ‘0000040 and of the metal
*000060.

Fig. 31 represents the pendulum. 'The ocentre of
suspension O will be near the top of the wooden
rod, and the centre of oscillation P will be practically
at the centre of gravity of the zino cylinder. The
length of the metal cylinder must be chosen to make
the distance O P invariable with temperature, ¢ e. if
A is the bottom of the rod and oylinder, the length
O A of rod must expand just as much as the length
AP of cylinder.

Therefore O A x coeflicient of linear expansion of
rod = AP x coefficient of linear expansion of metal.

. 45 x 000004 = A P x 000060,
or AP =3in.

Therefore the length of the metal cylinder must be

0

6 in.

41. Harrison’s gridiron pendulum (Fig. 32)

Fig. 32.

iy
is a well-known form of compen- Fig. 31
sated pendulum. It consists of

four oblong frames arranged as shown in
figure. The vertical rods are alternately of
steel (8) and brass (B). The central steel rod
passes through holes in the lower horizontal
pieces of the frames, and carries the bob at
its lower end. The arrangement is such
that the steel rods expand downwards, while
the brass rods expand upwards; and if the

. downward and upward expansions be equal,

the centre of the bob is neither raised nor
lowered.

If it were possible to have the total length
of each set of rods the same, only one metal
would be required, but the inner rods must
necessarily be shorter than the outer ones,

and therefore, if compensation is to be exact, they must
be made of the more expansive metal. The condition of
compensation therefore requires that the total expansion
of omne set of rods should be equal to the total expansion
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of the other, the rods being so arranged that these expan-
sions take place in opposite directions.

Let L, denote the total effective® length at 0°C. of one
set of rods, and L/, the total effective length of the other
set; then—

Ly=14(l +at)yand L'y = L' (1 4 B ),

where « and B are the corresponding coefficients of linear
expansion. Hence, in once case, the expansion is given by—

L; - L(, = L'“a. t,
and in the other by—

Ly — L'g= /o BL.
For compensation we must have— ﬂ
Loat =L'\Bt, or li,a ==1',B, or Ii‘}- = E.
L 0 a

That is, the total effective lengths of the rods
in each set must be taken inversely propor-
tional to the mean coefficient of expansion of
the metals of which they are made. For
steel and brass the ratio !g. = .2 - nearly.

In some forms of Harrison’s pendulum,
e.q. that in the clock tower at Westminster,
the rods are replaced by tubes one inside the
other. This form is more compact than the
open gridiron form.

42. Graham’s mercurial pendulum (Fig.
33). The bob of this pendulum consists of
a frame carrying two glass cylinders con-
taining mercury. The principle of compen-
sation is the same as that deseribed above; Tig. 33.
the rod to which the hob is attached ex-
pands downwards, while the mercury expands upwards,
and if the quantity is properly adjusted, the final result is

* Tt must be here noticed that the two vertical bars of cash frame
only effect the same expansion of the frame as one bar of the same
length. Hence, in the figure, the effeotive length of the bavs is
(1 + 2 + 3) for steel and (4 + 5) for brass.
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that the distance between the centres of oscillation and
suspension is unchanged, and therefore the rate of the
clock is unaffected by changes of temperature.

A calculation of the relative lengths of rod and mercury
columns is given on p. 85.

43. In chronometers and watches the rate is controlled
by balance wheels, which oscillate under the influence of a
steel hair-spring. The time of oscillation increases if the
dimensions are increased, and therefore a rise of tempera-
ture causes the rate of the watch to diminish. Further, a
rise of temperature lessens the
stiffness of the hair-spring, and
this also tends to increase the
time of oscillation, and diminish
the rate of the watch.

In chronometers and the best
made watches, compensation is
effected by making the circum-
ference of the wheel of two
metals, the outer being the more
expansible. This double rim is
made in three parts, each sup-
ported by an arm of the wheel
(Fig. 34). The effect of rise of
temperature on this arrangement is, that while the end of
segment of the rim nearest the supporting arm is pushed
out from the centre by the expansion of that arm, the
other end curls in towards the centre of the ring owing to
the greater expansion of the outer strip of metal. By
properly adjusting the screw weights, carried by each seg-
ment, exact compensation can thus be obtained.

44. Invar. M. Guillaume, a French metallurgist, has re-
cently invented an alloy of nickel and steel containing 36°/,
of nickel, whose coefficient of expansion (see Table, p. 54)
is very nearly zero, whence its name Invar. Itisvery likely
that the use of Invar will render obsolete all methods of
compensating pendulums ; Invar will also be employed for
standards of length and capacity, and in all cases where
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the expansion of a metal by rise of temperature introduces
complications.

45. Force of expansion and its applications. The force
exerted by a metal rod, if prevented from expanding or
contracting as its temperature changes, is very great. For
example, if an iron bar, of one square inch cross-section, is
heated from 0° C. to 100° C., and then fixed, so as to prevent
contraction, it will exert a force equal to the weight of
about thirteen tons on the fixings. This may be illustrated
by the simple apparatus shown in Fig. 35. The bar, A B,

is held in position in a cast-iron frame, C D, by a short cast-
iron rod, b, passing through the holes at the end B, outside
the upright D. The bar is then heated by a lamp and the
screw at the end A is tightened. The bar is then allowed
to cool, and, up to a certain point, contraction is resisted
by the cast-iron rod ; finally, however, the stress becomes
too great, and the rod is broken in two.

This contractile force of metals, due to fall of tempera-
ture, has many useful applications. The tyres of ordinary
carriage and cart wheels are fitted on when red hot, and,
on cooling, bind the wheels firmly together. Boiler plates
are riveted with red-hot rivets, which, on cooling, draw
the plates so close together that a steam-proof joint is
formed. In cases where the walls of bfldings have bulged
outwards, they have been drawn in by passing iron bars
through them, across the building, and attaching to their
extremities, outside the building, iron plates screwed up to
the wall with a nut. The bars are then heated, the nut
and plate screwed up tightly against the wall, and the bar
allowed to contract, drawing the walls with it. This pro.
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cess is repeated, until the walls are made to assume their
proper positions.

The expansion of a body due to heat may be sometimes turned to
good account when a stopper of a glass bottle gets tight. Hold the
neck of the bottle as close to a flame as possible. The neck gets
hot before the stopper and owing to the cxpansion of the neck the
stopper becomes loose. If the neck is held in the flame too long
the stopper also becomes heated and things arc as bad as before.

Some automatic fire alarms consist of an electric circuit contain-
ing an electric bell. The civeuit is not closed at ordinary tempera-
tures, but the break in the circuit is so arranged that when the
temperature rises an expansion occurs in the metals adjoining the
break and contact is made between the two parts of the cirouit.
The bell then rings.

46. Metallic thermometers. Thermometers based on
expansion, have been constructed with metals. 'T'hey are
of little use as accurate instruments, but are convenient for
giving an automatic record of the variation of temperature,
and thus act as maximum and minimwun thermometers.
~ The best known instrument of this
class is Breguet’s thermometer (Fig. 36).
If two strips of metal of different expan-
sibility are riveted or soldered together
and wound into a spiral with the most
expansible metal inside, then any rise of
temperature causes the inner strip to ex-
pand more than the outer, and conse-
quently the spiral unwinds. Similarly,
if the temperature falls, the spiral coils
up. This thermometer is an application
of this fact. It consists of a spiral com-
posed of three metallic strips of silver, gold, and platinum,
soldered together so as to form a single ribbon. The
silver, which is the most expansible, is placed inside, the
platinum outside, and the gold between serves to connect
them. The spiral carries, at its lower end, a horizontal
needle, which traverses a,dial. As the spiral winds or
unwinds with change of temperature, the needle is de.
flected in a corresponding direction, and indicates, by its
motion, the variation of temperature.
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This form of thermometer is employed in the common
forms of recording thermometers or thermographs. The
lever attached to the free end of the spiral carries a pencil
which marks on a revolving drum.

Other metallic thermometers in which the change of
electrical resistance with temperature is used to measure
temperature will be described in Chapter X VIIL.

' 47. Change of density with temperature. We have
seen that, in general, when a body is heated it expan -
that is, its volume increases—and, since the mass of the
body remains constant, it must necessarily follow that its
density decreases. For, if V, denote the volume at 0°C.
and V, the volume at ¢°, also if d, denote the density at
0°C. and d; the density at ¢°C., then—

. VO dO = V; dg.
That is— 4 _ V.
s &V,

But we know that V; =V, (1 + ct), where ¢ denotes the
coefficient of velume expansion.

Therefore—
gﬁzy_.=vo(1+ct) =1+ ¢t
dt Vo : ) ’
— =
or &= ; Fet

This is true, as it stands, for solids, liquids, and guses ;
but for solids and some liquids we may have, when ¢ is
small enough, an approximate formula, giving—

= 1 - -
dy 1+ct—d°l+ct:d°(1 ct). [Art.24,11]

Also corresponding to formula (2) of Art. 32 we have—
d¢ - Vg'= Vo(l + Ct’)= 1 -+ ct’ =1 +C(t’ - t).

& V. VoT+ech T+t
The coefticient of expansion of a substance may thus be
deduced from values of its density at different tempera-
tures. This proves of great use in the case of liquids, for
the density of a liquid is often more easily ascertainable
than its volume.
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EXERCISES IV.

Wh;;e the coeflicients of expansion are not quoted use the table
on p. 54.

1. Two rulers, the one of iron, and the other of brass, are placed
one upon the other and riveted together so as to form a single ruler
of two layers. At a temperature of 60° the compound ruler is
straight. Describe and explain what occurs when it is successively
exposed to a temperature of 30° and to a temperature of 100°,

2. The coeflicient of Jinear expansion of brass is 0:000019. What
will be the volume at 100° C. of a mass of brass the volume of which
is exactly 1 cubio decimetre at 0°C. ?

3. The coefficient of linear expansion of brass is 0°000018, If a
brass yard measure be correct at the temperature of melting ice,
what will be its error at the temperature of boiling water ?

4. A light lathja metre long can turn about a hinge at one end.
A piece of wire two metres long is attached to the lathat a distance
of one centimetre from the hinge. The wire is vertical and its upper
end is fixed in such a way that the lath is horizontal. On heating
the wire 50° C. the end of the lath sinks through 16 centimetres.
Find the coefficient of linear expansion of the material of the wire.

. V5, A brass and a steel rod are each one metre long at 10°C. ; find
the difference in their lengths at 60°C.

6. Suppose a substance has a coefficient of linear expansion ‘003,
would it be right to say that its coetlicient of cubical expansion’is
exaotly ‘0097 If not, why?

7. The volume of a piece of glass at 100°C. is 100258 c.c., and
its volume at 0°C. is 100 c.0. Find the mean coefficient of cubical
expansion of glass between 0°C, and 100°C., and thence deuuce

proximately the mean coefficient of linear cxpansion between
the same limits of temperature.

8. A glass ball at temperaturc 40°C. islowered into a vessel full of
water at 40° C., and one pint of water overflows. Find what quantity
will overflow if the same glass ball at temperature 100°C. is placed
in & vessel full of water at 100°C. The coeflicient of cubical expan-
sion of glass is "000025.

,‘ 9., Find the mass of a cubic centimetre of silver at 250°C., the
density of silver at 0°C. being 10-31 gm, per o.c.

10. Compare the densities of platinum and silver at 100°C., given
that the densities of platinum and silver at 0°C, are 21'500 and
10°570 gm. per c.c. respectively. :



CHAPTER V.

EXPANSION OF LIQUIDS.

48. Since a body of liquid or gas has no inherent shape
but always takes up the shape of the vessel containing it,
we cannot speak of a liquid or gas possessing a linear or a.
superficial expansion. We can deal only with cubical or
volume expansion. And it is this expansion which is
called the expansion of the liquid
or the gas.

Having established in Exp. 2
that liquids expand on heating,
it is of interest to find out
whether, as in the case of solids,
different liquids differ in expan-
sibility. This point may be
settled by a simple experiment.

Exp. 18. Fit u}i) three exactly
similar and equal flasks as for
Exp. 2, and fix them in holes in
a board (Fig.37). Fill one with
water, another with glycerine,
the third with aleohol, and, by !
ushing the corks in more or Fig. 37.
ess, adjust them so that the

liquids rise to the same height in each tube. Then put
them all into a vessel of warm water. The column of
liquid in each tube will be observed to rise,* but the

St If suddenl{‘ immersed in hot water the columns may suddenly
sink at first. Thisis owing to the flasks expanding before the heat
reaches the liquids.

H.T. P, 65 5
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amount of the rise will be different for each liquid. This
indicates that each liquid is more expansible tlifi glass,
and also that the liquids differ between themsélves in
expansibility. The order of expansibility for the liquids
chosen will be found to be water, glycerine, alcohol, the last
being the most expansible.

49. Real and apparent expansion. 'When the expansion
of a liquid is observed in a graduated containing vessel,
the expansion which is apparent, or which may be observed,
is the combined result of the real expansion of the liquid
and the expansion of the containing vessel. If the liquid
is ' more expansible thamthe inaterial of the vessel it appears
to expand, but if the liquid is less expansible than the
vesse] (as in the case of water between 4° C. and 6° C. in
a glass vessel) it appears to contract, and if it were possi-
ble to find a liquid which expanded equally with the
material of the vessel there would be no apparent ex-
pansion. The expansion of a liquid indicated or made
apparent in a vessel initially graduated in equal divisions
i8 known as the apparent exzpansion of the liquid in that
vessel.

50. The mercury-in-glass thermometer. The graduation
of an ordinary mercury thermometer is based upon the
apparent expansion of mercury in glass. The degree
divisions of the stem bore are all equal in volume when
the stem is all at one temperature, but if the thermometer
is heated from 0° C. to 100° C. the expansions for each
degree rise of temperature, although apparently equal,
really increase as the temperature rises.

As the thermometer is heated, say, from 0° C. to 1° C,,
the mercury must first expand so as to fill up the increase
in the volume of the bulb and stem up to the 0°C. mark
due to this rise of temperature, and then fill the degree
division between the 0° C. and 1° C. marks at a tempera-
ture of 1° C. When the thermometer is heated, say, from
20° C. to 21° C., the mercury must first expand so as to
fill the increase in the volume of the bulb and stem, not
merely up to the 0° C. mark, but up to the 20° C. mark
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for 1 degree rise of temperature, and then fill the degree
division between the 20° C. and 21° C. marks, not at a
temperature of 1° C., but at a temperature of 21°C. The
real expansion corresponding to the degree rise of tempera-
ture from 20° C. to 21° C. is therefore greater than that
corresponding to the degree rise of temperature from 0° C.
to 1° C.

If, however, the volume of the bulb is large compared
with that of the graduated stem, it may be assumed that
the mercury has to expand the same amount per degree
rise of temperature, that is that our scale of temperature
depends upon the apparent expansion of mercury in a glass
vessel, and other liquids are said to expand uniformly or
not according as their apparent expansions in glass vessels
are exactly proportional to those of mercury.

Recent work has shown that it is preferable to take our
standards of temperature from a hydrogen thermometer
(Art. 73), but since the expansion of mercury in a glass
vessel is very nearly proportional at all ordinary tempera-
tures to that of the expansion of hydrogen in a vessel of
the same glass no harm results in adhering to the scale of
temperature of a mercury thermometer in ordinary work.

Exp. 19. Find how the apparent expansion of water depends
upon the temperature. Take the flask and tube containing water
in Exp. 2 and immerse it in a mixture of ice and water. As the
water in the flask cools the indicating column will be observed to
fall for some time, then to become stationary for a few seconds, and
finally to rise, showing that at a ccrtain temperature water is at its
maximum density, ¢.e. that if water at this temperature be either
heated or cooled it will expand.

Reverse the experiment by withdrawing the now ice-cold flask
from the ice and holding it in the air or in warm water. Observe
that the temperature of maximum density is much nearer the
freezing point than the boiling point.

Of course the above irregularity of expansion may be due to the
glass and not to the water. If, however, the experiment is re-
peated with other liquids no such irregularity occurs; hence it
must be due to the water.

51. Coefficient of real and apparent expansion. It was
shown above that when a liquid contained in a vessel was
heated the observed or apparent expansion was less than
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the real expansion. To find the relation between the co-
efficients of real and apparent expansion of a liquid and the
expansion of the ~olid composing the vessel, let us consider
the case of a liquid contained in a glass vessel which
was graduated at 0° C., .e. the volumes indicated by the
gradutions are correct at 0°C. Let V, = volume of liquid
at 0°C., V, = the indicated volume at ¢° C., and V; = the
true volume at this temperature. Let ¢, ¢, be the
apparent and real coefficients of expansion and g the
coefficient of cubical expansion of the vessel.

The real expansion of the liquid = the product of the
volume at 0° C., the coefficient of real expansion, and the
temperature, 1.e.

Ve—Vo=Veerd coviiiiiiiiiiiiiinininnn (1)

Similarly the apparent expansion of the liquid is given

by
Va— Vo= Vilat cerreevrenrnrivains vrens (2)

The difference between them is the volume which a
volume V, of glass at 0°C. has expanded in being heated
to t°C. This is equal to Vgt

e Vet — Vet = Vgt
= Vo(l + cat)g¢ (from 2)
Dividing throughout by V, and ¢ we get
cr — Ca = (1 + cat)g.

Therefore neglecting ¢.f, which is usually very small com-
pared with unity, we get
Cr—Ca=¢g
t.e. ¢r=catg.

That is—the mean coefficient of real expansion of a
liquid is approximately equal to the sum of the mean
coefficient of apparent expansion of the liquid in any
vessel and the mean coefficient of volume expansion of
that vessel. ’

The above applies directly to volume expansion, but it is also
applicable to linear expansion. For instance, if a brass rod is
measured by a steel sca.f; (correct at 0°C.) at two temperatures the
coeffioient of real linear expansion of the brass can be found by
adding to the coefficient of apparent linear expansion of the brass
the coefficient of linear expansion of the steel.
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It is an easy matter to find the coefficient of apparent
expansion, but not so easy to find that of real expansion.

Now the coefficient of real expansion of mercury has
becn accurately measured in some classical experiments by
Dulong and Petit, Regnault, and Callendar (Arts. 67, 58).
Assuming the result (-0001815) which they have found
for the range of temperature 0°C. to 100° C. and finding
for ourselves the coeflicient of apparent expansion of mer-
cury in a glass vessel, we can deduce the coefficient of
expansion of the vessel. Then if we measure the co-
efficient of apparent expansion of any other liquid in the
same vessel, we can, by using the formula, calculate the
coeflicient of real expansion of the liquid.

52. Methods of finding the coefficient of apparent
expansion of liquids. There are three easy methods :—

(1) The Weight Thermometer method.

(2) The Volume Dilatometer or Thermometric method.

(8) The Hydrometric method.

53. The weight thermometer. In practice the weight
thermometer method is simple.

Principle of the method: If a flask full of liquid. at
0° C. is heated to t° C., some of the liquid over-

flows. Suppose m gm. overflow and M gm. A
remain. Then at 0° C. there were (M + m) gm. m
in the flask, say M gm. below the mark B B

(Fig. 38) and m gm. above it.
To find the coefficient of apparent expansion
we assume that the capacity of the flask does
not change with temperature. Then if V is
the volume of M gm. of liquid at 0°C. and
V; the apparent volume of M gm. of liquid at c
t°C., we have V, = the volume of the flask  Fig. 38.
up to B and V, = the volume up to A.

Hence %t = -M~j-M—T-' ........................... (3)
0
vg - v° m
or ——Vo = H.
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V.-V,
TV

Now by Art. 51 Ca

Mass of liquid expelled
Mass left in at the higher temperature X change in’
temperature

The formula is also very nearly true when the lower
temperature is not 0° C., provided that ¢ represents the
actual change of temperature. If we wish to be more
accurate let us denote the lower and upper temperatures
by ¢,° and ¢,° C.

Then L+ caty M+m

«{4a)

f.e. Cy =

henee MG = G-
The term mt, is usually very small in comparison with
M(t, —¢,), so that approximately
Ca = e (5)
T M, — ty)
Practice of the method : This is best illustrated by an
experiment.

Exp. 20. Make a weight thermometer and use it to find

the coefficient of apparent expansion of mercury. Make

a glass vessel* 3 in. long of the form shown in

Fig. 39 from a piece of clean and dry thin %-inch

glass tubing. The stem should have a fine bore,

but should be strong enough to bear the weight

of the thermometer when full of mercury. Weigh

it. Placing all the apparatus on a mercury tray,

support the tube in a wire-gauze basket, with the

Fig. 30, Deck dipping under some hot mercury contained

'8 %% in a small dish (as illustrated). Fill the tube

with clean and dry mercury by alternately heating and

cooling. It is quite likely that the first two or three tubes

will smash during this operation, but finally one will pass
safely through the ordeal.

# Can be bought cheaply ready-made from instrument makers.



EXPANSION OF LIQUIDS. 71

Place the tube, with its epening still under mercury, in
the balance case with a Centigrade thermometer beside it.
Leave for fifteen minutes. Then read the temperature ¢,
and, banging the tube upon the hook of the balance,
quickly weigh it, taking care that no mercury oozes out
through the opening in the meanwhile. (The balance case
may conveniently be slightly cooled by placing a beaker of
iced cold water in it during this operation.)

Now introduce the tube into a beaker of water so that
only the narrow part projects outside; heat the water to
boiling (100° C.), and keep it so for five or ten minutes.
Note that mercury oozes out of the point. Do not waste
this mercury: collect it and put it aside. Remove the
tube carefully, wipe it, and cool it, taking care that no hot
water enters the narrow neck as the mercury contracts on
cooling. Reweigh. From the three weighings find

M, the mass of mercury left in the tube after heating to
100° C,,

m, the mass of mercury expelled during the heating from
t°C. to 100° C.; then .

_— m ——,
‘= M{I00 =2y
The mercury may be emptied out now and the experi-
ment repeated with different liquids.

Example. A weight thermometer when empty weighed 5913
gm., when fdll of mercury at 12°C. 61755 gm., when full at
100°C. 61022 gm. Find the coefficient of apparent expansion of
mereury in glass and hence the coefficient of linear expansion of the
glass,

m = 61-755 — 61-022 = 733 gm.,
M = 61022 — 5913 = 55'109 gm.,
t =12°C.;
N Cq = ~-—~—m~——-= __—:73?.__
PVt M(100-¢) 557109 x 88 -

Regnault found that the coefficient of real expansion of mercury
is "000181 ; hence the coeflicient of volume expansion of the speci-
men of glass used in the'given weight thermometer is given by

g = ¢ — ¢q = ‘000181 — ‘000151 = -000030.
Hence [, the coefficient of linear expansion of the glass = *000010.

= 000151
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Instead of weighing the tube before heating, the mer-
cury that oozes out may be collected in a small beaker and
weighed separately. By weighing such a small mass a
more accurate value of m may be obtained than if m is
obtained as a difference of two large masses. 1f this is
done it is easy to start the experiment from 0°C.

Since by equation 5, Art. 5§?

Ca = <l .
¢ M(tz"‘tn)'
we have t,-—t‘:h—g—;
&

hence if ¢, be considered known the experiment described
above might have been employed to determine the higher
temperature if the lower one 1s known.

The weight thermometer can thus be used as a true
thermometer; as such it has the great disadvantage that
a weighing is necessary for the determination of each

Fig. 40. Fig. 41.

individual temperature. It may, however, be conveniently
used as a maximum thermometer, for the value of ¢, given
by the equatiens above always represents the maximum
temperature experienced.

Other forms of the weight thermometer are the specific
gravity bottle (Fig. 40) and the pyknometer (Fig. 41).
These can be easily made from glass tubing, and have the
merit of being easily cleaned and filled.-
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54. The volume dilatometer or thermometric methed.

Principle of the method: A bulb is blown on a piece of
very umform thermometer tubing. The volume of the
bulb and the cross section of the tube are found and the
tube can then be graduated and the volume up to any
graduation mark ascertained. The bulb and part of the
stem are filled with a liquid and the volume of the liquid
at 0°C. found. The dilatometer is then placed in a bath
and its temperature raised. The temperatures at which
the liquid column in the stem reaches the various marks is
found. The increases of volume can thus be calculated
and finally
_ Increase of volume
"~ Volume at 0°C. X change of temperature

Ca

This method is very suitable for liquids which evaporate
readily.

Practice of the method: This is best illustrated by an
experiment.

. Exp 21. Make a velume dilatometer and use it te find
the coefficient of expansion for water at various tempera-
tures. Blow a bulb 1} in. in diameter on a piece
of capillary tubing of 4% in. bore and 20 in.
long (Fig.42). Make file marks along the stem
at intervals of 2 inches. Measure the distances
between the first and succeeding marks with a
finely divided scale or vernier microscope.

Weigh the dilatometer. Slightly warm the

bulb, immerse the end of the stem in mercury

and pick up a thread of mercury 6 or 7 in.

long, Measure the length with a vernier

microscope or a steel scale. Again weigh the

dilatometer. The increase in weight divided by

the density of mercury at the temperature of the

observation gives the volume of mercury. This Fig. 42.

divided by the length of the column gives the

mean cross section at the temperature of the observatien

of the portion of the tube occupied by the liquid column.
Expel the mercury by warming the tube and then fill
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the tube with well-boiled distilled water. Arrange so that
at ordinary temperatures the water column stands just
below the first file mark nearest the bulb: clean and dry
the outside and weigh. The increase in weight in grammes
is equal the volume of the water in c.c. at the freezing
point.* Measure the distances between the first and
succeeding marks with a finely divided scale or vernier
microscope. Immerse the bulb in a large beaker of water
provided with a good thermometer and a stirrer. Adjust
the source of heat (a small flame some distance below) so
that the liquid surface remains at the first mark on the
stem for several minutes, the water meanwhile being well
stirred. Read the temperature. Similarly for second and
succeeding marks up to temperatures of 95° C.

Tabulate and plot lengths against temperatures. The
graph will not be straight; draw a fair curve through the
points. Note it is concave upwards, showing that the
coefficient of expansion is greater for higher temperatures.
Find the mean length expanded per degree from 25° to
50°, 30° to 35°, etc., and then the coefficient of expansion
between these temperatures.

Example. A volume dilatometer whose stem is uniforml

raduated contains water. At 0°C. the level was at the 6t
givision. When heated to 10° C. it stood at the 7th division, and
when heated to 20°C. at the 12th division. A thread of mercury
occupying 24 stem divisions weighs ‘072 gm., and the quantity
occupying the bulb and stem up to the zero division weighs 1224

m. Find the mean coefficient of expansion of water between
gO"C. and 30° C.

The ratio of the volume of the space between two stem divisions
to the volume of liquid at 0°C. is evidently 003 to 1224, s.e 1 to
4080. The volume at 0°C. is therefore 4086, the volume at 10°C.
4087, and the volume at 20°C. 4092, i.e. the expansion between
10°C. and 20°C. is 5 divisions. The mean coefficient of apparent
expansion between 10° C. and 20° C. is therefore equal to

4092 — 4087 1 .
086 x 10~ g7z~ 0012
The coefficient of volume expansion of glass being taken as ‘000026

the coefficient of real expansion of water between 10°C. and 20°C.
is 000122 + 000026 = -000148.

* Not exactly. It is the volume at 4°C., but scarcely any in-
aceuracy is introduced by taking it as at 0°C.
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54a. Constant-volume dilatometers have been devised in
which the volume of the bulb is kept constant by intro-
ducing into it just so much mercury that the expansion of
the mercury is equal to the expansion of the glass bulb.
The ratios of the coefficients of real expansion of mercury

. +000181 7 ... .
and that of glass being 000036 °F ** T it is evident
that if one-seventh of the bulb is filled with mercury the

coudition of constant velume is practically ebtained.

55. Hydrometric method. If a body of density D
weighs m, gm. in air and m, gm. in a liquid of density d
we know that

™ _d=D,
m, —m,
m,

=I—)
m, —m, d

or

If therefore a body of invariable density D is weighed in
a liquid at various temperatures we can from the variations
of (m, — m,) find the variations of d.

Replacing the loss of weight (m, — m,) by w we have

w
Y = a constant or ) =2

d d,  d,

where w,, w, are the losses of weight at temperatures ¢,°, £,°
when the liquid has densities d, d,, But

d,
L+c(t, —¢)

LW _
o l+c(t? t)

d; = (Art. 47)

In this expression since the density of the solid body is
supposed to be constant, ¢ is the coefficient of apparent
expansion, and-therefore we may write

Co = w, b w2
a == —————
w; (¢ — &)
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_Exp. 22. Make a bulb suitable for the determination
of the expansion of a liquid by the *ydrostatic method
and use it to determine the apparent coedicient of a liquid.
Take a piece of wide glass tubing (1 in, diam. say), draw
out one end and round it off. Pour into the tube enough
lead shot to make the bulb when completed sink in the
liquid. Then draw off the other end of the tube at a point
about 4 or 5 in. from the closed end and bend the soft glass
into a hook to serveasan attachment (Fig. 43). The com-
pleted bulb should sink in the liquid whose coefficient of
expansion you are going to measure. If it floats, shorten
the bulb by drawing off more glass.

Now suspend the bulb from one arm of a balance by a
long fibre or thin wire going through a hole in the base of
the balance case so that the bulb is below the case. (The
scale pan must be removed and the balance case mounted

on an empty box lying on its

side.) Counterpoise the bulb by

) weights placed in the other pan.

w Now support a large beaker
T of the liquid so that the bulb
is wholly immersed. Leave for
some minutes, stirring gently all
the time, then again counterpoise

= = — and thus get the loss of weight

=} = at the particular temperature of

- — . L

— - the liquid. Repeat at two or

— Mgt three other temperatures.

v — It is best to start with hot

\5:@_’:_ liquid and take readings as the

= liquid cools. The cooling may be
— checked at the required tempera-

= tures by adding small quantities
Fig. 43. of hot liquid. Stir well. 'Then

counterpoise 8o that the bulb is
just then heavier, and with the balance arm free take
the temperature when exact balance occurs. From
the readings the apparent cgefficient of expansion of
the liquid can be obtafhed over several ranges of tem-
perature.
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Example. The loss of weight of a glass bulb immersed in water
at 4°C. was 23'26 gm. ; at 74° C. it was 2274 gm. Find the mean
coefficient of apparent expansion of water between 4°C, and 74°C.

Apparent density of water at 4°C. _ 23-26
Apparent density of water at 74°C. 2274

.~ If ¢, is the mean coefficient of apparent expansion of water
between 4°C, and 74° C.
) _ 2326 _
1+ 70c, =5 1+
- 92
70 x 2274
= 000327.

Matthiessen performed a large number of experiments
by this method, and used it to determine the coefficient of
expansion of water at different temperatures. To get the
coefficient of real expansion of the water it is of course
necessary to know the coefficient of volume expansion of
the solid used. He used a glass sinker in his experiments,
and obtained its expansion by first determining its linear
expansion and thence deducing its volume expansion.

52
2274

S Ca

56. Determination of the real expansion of mercury.
The methods adopted, for the determination of this con-
stant, by Dulong and Petit and by Regnault, were both
based on the same principle, and differed only in experi-
mental detail.

67. The method of Dulong and Petit. The principle
of this method is simple. If we have two vertical tubes,
communicating by a horizontal branch, and each contain-
ing a liquid of given density, the junction of the two fluids
being in the horizontal branch, then, for equilibrium, the
pressures due to the liquid columns on each side of a
section, taken anywhere in the horizontal branch, must be
equal.

thus, consider the pressures on the section a b in Fig. 44.
Let 2 and ' denote the depth of the centre of gravity of
the section below the surfaces of the liquid in T and TV
respectively. Then we have, from hydrostatical principles,
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that the pressure on a b due to the column in T="hdg,*
and that due to the column in IV = &/ d’g, where d and d’
are the densities of the liquids in T
and T’ respectively, and g the ac-
celeration due to gravity. But, since
a b is in equilibrium, we must have

hdg=~h'd g.

[P ——

That is—
hd =h'd'.

It is evident that this ig true what-
N ever shape a b may have, and what-
Fig. 44. ever be the shape and size of T and
T.
"If, now, the tubes contain mercury, and one column, T,
be kept at 0°C., while the other, T’, is raised to a tempera-
ture t°C., we have—

e

S ==14 et (Art. 47.)

Or— - Cp =

Thus, the mean coefficient of real expansion can be
determined by noting (k¢ — k,), k,, and ¢, and the result is
uite independent of the expansion of tubes containing

e mereury.

The apparatus used by Duleng and Petit is shown in
Fig. 45. The tube TV was enclosed in a cylinder, B, and
surrounded with melting ice. T was placed in a thick
copper cylinder, C, which was filled with oil ; and, for the
purpose of heating it, a furnace was built round it. This
is shown in section in the figure. The temperature of this
oil bath was given by two thermometers—a mercury weight
thermometer, W, and an air thermometer, A. The air
thermometer will be described in the mext chapter; it is,

* Bee Wagstaff: Properties of Matter, § 210.
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however, interesting to notice that this was the first time
air was used as a thermometric substance to the exclusion
of mercury. Dulong and Petit remarked that, at high
temperatures, the indications of the two instruments did

not agree; and so they decided to base their calculations
on the indications of the air thermometer.*

The heights of the columns of mercury were read by
means of the cathetometer, + which was invented expressly
for this purpose. The level of the mercury in T was first

* It is important to notice that if Dulong and Petit had used only
a mercury thermometer, they would not have detected any irregu-
larity in the expansion of mercury. )

+ This instrument consists essentially of a vertical brass or steel
scale, to which is attached a horizontally fixed telescope, capable of
niotion up and down the scale. To determine the vertical distance
between any two points, the telescope 1s focussed on the higher
point, aud its position on the vertical scale read off. It is then
lowered and focussed on the lower point, and the corresponding
scale reading again taken. The difference of the two readings thus
obtained gives the required vertical distance betwecen the points.
The telescope is furnished, in its field of view, with two fine cross
wires at right angles to each other, and, in focussing, its position on
the scale is so adjusted that the point viewed is made to coincide
with the intersection of these cross wires.-—(See Wagstaff: Proper-
ties of Matter, § 16.)
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read, then the level in T', and finally the level of the axis
of the horizontal tube, H. The difference of the first two
readings on the cathetometer scale gave k; — %, and the
difference of the last two readings gave h,. The tempera-
ture £°C. of the oil bath, and therefore of the mercury in
the tube T, was given by the air thermometer A. Thus
all the data for calculating the mean coefficient of real
expansion of mercury were determined.

The chief results obtained by Dulong and Pétit were :—
The mean coefficient of real expansion of mercury

between 0° and 100° = 0-0001818 ;
,»  0°and 200° = 0°0001843;
,»  0°and 300° = 0-0001887.

This shows that the mercury expands faster at higher
temperatures.

An error in this method is that heat may flow over from
the hot to the cold tube, and thus the lower part of the
mercury in the cold column may be heated to an unknown
amount. In the next place, in order to make the top of
“the column of mercury rise about the heating apparatus,
Dulong and Petit put a little cold mercury on the top
of the hot column, thereby introducing an uncertainty
as to its average temperature. Lastly, owing to the’
curvature of the surface the mercurial columns are sub-
jected to a capillary pressure which is less as the tempera-
ture of the surface decreases. The difference in the lengths
of the two columns is thus affected by this. These dif-
ficulties were overcome by Regnault.

58. Regnault’s method. Regnault made a very careful
determination of the real expansion of mercury by this
method with a greatly improved form of apparatus, shown
diagrammatically in Fig. 46. His first improvement on
Dulong and Petit’s apparatus was to connect the two
vertical tubes, A C, F N (Fig. 46), near their upper ends by
a horizontal tube, B@, at a point, O, along the top of
which was made a fine pin-hole. Hence when the two
tubes were filled with mercury the height to which the
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mercury rose was limited by the fact that the superfluous
quantity would escape from the pinhole, and since the
globule formed there would be very strongly curved the
mercury in the two tubes would stand at a slightly higher
level than the pinhole.

When the two tubes,
BC, &N, are at different
temperatures the capillary
pressure in the colder one
being the greater forces
some mercury across B G
and thus increases the
length of the projecting
column of mercury in the
hotter tube until the com-
bined pressure due to capil-
larity and to the length of
the columns of mercury
is the same in both;
hence the two columns BC
and G N would be sub-
jected to exactly the same
pressure at B and G.

In the next place Reg-
nault replaced the horizon-
tal tube at the bottom of Dulong and Petit’s apparatus by
two bent tubes, CD E, NX I, terminating in a tube, M,
which led to an air reservoir. Heat was thus prevented
from flowing from the hot to the cold tube.

In carrying out an experiment mercury was poured in
the tubes at A and F and pressure was applied to M to
keep the mercury levels in D E and K L. about half-way
up the tubes.

When the mercury overflowed at O, the tubes were
ready for heating. The dotted lines represent the heating
and cooling baths, and B G was also cooled by cold water
from the cold bath. Each bath was well provided with
stirrers. The temperature of the hot bath was measured
by an air thermometer, T, and that of the cold baths by
mercury thermometers, #, t. As the heating proceeded,

H.T.P. 6
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the mercury level in KL rose above that in D E, showing
that hot mercury is less demse than cold mercury. The ver-
tical distances between the hole, O, and the centres of the
tubes, CD, NK, and the heights of the columns, DE, XL,
above the same centres, were now accurately measured.

Let H = height of O above the centre of the tubes, C D,
KN; h,, h, = heights of the columns, DE, KL, respec-
tively from the same base line; T°C.= temperature of
BC, and d, the density of the mercury at this temperature;
t° C. = temperature of G N, KL, DE, and d; the density
of the mercury at this temperature.

Now, the air in M presses on the top of the columns in
DE, KL with the same pressure, also the sum of the
atmospheric and capillary pressures is the same at the
points in the columns, BC, G N, on a level with O,

the mercury pressure at E =— mercury pressure at I,,
ot Hd’l‘g - h\dgg = Hdgg - hzdgg
or Hdr = (H + by — hy) de.
Let ¢, denote the coefficient of real expansion of mercury,

then expressing the densities in terms of density at 0°C.,
viz. d,, we get

dy  _ _ dy
Hl"l"(},—’ﬁ_(chl h2)l+c’ty
° = ___I{_.__.
" 14¢T (H i h;‘) (1 + ¢ t).

Now ¢, ¢ is small, hence in the term (1 + ¢,¢) Regnault
could use Dulong and Petit's value of ¢, without vitiating
his result for ¢, obtained by this formula.

The great advantage of this method is that the heights
to be measured are in vertical lines near together, and so
cathetometer errors are minimised.

Regnault made over 120 experiments between tem-
peratures of 0°C. and 350° C. He plotted his results on
a curve, and from the curve he calculated that the mean
coefficient of real expansion of mercury between

0°C. and 1t:0°C. = 0001815,

0°C. and 200°C. = 0001841,
0°C. and 300° C. = *0001866.
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That is, if the temperature scale be derived from the air
thermowmeter, the coefficient of expansion of mercury
slightly increases with rise of temperature.

In such a case the expansion must be represented by the formula
Vi=Vo(l4+at+b®+cet?)
instead of by the simple formula V, = V, (1 + ¢,¢). This suggested
to Mendeleeff the use of the formula V;= i ‘}c ; (which =
Vo (1 + kt + k22 4 k3¢%)) instead of V, = V(1 + ¢,¢).

Callendar and Moss have recently repeated Regnault’s experiment
with improved devices. Regnault’s mercury columns were about
14 metres high. By a simple device Callendar increased this to
6 metres, but still kept the apparatus compact. Platipum thermo-
meters (Art. 265) were also used to measure the temperatures of the
mercury columns. For the coefficient of expansion at any tempera-
ture Callendar obtained the formula

I3
1002

which for temperatures up to 200°C. may be reduced to the ap-
proximate form

- 55 t ) -10
o (1800053 + 12444 L+ 2539 x 10-10,

¢y = (18056 + 2¢) x 1078,

Note that the mean coefficient of expansion from 0° to 100° is very
approximately the actual coefficient at the average temperature 50°,
viz. "00018156.

The increase in the coefficient of expansion of mercury
with temperature is very small at ordinary temperatures,
hence our justification for the use of the mercury thermo-
meter in all ordinary work.

Exp. 23. Find the coefficient of real expansion of a liquid, say
mercury, by a modification of Regnault's experiment. Take some
1 inch glass tubing, clean it and dry it, and then vend it into two
U tubes, A and B (Fig. 47), making the lengths as long as pussible
—2 feet if po-sible, but at any rate not less than 1 foot. Choose
two suitable lengths of 1” glass tubing, fit them with corks, and bore
the corks for the tubes and thermometers as shown. (If the ther-
mometers may be tied on to A and B, no holes through the corks
are required for them.) Also if ice-cold water and steam are to be
used in the jackets no thermometers will be required, Carefully
thread A and B through the corks, provide the side tubes and the
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thermometers, and mount the whole on a wooden upright, or tie the
tubes to two vertical retort stands. It will be necessary to provide
some scales. If millimetre scales on slips of porcelain or glass mirror
are to be had, tie them on to A and B. If not, place wooden milli-
metre scales vertically at the back of the large tubes, and a vertical
lovking-glass behind them, or the heights
may be read by a cathetometer.
Pour clean mercury, little by little, into
== = A and B. If any bubbles of air remain
s ; s in the columns push a long wire down
f through and dislodge them. Connect the
tops of A and B by thick rubber tubing
to a glass T-piece, the remaining end of
/A which communicates by another piece of
f q thick tubing to a bicycle pump. This
piece of tubing should {;e provided with a
serew clip. Pump air into A and B until
the mercury in one side of each is de-
pressed nearly to the bottom, and the
mercury in the other side elevated nearly
U i to the top. Screw the clip tight. Read
the differences of level of the two columns
T - in A and the same in B. They should be
— g““‘TE.:= equal, and should remain constant. If
Fig. 47. not equal the scales are at fault and must
g - be readjusted. If the-heights decrease
there is a leakage and the rubber tubing
must be tied on. Now pass cold water (ice-cold by preference)
through B’s jacket, and hot water at a constant temperature, or
steam, through A's jacket. The mercury gradually acquires the
surrounding temperatures. When it has finished expanding read
carefully the difference in levels %,, in A, and the difference in
levels &, in B. v
Let ¢,, ¢, be the temperatures of the hot and cold jackets, and d,,
d,, dy the densities of mercury at these temperatures and at 0°C.
Then equating pressures as before, we have

hydy = h, d,
B, G0 —p o
1T¥et, '‘TFce
o Dyt hyepty =Ry + by epty,
by = by
hot,—hy t

" o’ Cp =

More accurate results will be obtained by this methnd in the case
of liquids, such as petroleum and turpentine, which have a large
coefficient of expansion.
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MEAN COEFFICIENTS OF REAL EXPANSION OF LIQUIDS
Letween 0° C. and 40° C.

Mercury* ... ... 000181 Turpentine ... ... 00105
Watert ... <. 000193 Ethyl alcohol... ... 00108
Glycerine ... oo 00033 Chloroform ... ... 00140
Aniline ... 00091 Carbon bisulphide ... -00147
Petroleum ... ... 00099 Ether ... . ... ‘00215

To make these figures comparable with those on p. 54, the former
must be multiplicd by 3, because they denote linear coefficients,
and these refer to volume expansion.

Examples. (1) Find the coeflicient of real expansion of meroury
on the Fahrenheit scale.

The 1ange, 1°1¥., is only § of the range 1°C.

.*. coecfficient of expansion on the F. scale = § x 000018 ==
*0000101.

It was proposed at one time to define the Fahrenheit degree to be
such that the coefficient of real expansion of mercury on the F. scale
was exactly ‘00001.

(2) An alcohol thermometer is to be made from thermometer
tubing of 1 mm. bore. 'I'en degrees of the temperature scale must
occupy a length of about 2'5 cm. The bulb is to be spherical.
What must be its internal radius?

Let r = radius of the bulb, then volume of bulb = § =»?

The expansion per 10 degrees is approximately equal to

73 x 10 x (100108 — -00003),
and this must be equal to
T X () X 2°5.
Therefore =0
$x ¥ x '0}05 = 15

‘r—,\a/i— -l—«—-—’77cm
TN 160 < 0t T :

The internal diameter of the bulb must therefore be about 1-5 cm..

(3) Determine the ratio between the height of the mercury in
the glass vessels of a mercurial pendulum (p. 59) and the length of
the steel rod in order that the distance between the top of the rod
and the centre of mass of the mercury may be constant at all
temperatures.

If the temperature rises from 0° C. to ¢* C. the volume of the
mercury increases in the ratio (1 + '‘000181¢) : 1 while the area of

* See pp. 80, 82, 83.

1 The coefficient of expansion of water depends very much on
the temperature. It increases rapidly as the temperature is raised.
See pp. 87, 88.
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cross seotion of the tube increases in the ratio (1 + -000009 ¢)? : 1.
The height of the mercury in the vessel therefore increases in the
ratio

1+ +000181¢ , . . g . . .
0130000097 ° 1,4.e. 1 4+ (1000181 — “000018)¢ : 1 or 1-000163¢: 1.
If A is the height of mercury in the vessel at 0° C. then A/2 is the

distance of its centre of mass from the bottom and (%/2) x 1-000163 ¢
is the distance at ¢° and (h/2) x 000163 ¢ is the rise of the centre of
mass of the mercury relative to the bottom of the tube.

If ! is the length of the steel rod at 0°C., ¢ x -000012¢ is the
increase of length for ¢°C. Therefore we must have for exact
compensation

I x '000012¢ = (h/2) x "000163 ¢

_ 000012 .
or h = 000081 X { = *157 about.

59. Expansion of water. The expansion of water has
been the subject of numerous experiments. It is of special
interest, not only because water is so generally
used in physical operations, but also because it pre-
sents noteworthy peculiarities. Amongst others,
Pierre, Despretz, Hillstrom, and Mathiessen have
studied this question; the first two used the ordi-
nary dilatometer method, and the last two the
hydrometric method. It is, however, most easily:
studied by using a constant volume dilatometer.

£ Exp. 24. Make a large constant volume dilatometer
and study the expansion of water. On a piece of capil-
lary tubing blow a large bulb., (It is better to blow the
bulb on a piece of } in. tubing, and seal a piece of capil-
lary tubing* on to this.) V\geigh the bulb, fill it with
mercury and weigh again, aud then empty out six-
sevenths of the mercury, thus getting a constant volume
7 dilatometer (Fig. 48). Find also the cross section of the
) capillary tube as in Exp. 21. Finally fill up with water
Fig. 48. 0 a convenient point in the stem. If the stem is grad-
uated so much the better ; if not tie a millimetre scale to

the stem,
Insert the bulb in a large bath of ice and water, provided with
an accurate thermometer and a stirer. Take the reading when
the column is steady. Warm the water to 2°C. and keep it there

“* The stem of a broken thermometer will serve the purpose well.
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for ten minutes. Stir well and take the reading. Repeat for every
2° up to 10°C., and for every 5° up to 40° or above. Check the
readings by letting the water cool again to zero. Add ice to

Volume of 1 gramme of water.
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Volume of 1 gramme of water.

1-00012

facilitate this. Take the mean of the two readings at any one
temperature. Plota curve, as in Fig. 49, showing how the reading
varies with the temperature. .
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Note that as heating proceeds the column falls slowly and then
very slowly until a temperature ot 4°C. is reached. After this it
rises, at first very slowly, and afterwards more rapidly, as long as
the temperature is raised. At 4°C. therefore the volume is least
t.e. water is at its greatest density at 4°C.

From the smoothed curve and the known dimensions of bulb and
st. m, calculate the cocficient of real expansion of water between
various temperatures. Taking the volume of 1 gramme of water at
4°C. as 1-0000 c.c., find the volume at other temperatures. Check
your results by the following table :—

TABLE SHOWING THE DENSITY OF WATER AND THE VOLUME
OF 1 GRAMME OF WATER AT VARIOUS TEMPERATURES

TEMPERATURE
CENTIGRADE. DensiITy. VoLuMmE,
0° (ice) ... ... 0169 1-0906
0° (water) ... ... *099874 1-000127
1 ‘999930 1-000071
2 899970 1000030
3 . 999993 v e o 11000007
4 1°000000 1000000
5 999992 1000008
6 999970 1000030
7 ‘999932 1-000068
8 099881 1:000119
9 099815 1-000185
10 ‘999736 1000265
12 099537 1:000464
14 999287 1-000714
16 ‘098988 1-001013
18 998642 1001360
20 098252 1001751
25 vee oo 997098 = ... ... 1:002911
30 995705 1-004314
35 094098 1+005936
40 ‘99233 1-00733
45 ‘99035 1:00974
50 . -~ 98813 e ..o 1001201
56 98579 e 1-01442
60 ‘08331 e e 101697
65 08067 1-:01971
70 97790 1:02260
76 97495 102569
80 97191 102890
85 06876 103224
90 96550 1-03574
95 96212 1-03938
100 (water) ... ... 05863 eeweon 1404315

100 (stesm) ... ... 000598 .. .. 16725
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With the volume dilatometer water can be lowered much
below 0° C. before freezing sets in, and it has been found
that expansior continually takes place on cooling until
freezing does set in. Even — 20°C. has been reached
with liquid water. The slightest jar at this temperature,
however, starts solidification and the temperature rises
to 0°C.

60. Hope's experiment. Hope devised a simple experi-
ment to determine approximately the temperature of
maximum density. A tall glass jar, having two side
openings fitted with thermometers, as shown in Fig. 50,
is surrounded at its centre with an outer vessel containi
a freezing mixture (Art.118). The vessel is filled with
water at the ordinary temperature, and al-
lowed to cool under the influence of the
freezing mixture. As cooling goes on, the
lower thermometer falls steadily, while the
upper one undergoes but little change; but
as the temperature of the former approaches
4° C., it falls more and more slowly, and
finally becomes stationary; meanwhile, the
upper thermometer begins to fall more
rapidly, and continues to do so until 0° C.
is reached. Ultimately, a thin crust of ice
begins to form on the surface of the water, and the lower
thermometer remains stationary at 4° C.

These facts admit of simple explanation. The freez-
ing mixture cools the water nearest it, this contracts,
becomes denser, and descends, causing the lower ther-
mometer to fall gapidly. This goes on so long as a fall of
temperature causes the water to contract, but below 4° C.
expansion sets in, and then the water cooled by the
freezing mixture rises instead of falls, and causes the rapid
fall of the upper thermometer to 0°C., while the lower
thermometer remains stationary at the temperature of
the lowest, and therefore densest, layer; and its reading
consequently indicates, approximately, the temperature of
maximum dengity of water.

This experiment illustrates what actually takes place in
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ols of water during frosty weather; the surface freezes,
ut the temperature of the deeper layers of water seldom
falls below 4° C., and thus the lives of fish and other
aquatic animals are preserved. It should be neticed here
that water expands en freezing, and thus the ice floats on
the surface. Were this not the case, each layer of ice
would sink as it was formed, and ultimately all the water
in the pools would be converted into ice.

Exp. 28. Fit up a tin can (instead of the glass jar above) and
carry out Hope’s experiment. As a freezing mixture use ice and
salt.* Take readings every 10 minutes. Plot curves, with tem-

ratures as ordinates and times as abscissae. The curve for the
ower thermometer will show a long horizontal portion indicating a
temperature very nearly 4° C.

Hope’s experiment is merely qualitative, and does not
give any accurate determination of the temperature of
maximum density. The apparatus has, however, been
slightly modified by Despretz, and made to yield accurate
results. He employed four thermometers at different levels,
and observed the temperature of each at regular intervals
of time. He then drew a curve for each thermometer,
showing its fall of temperature with time, and from the
peculiarities of these curves he deduced, with some accuracy,
the temperature of maximum density, for which he gives
8-98° C. as the mean value of his results.

61. Joule’s experiment on the temperature of the maxi-
mum density of water. Dr. Joule adopted a method the
principle of which is closely connected with that of Hope's
experiment (see Art. 80). He employed a vessel consist-
ing of two vertical tubes 4} ft. high and 6 in. in diameter,
connected below by a tube fitted with a stop-cock, and
communpicating above by an open trough or channel
(Fig. 51). The vessel was filled with water, so that there
was free communication between the two tubes, both by
upper and lower channels, when the stop-cock was open.

* If performed outdoors on a winter’s day when the temperature
is below 0° C. no freezing mixture is required.
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To understand the method of experiment adopted with
this apparatus, it must be remembered that, above and
below the temperature of maximum density, temperatures
can be found at which the density of water is equal—e.g.
the density of water at 2° C. is nearly equal to
its density at 6° C., for the mean of these tem-
peratures is the temperature of maximum den-
sity. Joule, therefore, determined, with his
apparatus, a series of temperatures at which
water had the same density.

To do this the stop-cock was closed, and a
light glass bead placed floating in the upper
channel. The temperature of the water in each
tube was now adjusted and the stop-cock
opened ; if the water in one tube was denser | == |
than that in the other it sank, and a current Fig. 51.
set up, through the stop-cock tube from the
denser column and through the upper channel towards the
denser column. This latter current carried the glass bead
along with it, and hence the motion of this bead at once
showed which tube contained the water of higher density.
In this way the temperatures were adjusted until the glass
bead remained stationary on opening the stop-cock; the
mean of the temperatures of the water in each tube then
gave the maximum density. By gradually diminishing the
difference of temperature of the water in the tubes, Dr.
Joule thus determined the temperature of maximum den-
sity of water to be 39-1° F. (3'95° C.) within a very small
fraction of a degree.

~’62. Barometric correction for temperature. The pres-
sure of the atmosphere is usually expressed in terms of the
height of a column of mercury at 0°C. which exerts an
equivalent pressure. The observed height of a barometer
at t°C. has to be reduced to the equivalent height at 0°C.;
this is called correcting for temperature, and in applying
the correction two points are to be remembered: (i) To
correct for the expansion of the scale between 0°C. and
t°C.; (ii) To correct for the change of density of the
mercury. )
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Let H denote the observed height of the barometer at
t°C. taken from the scale readings, H, the height that
would have been observed if the whole instrument had
been at 0°C., [ the mean coeflicient of expansion of the
scale, ¢, the mean coefficient of real expansion of mercury,
and ¢ the temperature of observation. The scale readings
are only correct at zero, therefore the true height, corrected
for the expansion of the scale, is H (1 4 ). Denote this
by H;. Then for (ii) we have, as in Art. §7, H, d; = H,d,.

That is— H (L + i) dy = Hyd,.
- Hy = H+ i) &
do
» d‘ - 1
But e (Art. 47.)

R _
Hy=H 2 = HO+ (- o).

Or, since ¢, is usually greater than I, this is more

generally written
Hy=H[l - (¢, - }) £].

It should be noticed that the mean coefficient of real
expansion of mercury is employed because the correction
(i) is mnecessary on account of change of density of the
mercury. On no account must the column of mercury be
treated as a rod subject to linear expansion.

Example. A barometer with a glass scale reads 7550 mm. at
18°C. ; find the rexding at 0°C. The coefficient of real expansion
of mercury is ‘000182, and the mean coefficient of linear expansion
of glass is “0000089.

Applying the above formula we have

H, = 755[1 — (-000182 — -000009) 18]
=755[1 — 000173 x 18]
=T55(1 — -0031] = 755 — 2-348
= 7527 mm. nearly.

EXERCISES V.

v Distinguish between the absolute and the ap{mrent expansion
of a liquid, and show that the coefficient of absolute expansion is
equal to the sum of the coeflicient of apparent expansion and of the
coefficient of expansion of the vessel
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2. The coefficient of absolute expansion of mercury being z+sy
and its coefficient of apparent expansion being xzsy, find the co-.
efficient of volume expansion of glass. .

3. A zinc rod is measured by means of a brass seale, and found to
be 10001 metres long at 10°C. What is the real length of the rod
at 0°C. and at 10°C.? [Mean coefficient of linear expansion of zine
is “000029 and of brass -000019. ]

4. A rod of copper and a rod of iron placed side by side are
riveted together at one end. The iron rod is 150 em. long, and a
mark is made on the copper rod, showing the position of the un-
riveted end of the iron at 0°C. If at 30° the mark is 0:0255 cm.
from the end of the iron rod, what is the coefficient of expansion of
copper, that of iron being 0-000012?

5. A weight thermometer when empty weighed 1-:3210 gm. After
filling it with mercury at 0°C., and then heating i® to 100°C.,
2351 gm. of mercury was expelled. The thermometer, with the
residue of the mercury, when cooled down to the atmospheric
temperature weighed 163075 gm. From these data calculate the
coefficient of apparent expansion of mercury.

6. From the result in Question 5 and the known absolute co-
efficient of expansion of mercury (-0001815) calculate the coefficient
of volume expansion of the glass.

7. The same thermometer as in Question 5, after filling with
glycerine at 0° and then heating to 100°C., expelled 0:0678 gm. of
glycerine, and on cooling down it weighed 2-710 gm. If the co-
efficient of volume expansion of the glass is ‘000025, calculate the
absolute coeflicient of expansion of the glycerine.

8. A porcelain weight thermometer weighs 1656 gm. when empty
and 468 gm. when full of mercury at 0°C. When heated to 300°C.,
the weight of overflow is found to be 13464 gm. Find the mean
coefficient of volume expansion of porcelain between 0° and 300°C.,
assuming that of mercury to be “000184 for the same range of tem-
perature.

9. An empty weight thermometer weighed 4:8155 gm. It was
filled with water at 10° C. and gradually heated in a bath. At 20°,
40°, 60°, 80°, 95° it was withdrawn and weighed, the weights being
22-9032, 23:7966, 23:6340, 23-4220, and 232376 gm. Find the
coefficient of real expansion between 20° and 40° 40° and 60°, 60°
and 80° 80° and 95°. Draw a curve illustrating the change of co-
efficient of real expansion with temperature.

10. The coefficient of absolute expansion of meroury is *00018,
the coefficient of linear expansion of glass is -000008. Merocury is
placed in a graduated glass tube, and occupies 100 divisions of the
tube. Through how many degrees must the temperature be raised
to eause the meroury to ocoupy 101'56 divisions?
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11. A meroury thermometer wholly immersed in boiling water
reads 100°C. When the stem is withdrawn so that the graduations
from 0° upwards are at an average temperature of 10° the reading is
98'6°. Find the ooetficient of apparent expansion of mercury in
glass. .

12. A piece of glass weighs 47 gm. in air, 31'53 gm. in water at
4°C. and 3175 gm. in water at 60°C. Find the mean coefficient
of expansion of water between 4° and 60°, taking the coefficient of
volume expansion of glass as 0°000024. -

13. A solid weighs 29'9 gm. in a liquid of sp. gr. 1-21 at 10°C.
It weighs 30'4 gm. in the same liquid at 95° C. when the sp. gr. of
the liquid is 1°17. Calculate the coeflicient of volume expansion of
the solid, given that its mass in air = 456 gm.

14. In an experiment made with Dulong and Petit’s apparatus to
find the expansion of aniline, the column at 0° C. was 623 cm. high
and the column at 100° C. was 5°67 cm. higher. Find the coefficient
of real expansion of aniline.

15. In an experiment by Regnault’s method for the determination
of the absolute expansion of mercury, the following data were ob-
tained: H =100 cm. ; Ay =124 om. ; A2 = 1597 cm. ; ¢ = 10°C. ;
T =210°C. Find the value of ¢, given by this experiment.

16. Water is said to have its maximum density at 4°C. Explain
what this means.

In what respect is the behaviour of mercury different from that of
water when both gre gradually warmed from 0°C. ?

+ 17. A barometer is provided with a silver scale which reads cor-
rectly at 0°C. What is the true height of the mercury correspondin
to an apparent height of 761-05 mm. at 15°C.? What height woul
the barometer register at 0° C. ?



CHAPTER VI.

EXPANSION OF GASES.

63. In Art. 8 it was shown by a simple form of appa-
ratus (Fig. 4) that gases expand when heated; other
simple pieces of apparatus which also illustrate the same
fact are shown in Figs. 52, 53. Their construction is
obvious; the liquid used may be mer-
cury, alcohol coloured with magenta
dye, or coloured sulphuric acid. To
get the column of liquid in the tube
warm the reservoir so as to expel some
of the contained air, and on cooling
dip the open end of the tube in the
liquid. 1If the cork in B fits tightly a
fine hole should be bored through it to
enable the air within B to communi-
cate freely with the atmosphere.

Exp. 26. Make one of the above pieces of
apparatus, provide it with a home-made scale
and observe its readings at ditlerent parts of
the day, and at different days throughout
the year. Compare its readings with thse
of & mercury thermometer fixed in ite neigh- === -
bourhood. Fig. 52. Fig. 53.

Exp. 27. Take a long tube, fill it about three-quarters full with
meroury, and measure the length of the air column still left in the
tube. Th s air is at the atmospheric pressure. Now tirmly close
the tube with the thumb and invert the tube in a basin of mercury,
a8 n making a barometer. Again measure the length of the air
column. It is greater than before, i.e. the volume has inoreased.

95
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Now the pressure of the air in the tube (i.e. the pressure on the air)
is equal to the barometric height less the height of the mercury
columu in the tube. Read these two heights and find the differ-
ence. Show that

Barometric height x former length of air column = difference
between barometric height and height of mercury column X final
length of air column,

i.e. the product pressure x volume ts a constant.

This is an anticipatory proof of Boyle’s Law.

From the above experiment we conclude that the volume
of a given mass of gas depends upon its pressure as well as
upon its temperature, hence in considering the expansion
of gases by heat the effect of pressure must not be
neglected.

64. The relation between the volume, temperature, and
pressure of a gas. If experiments are to be carried out to
find the relation between the volume, temperature, and
pressure of a given mass of gas, it is obviously best to
divide the experiments into three classes, and thus to find

(1) The relation between pressure and volume when the
temperature is kept constant.

(2) The relation between volume and temperature when
the pressure is kept constant. * :

(8) Therelation between pressureand temperature when
the volume is kept constant.

We shall consider these separately in the following
articles :—

65. The relation between pressure and volume: Boyle’s
Law. In 1662 Boyle stated that the volume of a given
mass of gas is inversely proportional to the pressure when
the temperature is kept constant. This may also be stated
as follows :—The product of the pressure and the volume
of a given mass of gas at constant temperature is con-
stant, 1.e.

PV,=P,V,=., .. =aconstant ................ (1)

* Thjs is the simple case of expansion as already studied in the
cases of solids and liquids.
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Thus if the pressure is doubled the volume is halved ; again,
if the volume is to be increased threefold the pressure must
be diminished to one-third its former value.

Exp. 28. To verify Boyle's Law experimentally in the
case of air for pressures greater than that of the atmo-
sphere. A piece of apparatus called Boyle’s tube is gener-
ally used (Fig. 54). To make it, take a long piece (say
5 ft.) of stout glass tubing of about 1 in.
bore; clean gand dry it, and then carefully
heat ono end and seal it. At about 12 in.
from this end heat the tube and bend it
through two right angles. Mount on a board
and attach mm. scales to each limb, as in
the figure, having the zeros at the same level
and as low as possible. Insert a small fun-
nel into the open end for the purpose of
pouring in mercury. Take the apparatus
into a corner of the room where the tem-
perature will remain constant. As a check
hang a thermometer near the short limb.
Work over a mercury tray to catch spilt
merecury.

« Pour a little mercury into the bend and
adjust by shaking until the mercury sur-
faces are both at zero. A certain mass of
air has noew been imprisoned in the short
limb at atmospheric pressure. Read its
volume, assuming the bore of the tube to be
uniform, and taking the volume of unit.
length of tube as unit volume the number
expressing the length of the tube may be re-
garded as the number expressing the volume.
Pour a little mercury into the long limb. Note that the
mercury does not rise in the closed limb as rapidly as in
the open limb: this is due to the enclosed air exerting

pressure. Read the two levels. Pour in more mercu

and repeat the readings. Proceed till the long tube is fu
Now read the barometer and note its height. The

difference in level of the two surfaces in Boyle’s tube plus

H.1.P, 7
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the barometric height is the total pressure exerted on the
gas, and therefore exerted by the gas. The volume of
the gas is found by subtracting the reading of the mercury
surface in the closed limb from the reading of the top
of the tube.* Enter the results thus:

Barometric height = 76 cm. Initial length of air column = 25 om.

Ht. of Ht. of | Hxcess Total | Volume
Mercury | Mercury | Pressure | Pressure | of Air | Product,
in closed | in open jover Atmo- = Baro- | deduced | Pressure
limb. limb. spheric metric | from I. |x Volume.
=1 -IL | Ht. +1IL
L IL II1. IvV. V. VI ‘4
cm. om. cm. cm.
0 0 0 76 25 1900
b 4. 19 95 20 1900
10 61 51 127 16 1905

The products in Column VI. are practically constant:
thus, Boyle’s Law is verified.

To verify Boyle’s Law for any gas it is only necessary
to substitute that gas for air in the closed limb.

Example. Suppose 10 c. ft. of oxygen at atmospheric pressure
(15 1b.-wt. per 8q. in.) to be forced into a steel cylinder of 06 c. ft.

capacity. quired the pressure of the gas in lb.-wt. per square
inch.

Applying PV, =PV,
we obtain 16 x10=P, x 06;

P, = 250 Ib.-wt. per 8q. in.

A more satisfactory form of apparatus is shown in
Fig. 55. V is a long graduated glass tube closed at one

# The tube being of uniform cross-section the volume of the aiy is
proportioml to the length of the column of air,
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end. Its open end is tightly fitted with an indiarubber
stopper, through which there is a glass T-piece, one arm of
which communicates by a long piece of thick indiarubber
tubing, IR, to an open reservoir, R, con- W
sisting of a piece of wide tubing, and the

other carries a stopcock, C. The tube, V, s
may be fixed a.nﬁwhere along the upright, P.

The reservoir, can be raised or lowered 200
by means of a string, S, passing over a
pulley, W, fixed at the top of P. The mer- 190

cury levels may be read by means of a milli-
metre scale attached to the front part of P.

The tap, C, being closed, V is removed ¢
from the board and mercury is poured in
R until V and a large part of the tubing is
filled. The tubing being tightly clipped, V. R
is placed in position and R hung beside it. '
To the stopcock C is then attached a long
drying tube, containing fused calcium chlo-
ride. R is then slightly lowered, and C
being carefully opened, dry air rushes in
and collects at the top of V. R is then
carefully lowered until sufficient air has
been collected in V, when C must be closed.

For experiments at a pressure greater
than atmospheric, V should be near the
bottom of the stand, and nearly full of air;
for experiments at pressures less than at-
mospheric, V should be near the top of the
stand, and about one-third to one-quarter
full of air. To perform the experiment R .;
is shifted to any part of the scale and the i
string then attached to a stud at the back i
of P. A short time is then allowed for i
things to come to rest; the mercury levels N
in V and R and the volume of air in V are Fig. 55.
then read. This is repeated for different
positions of R, and the results are tabulated as before. A
thermometer attached to V should indicate a constant
temperature throughout the experiment,
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Exp. 29. Carry out an experiment with an apparatus
like the above. A 50 c.c. burette furnished with a well
ground and greased glass tap may be used instead of the
closed glass tube V. The volume between the 50 c.c. mark
and the tap must first be obtained. The open end is then
drawn out to fit the indiarubber tubing, and the burette is
fixed with the tap end uppermost and communicating to
the drying-tube. By elevating R the burette is filled with
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Fig. 56.
mercury, R is then lowered and the burette is filled with

dry air.

Plot a curve between pressure and volume, pressures
being ordinates and volumes abscissae. The curve will be
like Fig. 56, which represents readings taken with a
quantity of dry air which at a pressure of 75 cm. of
mercury occupied 50 c.c. and which was compressed in
six steps to half the volume.

Accurate results with a gas obeying Boyle's Law per-
fectly would give a rectangular hyperbola.* If the logarithm

* 8ee a book on Conic Sections for the equation to a rectangular
hyperbola.
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of the pressure is plotted against the logarithm of the
volume the result is a straight line, for since

PV, =P, V=P, Vy=. .. aconstant
log P, +log V, =logP, +log V, = logP; +log V3=, . .
== g constant.

Piotting therefore log I’ against log V we get a straight
line. This straight line is inclined at 45° to either axis
when log P and log V are plotted to the same scale (see
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Fig. 67.

Fig. 57, which is obtained from the same data as Fig. 56).
The logarithm diagram affords a better test of the accuracy
of your results, for it is easy to see when a point is on
or off a straight line, but not easy to see when it is on
or off a hyperbola.

A curve which represents the relatioh between the
pressure and volume of a body at constant temperature
is called an isothermal curve.* We see that the isothermal
of a gas like air is a rectangular hyperbola.

* Gk. 1808, equal; thermd, heat ; thermos, hot.
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66. The relation between volume and temperature, when
pressure remains constant. We have learnt that every solid
or liquid has its own coeflicient of expansion which is always
a very small fraction. But all gases have nearly the same

.coefficient of expansion, which is not a very small fraction.

Exp. 30. To show that all gases have the same coefficient of ex-
pansion. Dry a pint flask, F (Fig. 58), fill it with dry air, and fit it
with a cork carrying a stout and short delivery tube, D, leading into
a collecting apparatus, A.* D
should be clamped at C, so as
to support F.

Take a large beaker, B, fix
it in position, and fill it with
water. Heat the water very
slowly, stirring well, up to
20°C.. noting the temperature
by a thermometer, T. When
the temperature has reached
20°C. and bubbles have ceased
to escape at the mouth of D,
place over it an inverted grad-
uated gas jar, G, of say 200
c.cm. capacity, which has Leen
filled with water. Now heat
B till the water boils,¥ and
when the bubbles have ceased
to rise note the volume of air .
collected. Then take the cork
out of I and turn off the gas,
The volume of air in G is tho
volume, measured at the tem-
perature of the water in G, by
which the quantity of air
which filled I at a tempera-
ture of 20° C. is increased when heatcd to 100°

* This consists of a trough in which is placed a small cylinder, A,
with a hole in one side, and another, provided with a conical flange
opening inwards, through the top. The trough is filled with water
till the oylinder is covered. The delivery tube is passed through
the side hole and the gas passes up through the hole in the top.

+ To prevent the water bumping as it boils, place a few fragments
of unglazed earthenware (broken flower-pot) in the beaker. When
boiling occurs, a continuous stream of bubbles of steam will come
off from these fragments, the boiling being continuous and com-

paratively gentle.
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Repeat the experiment, having previously filled F' with coal-gas,
hydrogen, or some other common gas. It will be found that the
amount of gas which overflows into the measure is the same as was
noted in the case of air.

The last experiment is more or less qualitative. The
earliest accurate experiments were made by Dalton in
England, and by Gay Lussac in France.

67. Gay Lussac’s method of finding the coefficient of
expansion of a gas at constant pressure. For the purpose
of this determination Gay Lussac obtained a wide ther-
mometer tube with a spherical reservoir and a long stem.

This tube he carefully calibrated and graduated after the
plan mentioned in Art. 54. It was then filled with mer-
cury and fitted, as at A, Fig. 59, into a wider tube, T,
filled with calcium chloride.

By introducing a platinum wire, W, into the tube the
mercury was slowly shaken out, and its place taken by air
which was quite dry owing to it having passed over the
calcium chloride in the wide tube. A short column of
mercury was left in the stem of the tube to act as an index;
it was then taken and placed horizontally (as at B, Fig. 59)
in & sheet-iron vessel, V, which was first filled with melting
ice and afterwards placed on a furnace, F, and gradually
heated. The position of the mercury index was noted
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when the bulb of the tube was surrounded with ice, and
also at different temperatures as the heating went on.

From these observations the mean coefficient of apparent
expansion of air in glass was calculated, and the mean
coefticient of absolute expansion deduced, from this result
and the known mean cocfficient of expansion of the glass
tube. It will be seen that this method is identical in
principle with that of Art. 54. In this way Gay Lussac
found the mean coefficient of absolute expansion of air at
constant pressure (atmospheric) to be 0:00375 or y35. This
result we now know to be too high.

- Exp. 31. To find the mean coefficient of expansion of air
at constant pressure. Takea piece of tubing, A (Fig. 60), of
uniform* bore (a piece about 2 feet long and } inch in bore
will do), carefully clean it and dry it, and seal up one end.

i

Fig. 60.

Heat the tube to over 100°C., and dip the open end in
strong sulphuric acid.t As the tube cools acid will be
forced up into it. Obtain in this way a thread of acid, P,
about an inch or so in length. When the tube is cold the
thread should Le nearly halfway down the tube.

Fasten a thermomwmeter, T, to the tube, and mount the
tube by corks in a wide glass tube, &, so that the open end
just projects, and then fix the outer tube horizontally, and
provide it with corks, so that a current of water or vapour
may be passed through it.

Pass a slow current of ice-cold water (0°C.) through
G. By means of a metre scale measure as accurately
as possible the distance between the closed end of the

* Test the uniformity.

1 The great advantage of using strong sulphuric acid is thatitis a
strong ab@rbent of water vapour, and so it effectually dries the
enclosed air, If the air were moist its expansion would be abnor-
mally great.
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tube and the near end of the thread. This length is pro-
portional to the.volume of the air at 0°C. Denote this
volume by V,,.

Now pass a steady current of steam through the tube.
The air in A will expand and force the thread outwards.
This expansion will occur at atmospheric pressure ; for the
other side of the thread is exposed to the atmosphere.
When the thread becomes stationary note again the posi-
tion of the near end. Denote the volume of the air at
100°C. by V.

Then c,, the mean coefficient of apparent expansion of
air in glass at constant pressure between 0°C. and 100°C.,
is given by

Voo = Vo
100. Vo

and ¢, the mean coefficient of real expansion of air in glass by
Cr = Cq 4+ ¢ = ¢4 + 000025,

Since ¢, is much larger than ¢, and the above experiment
is only rough, it is not worth while correcting for the ex-
pansion of the vessel.

The above coeflicient is the mean coefficient between 0° C.
and 100°C.

—~68. Regnault’s method of finding the coefficient of expan-
sion of gas at constant pressure. In Gay Lussac’s method
there are two important sources of error. (a) The moisture
clinging to the interior of the thermometer tube was not
removed, and, as it was converted into vapour on heating,
the volume of the enclosed air appeared.to increase more
than it really did, hence the result obtained was too high.
(b) The index of mercury in the stem did not completely
separate the enclosed air from the outer air.

gnault modified his apparatus so as to avoid these
errors ; the interior of the vessel which contained the gas
was thoroughly dried by alternately filling it with dry warm
gas and exhausting it by means of an air pump, and the
mercury index in the stem was replaced by a long column
of mercury in @ U tube (or manometer). His. apparatus
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is shown in Fig. 61. The reservoir A, in which the gas is
placed, is a small spherical vessel which can be enclosed in
a suitable metal vessel, M, and the temperature of the con-
tained gas adjusted by filling the space between the two
with ice, water, steam, etc.

The manometer, BC D E, consists essentially of two
vertical tubes communicating below by a metal bend to
which a tap is attached. In order to keep it at a uniform

and known temperature
rE it is immersed in a water

. bath, not shown in the
ficure. One of the tubes,
B C, ends in a fine piece
of tubing which is bent
over at B and joined to
the stem of A ; the other,
D E, is much higher.
Communicating with the
horizontal part between
B and A is a small tube,
¢, by means of which the
interior of A is dried,
and the gas introduced
into it after passing
through a series of dry-
ing tubes.

7 To perform the ex-
periment the reservoir,

. A, is surrounded with

Fig. 61. melting ice, and mercury

is poured into the mano-

meter at E until it rises to the mark m on the tube, BC,

and to a point in DE on the same horizontal line as m.

This adjustment of levels is readily effected by varying,

through ¢, the quantity of airin A. The tube ¢ is now

sealed off in the blow-pipe, the ice in M removed, and a

smi?ll quantity of water put in its place and heated till it
8.

The reservoir A is thus surrounded with steam at the

temperature of the boiling point; the contained gas
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expands, and, depressing the column of mercury in B C,
causes that in D E to rise. The tap T is then opened and
some mercury run out, the level in D E falling more rapidly
than that in BC. As the gas further expands more and
more mercury is run out, and when the expansion is com-
plete the levels of the mercury columns in BC and DE
are adjusted in the same horizontal line in a position
similar to that shown in the figure at m/, m".

The air in A has thus expanded, between 0°C. and t°C.,
at a constant pressure equal to that of the atmosphere at the
time of the experiment,* for, both at 0° C. and ¢° C., the
mercury columns in the manometer have been adjusted so
as to have no difference of level. If, then, we know the
relative volumes of A, of its stem up to m, and of the
portion of B C between m and m’, we can calculate the mean
coefficient of absolute expansion in the usual way.

It must be noticed here that the gas in the part of the apparatus
outside M is at a different temperature to that in A, hence a cor-
rection for this as well as for the expansion of the glass must be
applied in working out the result.

hus, for example, let the initial temperatures of the reservoir
and manometer be 0°C. and the final temperatures T°C. and ¢°C.
Also let V, and v, be the volumes of the reservoir and the space
mm' at 0°.+ Then the initial volume ef the air at 0° C. is V, and
the volume of the air if all were at T° C. would be

Vo(l+eT)+v (1 +ct) (‘lﬁri})

where ¢, is the coefficient of real expansion of air at constant pres-
sure and c is the coeflicient of volume expansion of glass.
But this must be equal to

VO (l + ¢ T)>

SVl 4 6 T) = Vo(l+¢T)+v(l + ct) (lltcc'f)

from which ¢, may be calculated.

*If the atmospheric pressure has not remained constant, allowance
must be made for this in adjusting the mercury levels at the finish

of the experiment.
t+V, includes the portion of the capillary tube inoluded within

the heater, and v, includes that portion kept at the temperature of
the manometer.
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Regnault found by this method the value 0-0036706
for the mean coefficient of absolute expansion of air at
atmospheric pressure between the freezing and boiling
points of water. For different gases the value of this
coefficient varied slightly, especially in the case of gases
which are easily liquetied. Practically, however, this
result, which is approximately equal to 444, may be con-
sidered as applicable to most gases.

Exp. 32. To show that the expansion of air is uniform.
Modify the apparatus of Exp. 31 by bending up the end of
the tube and using a long metal water bath, as in Fig. 62.
Bind several pieces of copper around the tube at various
distances from the closed end. Heat slowly, stir well, and

Fig. 62.

take the temperatures as the inner end of the liquid
column arrives at the wire marks. The temperature should
be kept constant for a minute or two before taking the
reading. Finally measure the distances of the wire marks
from the closed end of the tube. Tabulate and plot
lengths and temperatures. The graph is practically straight,
showing that the expansion is uniform. Deduce from the
graph the value of ¢,.

Example. Iu an experiment like the above with a tube of ver
uniform bore, wires were tied around at distances of 36, 38, 40, 42,
etc., om. from the closed end of the tube. The experiment was
begun at 0° C., when the near end of the column was between the
first and second wires. The temperatures at which it arrived at
the other wires were 14°C., 29°C., 44°C,, 58°C., 74°C., 88°0. On
boiling it did not reach the eighth wire.

Plot the curve (Fig. 63). It is practically straight. Deduoe from
it that V,, given by the point A, = 36'0cm., and V,, given by the
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point B, =495 cm., and hence that the coefficient of apparent
expansion of air in glass at constant pressure

495 — 36:0 _ 135 _
=56 x 100~ 3600~ 0370

™
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Temperature of air (degrees Centigrade).
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69. Another method of measurement of the coefficient of
expansion of air at constant pressure. The principle of the
weight thermometer may be applied to determine the co-
efficient of expansion of air at constant pressure. The
weight thermometer after being filled with dry air is heated,
say, to 100°C. with the open end of the neck just dipping
under mercury in a dish. When no more air is expelled
the thermometer (and mercury) is cooled to 0° C. and mer-
cury flows into thetube. The pressure of the air remaining
in the thermometer is then adjusted to that of the atmo-
sphere, the mouth of the thermometer closed with the tip
of the finger, and the thermometer withdrawn from the
mercury in the dish. It is then weighed. From this
weight and the weight of the empty tube the weight of
mercury now in the tube can be found. Tet it be m gm.
The thermometer is now filled with mercury at 0°C. and
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weighed again. Let the weight of the mercury which fills
the tube at 0°C. be M. Then we have

Volume of air which fills the thermometer at 100°C. _ M

Volume of the same quantity of air at 0°C. “M<m
. M _, ., m
on l + 100(: = I\._l—:-;h =1 + M‘__ m.
Y Cem o
+ Ca 00 (M — m)'

If the temperatures are ¢,°C. and £,° C. instead of 0°C.
and 100° C. we have
l+ct,,, M
Y+cat, M-m
_ m
T M, - ) +mty’

whence Ca

Exp. 33. Find the coefficient of expansion of air at con-
stant pressure. (The experiment is much more easily per-
formed if water is used to fill the bulb instead of mercury.
The results are not quite as accurate,
but at this stage it is more important
to grasp principles than to get ac-
curate results.) .

Make a bulb B (Fig. 64) from a
piece of glass tubing or a boiling
tube; the neck should be drawn out
very narrow. Care should be taken
that none of the condensed water
from the gas flame gets into the tube.
Weigh the bulb. Fix the bulb, with
tube upwards, in a clamp so that as
much of it as is possible is immersed
in water placed in a large beaker.
Boil the water and take its tempera-
ture, £,°C., say.

After about ten minutes of boiling bring a blow-pi
flame to the.open end of the neck and. seal it. Now take
the bulb, invert it in cold water in a large beaker (Fig. 64)
and break off the tip of the neck with a pair of foreeps,
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The water rises within the bulb. Support the bulb in a
clamp so as not to warm it with the hands, adjust its level
till the water within is level with the water without and
leave it for five minutes to acquire the temperature of the
water. Read this temperature, £°C., say. Finally adjust
the bulb to get the water levels the same, and then quickly
close the mouth of the neck with the finger or a bit of
plugged rubber tubing, and reinvert the bulb. Dry the
outside and weigh the bulb (including the fragment broken
off). Now fill the bulb with water, adjust the temperature
of the water to ¢,° C. before withdrawing the neck of the
bulb. Dry and weigh again. Work out the results as in
the following example.

Example. In an experiment as described above the weight of the
bulb was 7'14 gm., weight when partly filled with water at 9°C.
was 14°67 gm., weight when filled with water at 9°C. was 37-35 gm.
The boiling water was at a temperature of 101°C. Find the coeff.
of expansion of air at constant pressure.

We have (neglecting the effects of water vapour),

Volume of air filling bulb at 101°C. _ 37°35 — 7'14 _ 3021

Volume of same air at 9°C. T 3735 - 1467 2268
92¢, _ 753
T+ 09c, 2268
ca = 0037.

70. Dalton’s, Gay Lussac’s, or Charles’s law. The facts
that air and other gases expanded uniformly when heated
at constant pressure were first discovered, as mentioned
above, by John Dalton, the author of the atomic theory,
and afterwards verified by Gay Lussac, and more accurately
by Regnault, and their formular expression is known as
Dalton’s, or Gay Lussac’s, or Charles’s Law. It may thus
be enunciated :— )

The coefficient of expansion of any gas under constant
pressure is 51, or

If the temperature of any given mass of gas, whose
pressure is maintained constant, be raised 1° C.,, the
volume increases by x4, of the volume it would have at
0° C. under the same pressure,

...6. V‘ = Vo (1 + Cy t).n.ouunuuuuun.nu(’)l
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where V, = the volume at 0°C., V, == the voiume at #°C.
of the same muss of gas, and ¢, = 53,.

Also
Vo =Vo(l +crty),
Va =14 ety
. v;* -l—m ------------------- uouunuuun(')

a useful relation.

In the case of Regnault’s experiments the pressures used
were in the neighbourhood of the atmospheric pressurs,
but of course by using higher pressures we may determine
the coefficient of expansion of the gas in a state of greater
density. It is found that the coefficient slightly increases
as the pressure increases. In the case of air the truee, is
given by ¢, = 0036605 + ‘00781p, where p is the density.
In Regnault’s experiments p = ‘001293 gm. per c.c.

The coefficient of expansion also varies with the tempera-
ture, ‘ggry little at ordinary and high temperatures, but
comi% ly at low temperatures, especially when the gas
is approaching its temperature of liquefaction.

71. Relation between the temperature and the pressure
of gases when the volume is constant. When a gas is
heated in a closed vessel so that it cannot expand it is
obvious from our previous knowledge that its pressure
must increase. We now proceed to find out how it in-
creases in the case of air.

. 34. To find the coeficient of increase of pressure
of air at constant volume. Fit ug an apparatus as shown
in Fig. 65. A is a bulb (2 to 8 in. in diameter) full of
dry air, attached by a stout narrow tube BCD (of
va bore), bent twice at right angles, to a long piece of
stout indiarubber tubing, D E F, in the other end of which
is thrust a straight bit of open glass tubing, FG. B
means of clamps D C is attached to an upright stand, M,
and then DE BE is filled with mercury so that the mercury
rises into D C and F G. F G is attached to a sliding piece,
K, which can be fastened at any height by means of a screw.
clamp, 8. A millimetre scale is pasted on te the front of
M, and levelling screws, L, I, L, serve to set M vertical,
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Take a large beaker, half fill it with cold water and
lumps of ice, and fix it so that A is wholly submerged.
The temperature of A gradually arrives at 0°C. Adjust
K so that the mercury surface in C D reaches a convenient
point, o, as near the bulb as possible.* Read the level of
the mercury surface, p, in GF and the height of the
barometer. If this is H, then P,
the pressure of the air in A, =H
plus the difference in levels of ¢ and
p if p is above o, or H minus the
difference in levels if p is below o.

Now put a burner underneath
the beaker and heat the water. As
the temperature rigses the air in A
will expand and force the mercury
m CD down. Prevent this by lift-
ing up G F so that the mercury is (4
forced back to o. Proceed till the
temperature is nearly 20°C., then
turn the burner down and keep the
bath at 20°C. for some time. When
things are steady finally adjust K
till the mercury is exactly at o, and
then read the height of the mercury
surface in GF and the barometer.
Deduce the pressure at 20° C., in
the same way as P, was deduced.
Now proceed to temperatures of 40°C., 60°C., 80°C., and
100°C. (boiling), and repeat the observations. Tabulate
the results.

Plot a curve taking temperatures as abscissae and pres-
sures as ordinates. The result will be a straight line, show.
ing that the pressure increases uniformly with temperature

. — o - P, .
i.e. . Py P", or in general Ps = Ly ig a constant.

100, P,

* If the apparatus has not previously been set up this may be
managed by filling the indiarubber tubing with meroury before
slipping it on to the tube, CD. A being previously at the air
temperature the mercury will rise up D C as A is cooled to 0° C.

H. T. P, 8
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If the experiment is péijformed carefully, it will be found
that this constant is also e%al t0 .

Example. The following table shows a set of results which may
be obtained :—

i
Tomportace, | P, "™ | Tnomst ot Eremus pr
- i
0°C. | 760 mm. | — —
21°C. 818 mn. 58 mm. 4% or 27€mm.
32°C. 849 mm. 89 mm. §5 or 2-78 mm.
54°C, 910 mm. 150 mm, 450 or 2'78 mm.
75°C. 968 mm. 208 mm. 308 or 277 mm,
100°C. 1038 mm. 278 mm. 448 or 278 mm.

The mean of the last column = 2'78,
.* the coefficient of i f =218 1
@ coellicient oI increase ot pressure 760 274
The above experiment leads us to write
Pg = Pﬂ (1 + Ca,,t),

where c,, is the coefficient of increase of pressure at con-
stant vgfume uncorrected for the expansion of the vessel,
and ¢ is the temperature Centigrade. We see that o, is
apg‘roximately Thy.

he correction for the expansion of the bulb may be
a.?plied in the usual manner. Thus if ¢, is the coefficient
of real increase of pressure at constant volume,

Cp = Cap + C,

but ¢ is 8o small that as a rule it is smaller than the pro-
bable error in ¢,,, hence the correction is negligible.
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Bxp. 88. To prove that the coefficient of increase of pressure is
the same for all gases, Take a long piece of glass tubing, bend it as
shown in Fig. 66 (which is a perspective view) and suck up some
mercury or strong sulphuric acid to act as & pressure gauge in the
U tube. Put the ends of the tubes through
two rubber corks, which are of such a size as
to fit tightly into two flasks, A and B (which
need not be of the same size).

By passing a continuous stream of a gas,
say coal gas, by means of a tube through the
flask A for some time it may be filled with
coal gas to the exclusion of any other gas.
Similarly fill B with any other gas or let it
remain full of air. Place the flasks side b
side in a big beaker and fill the beaker wit,i
water (the