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PREFACE.

Th1S volume on Heat is tho third of a series forming a Text-Book
on Physics. The first two volumes dealt with the Properties of
Matter and Sound, and the succeeding volumes will deal with
Magnetism and Electricity, and Light.

The Text-Book is intended chiefly for the use of students who
lay most stress on the study of the experimental part of Physics,
and who have not yet reached the stage at which the reading
of advanced treatises on special subjects is desirable. To bring
the subject within the compass thus prescribed, an account is
given only of phenomena which are of special importance, or
which appear to throw light on other branches of Physics, and the
mathematical methods adopted are very elementary. The student
who possesses a knowledge of advanced mathematical methods,
and who knows how to use them. will, no doubt, be able to work
out and remember most easily a theory which uses such methods.
But at present a large number of earnest students of Physics are
not so equipped, and the authors aim at giving an account of the
subject which will be useful to students of this class. Even for
the rcader who is mathematically trained, there is some advan-
tage in the study of elementary methods, compensating for their
cumbrous form. They bring before us more evidently the points
at which various assumptions are made, and they render more
prowminent the conditions under which the theory holds good.

J.H. P
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CHAPTER L
TEMPERATURE.

[ntroductory Remarks — Temperature — Thermal Equilibrium — Construction of
Mercury-Glass Thermometers—Fixed Points: Centigrade, Fahrenheit, and
Reaumur Scales—Marking Fixed Points—Calibration and Graduation—Pre-
cautions in use—Limits of accuracy—Range—Scales of temperature given by
expansion arbitrary —-The Work Scale—Air and Hydrogen Scales— Platinum
Resistance Thermometers—Table of Temperatures—Maximum and Minimum
Thermometer—Thermostats.

[ntroductory Remarks.—In the science of Heat, we investigate those
phenomena which are chiefly revealed to us by our sense of warmth or
cold. We use tho words ‘“hot” or “cold” to describe the condition of
external bodies which corresponds to the sensation we receive through
our skin on touching or approaching them, and we habitually compare
bodies with respect to the sensations so received, describing one as
“hotter ” or ¢ colder” than another. Given several vesscls of water,
we could with very little trouble arrange them in order of hotness, and
we have a number of expressions in common use to describe their con-
ditions, such as ‘“‘ice-cold,” ¢ cool,” “chill taken off,” ¢ tepid,” *luke-
warm,” “warm,” ‘“hot,” “boiling hot.” Our primary sensations are,
therefore, those of hotness or of coldness, and we are accustomed to think
of hotness as varying in degree. If we put a hot body in contact with a
cold one—if, for instance, we pour hot water into a cold vessel—the hot
water is cooled while the cold vessel is heated. We regard this change
as the passage of something which we term heat from the hotter to the
colder body, its loss by the former being accompanied by cooling, its gain
by the latter by heating. We do not mean to imply by * something ” some
kind of matter. We may fairly describe kinetic energy as ¢ something,”
and say that when one body strikes another, setting it in motion, *some-
thing,” viz., kinetic energy, has passed from the one to the other, yet
we do not think of energy as matter.

So, here, we only describe the heat as ‘ something,” because we
believe that we can identify the heat gained by the cold vessel with that
lost by the hot water. We also think of heat as greater or less in
amount. If the hot water cools very considerably, we think of it as
giving up more heat than if it cools only slightly. Or if the quantity of
hot water cooling is comparatively large, we think of it as giving up more
heat than a smaller quantity of water cooling to the same extent.

A
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These, then, are our two fundamental ideas: that bodies are comparable
as to their hotness or coldness, and that in general, on becoming hotter
they receive something which we call heat—the amount of heat received
depending both on the quantity and nature of the matter and on the
degree to which it becomes hotter.

Our first aim must be to render our conceptions more definite, by
obtaining some numerical scale to express fiow hot a body is.

We shall be occupied, in the earlier chapters of the book, with a
description of the mode in which such a scale is obtained, and an account
of its use in the investigation of the change of dimensions of bodies when
heated. Afterwards we shall show how numerical expressions may be
obtained for quantities of heat, and how these quantities may be deter-
mined by experiment.

Temperature and Thermal Equilibrium.—The number which
expresses on some definite scale how hot a body is, is termed its
temperature.

Any instrument, such as the ordinary mercury and glass instrument,
used to obtain the temperature of a body is termed a thermometer.

We know from common observation that bodies in contact with each
other, and not subjected to changes of external conditions, after a time
get neither hotter nor colder—i.e. heat does not pass from one to another.
They are then said to be in thermal equilibrium with each other.

For example, in a room not exposed to draughts or to sunlight, and
containing no fire, the objects lying on a table will after a time all be in
thermal equilibrium with the table and with each other. A glass of
water on the table will neither be heated nor cooled by putting into it
an iron rod which has also been lying on the table. The sensation
received by an observer touching the various objects may, however, be
very different. The iron will fcel colder than the table on which it has
been placed, and the water in the glass will feel warmer than the iron
and colder than the table. But if, instead of the finger, we use a
thermometer, we find that it will register the same whether it is laid on
the table, placed against the iron, or put in the water—the difference of
sensation not being due to difference of temperature but to different
rates of communication of heat from the hand to the surfaces touched.

The thermometer, then, shows us that bodies in thermal equilibrium
with each other are at the same temperature, and as the thermometer is
also one of the bodies it is also at the same temperature as the substance
in which it is placed.

Conversely it is true that bodies at the same temperature are in
thermal equilibrium with each other.

This may be proved by direct experiment; by pouring, for instance,
a quantity of mercury into a vessel containing water at the same
temperature, and noting that the temperature remains constant.

Thermometers.—In order to ebtain a definite scale of temperature,
we make use of the fact that, in general, bodies expand on being heated.
Various simple experiments show this. For instance, if a metal rod
(Fig. 1) be fixed at the end V in a vice and if the end A presses down
on a small roller » on a flat plate, then a pointer P attached to the
roller will move over a scale 8 when the rod is heated, say by a gas
flame,
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Or, if a brass rod (Fig. 2), exactly fits into a space in n brass plate
when cool, it can no longer be inserted into the space after it is
heated, if the plate remains cool.

We might use the expansion of a brass rod to give us a scale
of temperature, if we had a
sufficiently delicate and simple S
method of measuring its length.

‘We might call the tempera- P
ture of the brass when placed A
in ice-cold water, 0°, and de- YLf‘ —
scribe its temperature as rising ] /

1° for every increase in length e

of 1yohos but the difficulty

of measuring such a small in- F16. 1.—Expansion of a Heated Rod.
crease as would occur for any

ordindry rise of temperature would render such a scale of littlo practical
value.

We therefore make use of the facts that the expansion of liquids by
heat is usually much greater, and that of gases enormously greater, than
that of solids.

If a glass flask is filled with water, and then closed by a cork with a
tube of narrow-bore passing through the cork, the warmth of the hand
is quite sufficient to make the water rise very appreciably in the narrow
tube. For though the glass expands, thus making the internal capacity

greater, the water expands still more, not only filling

I ”L___r"| up the additional volume of the flask, but also rising

in the tube. This is the principle which is used in

——— the ordinary thermometer, the bulb containing eithor

mercury or alcohol, and the expansion in excess of

| that required to fill the increase of volume of the

bulb being indicated by the rise of liquid in the tube,

Gases expand still more than liquids. If a flask

partially filled with water be closed by a cork,

. .. through which passes a narrow tube with its lower

F‘g'hi‘,,“(j“'{if; ",],t,(; end dipping under the surfaco of the liquid, the

when cold but not warmth of the hand will make the air in the upper

when hot. portion of the flask expand and drive the liquid

rapidly up the tube. Gas thermometers on this

principle may be made far more sensitive than the liquid thermometers,

but there are, as we shall see, difficulties in their use, which render them
unsuitable for ordinary purposes.

The Construction of Mercury-in-Glass Thermometers.—To
construct a good thermometer for scientific purposes, a tube is selected
with a capillary bore as necarly uniform as possible. A bulb is blown on
the end of this, the size of the bulb being adjusted by the experience of the
glass-blower to the sensibility required in the thermometer —the greater
the sensibility the larger the bulb or the finer the bore. In order to fill
the bulb with mercury, it is heated to expel some of the air, and the open
end of the tube is inserted under mercury. On cooling, the pressure of
the remaining air diminishes, and the external atmospheric pressure
drives some mercury up into the bulb. The tube is then held bulb
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downwards, and the bulb is heated till the mercury boils, the mercury
vapour rising and displacing the remaining air. On again inverting the
tube and placing the open end under mercury, as the temperature falls,
the whole space will, as a rule, be filled with mercury. Should the air
not be entirely expelled, however, the operation must be repeated. The
tube is then drawn out near the end till the bore is nearly closed, the
bulb is again heated until the mercury flows past the narrow part, and the
latter is rapidly sealed up by means of a blowpipe flame. It is found by
experience that the bulb of a thermometer undergoes contraction. The
contraction is very considerable during the first few weeks or even
months after it has been blown, but after two or three years it takes
place very slowly and is hardly appreciable over short intervals of time.
It is advisable, therefore, to wait till this stage is reached before the
graduation of the instrument is proceeded with.

Fixed Points.—If we only had to use one thermometer, to indicate a
rise in temperature in one particular case, it would be sufficient to mark
on the stem divisions of some chosen length, say 1 mm. each, to number
these from the bottom to the top of the tube, and to call each step of one
‘“division” a degree If, for example, the mercury stood 50 mm. above
the lowest mark, we might call the temperature 50°. But we wish to
use different instruments for different cases and to compare their
indications. Further, we wish to compare the indications of our thermo-
meters with those of instruments used by other experimenters on other
occasions. We must, therefore, have a definite scale, as nearly as
possible the same on all instruments. This is socured by the use of
definite ¢ fixed points,” the same on all instruments, each corresponding
to a definite fixed temperature. The two fixed points universally used
are lst, the temperature of ice when just melting under the atmospheric
pressure of 760 mm.; and 2nd, the temperature of steam from water
boiling normally under the same atmospheric pressure. The height of
the mercury column of a thermometer placed under constant conditions
in different vessels containing melting ico will remain invariable. Placed
under similar conditions in the steam from water boiling normally at a
pressure of 760 mm. in different vessels, it will again remain invariable,
but at a point much higher in the stem. The volume of the tube—or,
if it is of even bore, the length—between these two fixed points is
divided into a number of equal parts, and each part indicates a degree.

The Centigrade Scale.*—On the centigrade scale, now universally
employed for scientific purposes, the temperature of melting ice is 0°,
and that of boiling water under the stated conditions is 100°, and the
interval is divided into 100 parts. The scale is indicated by writing C.
after the temperature, as 0° C.

The Fahrenheit Scale.—On the Fahrenheit scale, the temperature of
melting ice is 32°) and that of boiling water is 212° the interval being
divided into 180 equal parts, A Fahrenheit temperature is indicated by
writing F. aftor the temperature, as 212° F.

This scale was arranged by fahrenheit early in the eighteenth century.
He found that a mixture, of which he did not state the proportions, of
ice, water, and sal-ammoniac, or sea-salt instead of sal-ammoniac, gave
a very low definite temperature, which he took as 0°. He found that

* Some interesting notes on the history of therwometry will be found in Boltou's
Evolution of the Thermometer.



TEMPERATURE. 5

the normal temperature of the human body was nearly constant, and
using a duodecimal scale he took this as 2 x 12 = 24°. He found that
ice melted at 8° on this scale. These degrees being inconveniently large,
he quartered them, so that he had 0°, 32°, and 96° as fixed points.
Having verified Amontous’ statemont that water boils at a constant
temperature, he found that it was at 212 of his new quartercd degrees,
The estimate of 96° for the human body was then found to be more
nearly 98° than 96°.

The Reaumur Scale.—On this scale the fixed points are 0° for melting
ice and 80° for boiling water. Reaumur used alcohol diluted with one-
fifth of water as the liquid in his thermometer, and each degree marked
an expansion of 15355 of the volume of the liquid at 0°.

Conversion of Scales.—1f the same temperature is indicated respectively
on the three scales by C, F, and R, then evidently the equations—

0 _F-32 R
100 180 80
enable us at once to convert from one scale to another.

Marking the Fixed Points.—In this country tho lower fixed point
is marked first. For this purpose the bulb of the
tube is immersed in a metal vesscl containing a T}[
mixture of small pieces of melting ice and air-free ;
distilled water. The vessel may also be surrounded
by melting ice to prevent the temperature of tho
water in it rising above that of the ice. The ther-
mometer is placed so that the mercury rises just to
the top of the ice, and when it is steady a file mark
is made to show its position.

The thermometer is then placed in a metal vessel,
the construction of which is indicated by kig. 3, the

bulb and the tube being entirely surrounded by
steam. The thermometer is placed so that the i:'

mercury rises just into sight and its final level,
which is only attained after some time, say a quarter
or half-an-hour, is again marked by a fine file.

It is essential to read the barometer, as the
boiling temperature of water varies with the atmos-

heric pressure, being only 99° at 733'2 mm.
(slightly below 29 inches). The point marked will
only be 100° on the rare occasions when the baro-
meter i3 at 760 mm., and, in general, allowance
must be made for the deviation,

Pressure also affects the melting point of ice,
but the ordinary variations of pressure produce no
appreciable effect. Practically it is only important
in ordinary thermometers to use pure watcr, and Fia. 3.—Boiling-Point
to be sure that the ice is all at the melting Apparatus.
temperature. Impurities lower the melting point,
and large lumps of ice which have not been long melting may easily be
below the melting point inside.

It may be noted that 760 mm. of mercury is not an invariable




6 HEAT.

standard, but varies with the variation of gravity. At the equator,
760 mm. of mercury would only imply a pressure equal to something
less than 758 mm. in ¥ngland, and water would boil therefore at
slightly above 99:9°. If great accuracy is required, the standard
pressure is taken as 760 mm. of mercury in lat. 45°. The same
barometric height at Greenwich corresponds to a pressure greater by
about 56 in 100,000, which will alter the boiling-point about ‘016° C,

Calibration.-—If the thermometer is to be used as a standard, it must
be calibrated, 7... the variations in the capillary bore must be deter-
mined and allowed for. There are various modes of effecting this,* the
simplest and quickest being as follows :—

The mercury in the tube is detached near the neck of the bulb,
either by warming the tube in a very fine gas flame at the point where
it is to be detached, or by manipulation of the trace of air still remain-
ing, and which collects in the vacuum left in the bulb if the thermometer
is inverted and the mercury is sent down to the end of the tube. The de-
tached thread is then run down into an enlargement of the bore provided
for the purpose at the ¢nd farthest from the bulb, leaving the bore clear.

A short thread, say about 20 mm. in length, is then detached from

A B CD . u H_K __
- =

0 100

F1G. 4, —Calibration of a Thermometer; AB, BC,—HK, =equal
volumes of the bore.

the mercury still remaining in the bulb and is measured at various
points along the tube by a travelling microscope, or by the dividing
engine.t Let us suppose, for example, that the length AK, Fig. 4,
along the tube, represents 100°, and that we wish to know how to
adjust the intervening divisions to allow for variations of bore. Let us
bring one end of the thread to A, the other end being at B. Measure
AB. Now pass the thread along by gently tapping the end farthest
from the bulb till the thread occupies the position BC. Measure BC.
Now bring the thread to CD. Measure CD; and so on. Let us suppose,
for simplicity, that the last position of the thread is HK, the end of the
thread exactly falling at K, and suppose that there are in all 25 lengths
of the thread between A and K. Then the lengths AB, BC, CD—HK
represent 25 equal volumes, and each of them must contain 4°. To
graduate to 100°, we must divide each of the lengths AB, BC, &c., into
four equal parts. At each of the points B, C, &ec., there is, therefore, a
sudden though small change in the length of the degrees. Hence the
method is only applicable when the variation in the bore is practically
negligible through one thread-length. TFor still greater accuracy, the
tube 1s previously graduated to equal lengths, and the correction to be
applied at each point is determined by graphic methods. The mode of
employing the dividing engine for graduation is described in Stewart
and Gee’s Practical Physics, p. 24.

* Report of Committee on Mcthods Employed in the Calibration of Mercuriul Thermo-
meters, British Association, 1882.

1 See Stewart and Gee, Practical Physics, vol. i. p. 16. An excellent instru-
ment of simple construction is described by Brown in Phil. May., vol. xiv. 1882, p. 67.
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When the thermometer is not to serve as a standard, the labour of
calibration may be saved by comparing the readings with some standard
instrument, and observing the deviation from the true reading at
various points along the scale. Such comparisons are undertaken by
the National Physical Laboratory, and a certificate is 1ssued with each
thermometer compared, stating its errors.

Precautions in Use.—In order to obtain consistent values for a given
temperature, certain precautions must be observed in using the mercury-
glass thermometer. If the instrument is first used for a low tempera-
ture, then exposed to a high one, and lastly brought back to the first low
temperature, it will give a lower indication than before. The offect is
entirely due to the glass, which does not on cooling at once contract to
its original volume. In the course of days or weeks, however, it does
return to that volume. The effect may be well observed by immersing
a thermometer in melting ice till it is at 0°, then putting it into steam
for twenty minutes or so and then returning it to the ice. The zero
point will be found to be depressed by an amount differing with the kind
of glass used, ranging from about 0-1° C to perhaps 0-6° C. With some
kinds of glass the depression is nearly proportional to the high tempera-
ture reached, but with others the relation is not so simple. If time cannot
be allowed to eliminate the effect, the thermometer, if of English make,
should have its zero point re-determined immediately before being used for
any temperature lower than the high one to which it has been subjected.
Abroad it is usual to mark the fixed point 100° before the 0° point in
graduation, and with such a thermometer the zero point should be re-
determined immediately after the reading of an intermediate temperature.

We have already mentioned the gradual contraction of the bulb and
consequent rise of zero point. Though after a few years this becomes
very small, it may still be sensible for delicate instruments, and it is
necessary, therefore, to find the zero point at intervals and subtract the
rise from the indication on the scale. Dr. Joule observed the rise of
zero point on two delicate thermometers at intervals during forty
years, and the results obtained for one of them (Scientific Papers,
vol. i. p. 358) may be represented by the curve in Fig. 5. It practically
coincides with the curve,

-t
y=1394-95l¢

the height y being in arbitrary divisions of the stem, 13 divisions to
1° F., and ¢ being the time in years from 18%4.

The total rise in thirty-eight years was 1° F., and if the curve truly
represents the results, it appears to show that it had still, in 1882, about
7gth of a degree Fah. to rise, and that it will halve its distance from
the final value about every ten years.

In taking a temperature the whole instrument should if possible be
at that temperature. If, for instance, the bulb alone is in a hot liquid
while the stem cmerges into the colder air, not only is the stem con-
ducting heat from the bulb and keeping it at & lower temperature than
the liquid, but the glass and the part of the mercury in the air have too
small volumes, and on both accounts the temperature indicated is toolow.
There are formul® for correcting for the emergence of the stem, but they
are unsatisfactory, and where possible their use should be avoided.



8 HEAT.

A thermometer should be used when possible in the position in which
its fixed points were marked. If, for instance, they were marked with
the stem vertical, then in the horizontal position the internal pressure
on the bulb due to the column of mercury in the stem is removed and
the bulb contracts slightly, indicating too high a temperature.

Corrections can, however, be determined by direct experiment and
can be applied to the observed reading. With the most sensitive instru-
ments it is also necessary to take into account the varying pressure on
the outside of the bulb due to change of atmospheric pressure or depth
of immersion in a liquid.

Limits of Accuracy.—With different thermometers made of the same
kind of glass and carefully graduated, the indications of a given tempera-
ture should agree to within about 0:01°C. Different kinds of glass have

1894 Asymptote 13 94
13
124 ] x
/"

April 1844

OFR 47 50 33 36 39 &7 65 68 W 74 77 680 &3 65

Fi1a. 6.—Joule’s Obscrvations on the Alteration of the Freezing Point in Thermo-
-t

meters, and the Comparison with the Curve y=13-04" - 9:51°%!°?

different expansions and, though their indications at 0° and 100° will
agree, intermediate indications may differ by, perhaps, more than 0:1° C.
Above 100° their indications may differ much more widely than this. In
recent years very careful attention has been paid to the qualities of
different glasses for thermometer purposes and to the methods of
correction to be employed to make the readings of different thermo-
meters give the same value of the same temperature.*

Tt is to be hoped that, as a result of these investigations, the quality
of glass used will be improved, and that scientific thermometer makors
will everywhere use the same glass, the same mode of marking the fixed
points, and the same mode of graduating, so that the indications of
different instruments may be immediately compared.

Range of the Mercury-Glass Thermometer.—There are limits

* In Dr. Chree’s *‘ Notes on Thermometers,” in the Philosophical Mayazine, xlv. 1898
p. 205, will be found a description and full discussion of the various corrections.
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to the use of the mercury thermometer in both directions. The freezing
point of mercury being about —39° C. it cannot be used for lower tempera-
tures, and hence, for meteorological purposes, it is usual in cold climates
to replace it by alcohol, since alcohol has a much lower freezing point.
Nor is it safe to use an ordinary mercury thermometer much above
350° C., the pressure of mercury rising from about } atmosphere at
300° to 1 atmosphere at 356°, the normal boiling-point of mercury, and
then increasing still more rapidly to 2 atmospheres at 400° and 4
atmospheres at 450°. This great increase of internal pressure may
very seriously alter the capacity of the bulb. Mercury thermometers
made of specially hard glass and containing nitrogen above the mercury
are now, however, made with a range up to 500° C., but they are hardly
suitable for exact work.

Scales of Temperature given by Expansion depend on the Sub-
stances used.—Beginners in the study of heat sometimes suppose that
mercury and glass are chosen in the construction of thermometers, because
their expansion is regular and equal for each successive degree. But this
regularity is simply due to our definition, that equal degrees shall be
such equal expansions. Within the short range from 0°C. to 100°C.
most substances which remain otherwise in the same physical condition
between these points expand nearly regularly with rise of temperature
as indicated by the mercury-glass thermometer. And so most substances,
with the same fixed points would give nearly the same scale. Thus, if the
expansion of a brass rod between 0° and 100° were used and divided into
100 equal steps, each step would have very nearly the same value as the
corresponding steps on the mercury-glass scale. But not exactly, for even
between 0° and 100° there are measurable deviations from expansion in
the same rates, and outside that range the deviations become more con-
siderable. As we have seen, even different kinds of glass expand
differently, so that two thermometers of different glasses agreeing at
0° and 100° will not agree exactly at all intermediate points. The
disagreement fortunately is very small within that range.

The Work Scale of Temperature.—There is one scale of tem-
perature, due to Lord Kelvin, which is quite independent of the particular
substance used to indicate it. We shall give a full account of this scale
in chapter xvii. Here we can only attempt a brief sketch of its nature
in order that the reader may know that such a scale exists.

The work scale depends on the amount of work obtained from a given
supply of heat to a heat engine.

We may roughly describe an ordinary stecam engine as a heat engine
which takes in heat at the temperature of the boiler, and turns some of
this heat into work by the expansion of the steam in the cylinder.
Though the steam cools as it expands it does not turn all the heat
received into work but retains some of it till it passes into the cooler
or condenser where it returns to the liquid form. It can therefore at
the very most only convert into work the difference between the heat
taken into the boiler and the heat put out in the condenser.

We can imagine an ideal engine, in which any substance is used, like
steam in the ordinary engine, to do work by expansion. The substance
works between a source of heat, like the boiler in an ordinary engine,
und a cooler receiver like the condenser. The working substance takes
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in heat from the source, converts some of it to work, and gives out the
balance to the receiver. When the engine is imagined to work under
certain ideal conditions first prescribed by Carnot (whence it is known
as a Carnot engine), the fraction of the heat received which is converted
into work depends solely on the temperatures of the source and receiver,
and for two given temperatures is the same whatever working substance
is used. Or, putting the statement in another way, the ratio of the heat
put in at the higher temperature to the heat put out at the lower
temperature depends solely on these temperatures. We may therefore
use the Carnot engine to give us a scale of temperature in the following
way. Let a quantity of heat Q; be put in at the higher temperature which
we will denote by 6, and let a quantity Q, be put out at the lower
temperature 6, Then we fix the ratio of these temperatures by

putting
0y _Q

2=

6 Q

If we keep 0, and Q, constant, Q, is less the lower 6, If all the
heat Q, is turned into work, none remains to be put out at 6, In this
case Q, is zero and therefore 6, is zero. This implies that the new scale
dates from a point such that a Carnot engine working down to that
point will turn all the heat which it receives from the source into work.
We can imagine no greater degree of cold than that of such a receiver,
and its temperature is therefore termed the absolute zero.

[t can be shown that if a Carnot engine works between the tempera-
tures of boiling water as source, and melting ice as receiver, then for
every 373 parts of heat put in at 100° C. it will turn out about 273 parts
at 0° C. and convert 100 parts into work. The ratio of these tempera-
tures on the work scale is therefore 373 : 273 very nearly. If wo decide
to make the length of degree on the scale such that there are 100 of them
between melting ice and boiling water, then melting ice is at 273° A.
(where A denotes the work, or, as it is often termed, the absolute scale),
and boiling water is at 373°A. The absolute zero then is at — 273° C. or
273 absolute degrees below the temperature of melting ice. Though the
Carnot engine is ideal merely, and though we can only approximate to
it in practice, we shall see in chapter xvii. that we can tell how it would
work if realisable. The new scale is, therefore, a perfectly definite one,
and it is possible to determine the relation between the work expression
of a temperature and its expression on other scales.

Air and Hydrogen Scales.—By the experiments which we shall
describe in chapter iv. it has been found that different gases of sufficicnt
tenuity, and sufficiently above their condensing points, expand nearly
equally for equal rises of temperature when kept at the same pressure,
and that if their density is kept constant their pressure increases nearly
equally. Two gases have been chiefly used for thermometric purposes,
dry air, and hydrogen, and it is usual to employ the increase of pressure
at constant density to give a scale of temperature. Taking ;34th of the
increase between 0° C. and 100° C. to indicate a degree the scale agrees
very nearly with the mercury glass scale wit’' n that range. A gas
thermometer is applicable through a far wider range than the mercury-
glass thermometer. Its scale has the further advantage of being nearly
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coincident with the work scale. Formerly the air scale was the standard,
but now the hydrogen scale, as used at the Bureau International des
Poids et Mesures has taken its place. At the Bureau there is a hydrogen
thermometer in which the pressure at 0° C. is 1 metre of mercury, and in
which the density is kept constant. The degrees of the scale of this
instrument are increments of pressure, each l;th of the increase of
pressure between 0° C.and 100° C. Wae shall return to the subject of
gas thermomotry in chapter iv.

Platinum Resistance Thermometer.—The electrical resistance of
pure metals increases almost in direct proportion to the rise of tempera-
ture as indicated by the mercury-glass and gas scales. Siemens was the
first to employ the resistance of a platinum wire to indicate temperature,
and the method has been thoroughly investigated by Callendar (‘‘On
the Practical Measurement of Temperature,” I’hil. Trans., 1887, A.,
p. 161; Phil. Mag., 1899, xlviii,, p. 519). He has shown that it gives
an instrument convenient in form, easy to use, and applicable through a
far wider range than any other. The platinum wire he used in his
original experiments was ‘017 cm. diameter, about a metre long, and
about 5 ohms resistance. This was wrapped as a spiral on a glass
tube, and the ends soldered into thicker platinum leads *073 cm. diameter,
the tube being inserted in the enclosure of which the temperature was to
be measured. The resistance of the leads could easily be allowed for,
and the resistance of the platinum spiral itself at any temperature could
be found. The platinum scale is defined as giving equal degrees by
equal increments of resistance, 100 of such degrees making tho interval
from 0° C to 100° C. Let R be the resistance at any temperature, R,
and R,,, the resistances at 0° C. and 100° C. If we denote a tempera-
ture on the platinum scale by p¢, then

R-R,
RIOO - R0
Callendar compared this scale with the air scale, and found that if ¢ is
the temperature on the latter, then to a close approximation

0~ pt=8 1550 160
P2="\16000 ~ 100
where § is constant for a given wire and has nearly the same value, 1-57
for all specimens of pure platinum.

It will be seen that the difference between the two scales must by
definition vanigsh at 0° C. and 100° C. At 50° C. it is a maximum—¢
being less than pt by about 0-4°. Above 100° ¢ is the greater, at 200°
by about 3°, at 300° by about 9°, at 500° by about 31°.

One great advantage of the platinum thermometer lies in its easy
use for the determination of low temperatures.

Thermo-Electric Thermometer.—7This thermometer makes use of
the fact that when a circuit consists of two different metals, A and B,
an electric current in general flows round the circuit when the two
junctions are at different temperatures. The driving E.M.F. depends
solely on the nature of the metals A and B and on the temperatures of
the two junctions. Further, if a galvanometer be included in the
circuit, with wire of another metal C, inserted, say, in the course of the
wire B, then so long as the temperatures of the junctions of C with ¥

pt= x 100,
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are equal, the E.M.F. is the same as if the circuit consisted of A and B
only. The thermo-electric thermometer is made in many forms, and
with many pairs of metals, according to the purpose for which it is used.
It will be sufficient here to describe one form, devised by Le Chatelier,
and used by Roberts-Austen for the determination of certaia high
temperatures (Nature, xlv., 1891-2, p. 534).

The active metais in this form are platinum, and an alloy of platinum
with 10 per cent. of rhodium. The junction to be inserted in the vessel
of which the high temperature is to be measured, consists of a platinum
wire round which the platinum-rhodium wire is twisted. The two wires
are bronzht out of the vessel and connected up to a D’Arsonval galvano-
meter, the junctions with the galvanometer being kept at the same lower
temperature, that of the room. The E.M.F. drives a current deflecting
the galvanometer, by an amount depending on the difference of tempera-
tures. The instrument is calibrated by inserting the testing junction
into vessels of known temperatures, containing in succession, say, boiling
water 100° C., melting lead 326° 0., and boiling zinc 940°, the deflection
of the galvanometer being observed for each of these, and other tempera-
tures being determined by interpolation.

Some Important Temperatures.—The following table gives a few
important temperatures determined in various ways. They are put here
merely to enable the student to realise the range of measurement possible
with the instruments and methods now available :—

TABLE oF TEMPERATURES.

(Chiefly from ¢ Travers’ Study of Gases,” and from Callendar,
Phil. May., xlviii., 1899, p. 519.)

Temperature on
Centigrade Scale,

Absolute zero, work scale . . . . =273
Moelting point of hydrogen . . =256 to —257
Boiling . .. —9252to -253
Boiling " oxygen . . . . - 183
Melting . mercury . . . . -388
' ' ice . . . . . 0
Boiling »  alcohol . . . . 783
" " water . . . 100
" " aniline . . . . 18411
' ' mercury . . . . 3567
Melting ,, lead . . . . L3277
" . zine . . . . . 419°0
Boiling " sulphur . . . . 4445
Melting ' silver . . . . . 961
’ ’ gold . . . . . 1061
’ ' platinum . . . . 1820
Crater of electric arc, of the order . . . 3500
Sun’s radiating surface, of the order . . 6000
Bodies begin to emit visible rays, about . 380

Red heat, about . . . . . 500 to 1000
White heat above . . . . . . 1000
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Maximum and Minimum Thermometers.—It is often important
for meteorological purposes to register the