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PREFACE

IN preparing this volume my object has been to treat the science
of heat in a comprehensive manner, so as to produce a tolerably
complete account of the whole subject in its experimental as
well as its theoretical aspect. I have consequently enjoyed a
freedom in my choice of subject-matter, and mode of exposition,
which would not have been possible in a work designed to meet
the requirements of some particular class of persons preparing
for examinations or engaged in practical pursuits.

It is but a short time since the pursuit of experimental
research was regarded merely as a matter of individual curiosity ;
but owing to the high commercial value and important bearings
of many of the recent discoveries in the fields of science, the
public mind has now become awakened to the conviction that
knowledge is wealth, and that the scientific education of the
people is a matter of national importance.

In the struggle for place it is not surprising that the nobler
aspect of science, as an instrument of education and culture,
should be lost sight of in the popular desire for a mere acquaint-
ance with the facts demanded by the exigencies of the moment.
It cannot, however, be too soon or too often impressed upon the
beginner that an acquaintance with a number of facts does not
constitute a scientific education, and that there is no royal road
to learning other than that by which it is pursued for its
own sake.

The great lessons of history are not to be found in the
records of battles or in the details of infamous amours and
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vi THEORY OF HEAT

massacres, nor in the memory of the dates, but rather in the full
knowledge of the inner meaning of events, and a due appre-
ciation of their general bearing on the social development of
mankind. So also in science, that knowledge which is power is
not the mere memory of facts but the comprehension of their
whole meaning in the story of nature.

It is in the pursuit of this knowledge that scientific theories
are formed. Without a theory all our knowledge of nature would
be reduced to a mere inventory of the results of observation.
Every scientific theory must be regarded as an effort of the
human mind to grasp the truth, and as long as it is consistent
with the facts, it forms a chain by which they are linked
together and woven into harmony.

The fact that any theory, however plausible, may ultimately
become untenable, demands its constant comparison with the
results of experiment, and the closest scrutiny at every step of
its development. In this respect, and also from an educational
point of view, the historical method of treatment possesses many
advantages in the exposition of any scientific subject. When this
method is combined with that detail in description and explana-
tion which is necessary to secure instruction, and also with such
suggestion and criticism as may excite intellectual life and inde-
pendent thought on the part of the student, it does not lend
itself readily to the production of a pocket edition of the sciences.
It must be remembered, however, that the most fruitful method
of exposition is not necessarily that by which a given number of
facts may be recorded in the smallest space, but rather that by
which they may be most easily assimilated by the mind, and
most comprehensively grasped in their general bearings and
mutual relations; and this is the method which is most calcu-
lated to advance knowledge, and raise the intellectual character
of the individual.

I have now to express my obligations to the many sources
of information which I have laid under contribution during the
comparatively short time allotted to the preparation of this
work. Due reference is given to these throughout the text, and
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it 18 hoped this may increase the usefulness of the book to those
who desire fuller information on any particular point. 1 have
given in detail what may be called the classical experiments of
the subject, and in addition I have noticed such other investi-
gations as will give the student a general idea of the character
of the work that has been done in each department up to the
present time. The diagrams with which these descriptions are
illustrated have all been prepared by Mr. J. D. Cooper (188
Strand, London) with exceptional attention and despatch,

Such subjects as the steam-engine and the theory of solutions
have been omitted, as they demand, and have already obtained,
separate treatment in special works. The kinetic theory of gases
has only been entered into so far as to meet the immediate re-
quirements of the subject in hand; and it would be desirable
to treat this, and some other subjects usually dealt with in
treatises on Heat, in a separate volume.

In conclusion, I beg to offer my best thaunks to Mr. Charles
J. Joly, M.A, of Trinity College, Dublin, and Professor Alex.
Anderson of Queen’s College, Galway, for their kind assistance in
reading the proofs. To Professor G. F. FitzGerald I am indebted
for much valuable criticism and suggestion while the work was
passing through the press, and also for the continuance of that
generous assistance and advice with which he favoured me during
the preparation of my work on the Zheory of Light.

THOMAS PRESTON.

DuBLIN, January 1894.
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SECTION 1
INTRODUCTORY

1. THERE is, perhaps, no scientific inquiry more full of human
interest, than the study of the nature of heat, and the manner in
which matter in general is affected by it. No branch of physical
science is so intimately connected with the everyday occupations of
life, and, consequently, none of them interests mankind more closely.

The influence of heat is manifestly so universal, and its actions so
important and necessary to the progress of all the operations of nature,
that, to those who first considered it with some attention, it must have
at once appeared to be the general principle of all life and activity
on this globe. With its return in springtime the bud breaks into
blossom, and new life animates the vegetable kingdom. By its agency
the incubation of the egg progresses, a living thing is brought into
the world, and heat is still necessary to its support. Finally, to the
power which man has acquired over it is due that supernatural
strength which has made him superior to all other animals, and master
of land and sea.

It is not surprising, therefore, that an agent at once so powerful
and so serviceable, so beneficent and yet sometimes so terrible, should
have become a subject of adoration and worship among the inhabitants
of the earth, but at first sight it may seem more than surprising that
its study in early times should have been so much neglected.

2. This indifference can only be attributed to that lack of atten-
tion with which men always regard those things which they are
accustomed to use instinctively for their needs, and which they have
before them at all times. The first instinct of man is to direct and
use the forces of nature for the purposes of life. Theorising follows
afterwards. The early acquisition of this practical knowledge is
proved by mighty monuments which were raised by the workmen of
the earliest historic times. The magnificent temples of India, the
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vast pyramids of Egypt, the noble architecture and sculpture of
Greece and Rome, prove that the engineers of those days had acquired
a knowledge of some of the methods of transporting cyclopean masses.
Various hydraulic and pneumatic apparatus were certainly in vogue,
and many engines were invented by Ctesibus and his pupil Hero.

The ancient philosophers were, however, strongly disinclined to
impart their learning to the public, and each in general communicated
it only to his special disciples. They all esteemed it an essential
part of learning to be able to conceal their knowledge from the un-
initiated, and even those who were most celebrated for their inventions
were 8o infected by this superstition that they refrained from leaving
any written account of their discoveries,—a practice which was certainly
detrimental to the advancement of posterity.

8. The question, ‘“What is heat?” must, however, have been
proposed and pondered over by all inquiring minds from the earliest
times. Man could not go on for ever using fire to cook his food and
warm his body without seeking to know something of the source and
nature of this agent. The inquiring mind cannot rest satisfied with
the mere observation of the facts of nature, but is irresistibly led to
investigate their origin and cause. The fact of highest interest and
importance is that the sun illuminates and warms the earth, and the
questions which must have presented themselves earliest to the atten-
tion of philosophers were, “ What is light ?” and “ What is heat 1”
A question of a much simpler order is, “ What is sound ?” and that
any satisfactory answer has been obtained to the two former is
probably owing to the proposition and solution of the latter. Amid
the phenomena of sound we deal with a medium which we can
subject to experiment, and whose properties we can thoroughly
examine, but in the phenomena of heat and light we step at once
into the sanctuary of the unknown. From the domain of the visible
and tangible we pass into that of the invisible and intangible. The
known process, however, gives direction to the line of thought, and,
reasoning by analogy, the imagination expands from the domains of
the senscs and embraces in thought the regions which lie beyond it.
By observation and experiment the human mind becomes acquainted
with a knowledge of the properties and relations of things, and,
reasoning upon the information thus supplied, we rise to the ex-
planation of the unknown and intangible by means of the ideas which
we have gained from what is known and tangible.

The reverse and less philosophic process—the explanation of the
visible by means of the invisible—seems to have been the general
habit of those who first speculated in physical science. In all the
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pursuits which required refined taste and the native powers of the
intellect, the ancient Greeks were pre-eminent. They possessed, as if
instinctively, the perception of everything that is sublime and beautiful.
They were keen observers of men, but as physical philosophers they
failed, not perhaps from want of genius or application, but because
they pursued a false path; because they reasoned more upon an
imaginary system of nature than upon an accurate knowledge of the
facts ; and tried to explain physical phenomena by resorting to
specu]ation more than to observation and experiment. The general
tendency was to explain the seen by means of the unseen, and to
appeal to the imagination rather than to observe facts. Thus, the
general effects of heat were ezplained by the invention of fire atoms,
which drove furiously through the pores of bodies, and loosened their
molecules asunder, reducing solids to liquids, and liquids to vapours.

4. The systematic study of heat, as a distinct branch of experi-
mental science, commenced little more than half a century ago.
Previously the nature and effects of heat (or fire) were investigated
only by the chemist, whose most powerful agent and ally it has
always proved. One of the earliest attempts at theorising in chemistry
originated in the explanation of the nature of combustion, and, con-
sequently, in tracing the origin and growth of our subject we are led
back to the early study and growth of the science of chemistry, and of
experimental inquiry in general.

Although the practice of alchemy seems to have been common
among the Egyptians In very remote ages, yet the origin of experi-
mental inquiry cannot be dated farther back than the seventh or eighth
century of the Christian era. Its inception seems to have been co-
eval with the short period during which cultivation and scientific
learning were promoted by the Arabians. Actuated by the desire for
wealth, the alchemists ardently prosecuted the search after the artificial
production of the noble metals, and visionary as may have been their
hopes, yet they made experiments, and the experiments of the
alchemists were more calculated to extend the bounds of human
knowledge than the speculations of the Greeks.

While Greece and Italy sank into barbarism, the early Mohammedans,
who had previously destroyed almost all the records of the progress
of the human mind, rekindled the light of learning, and became
the cultivators of a new science. From Egypt, where thecy became
acquainted with the Aristotelian philosophy and chemistry, they
penetrated through northern Africa, and crossed over into Spain,
and here arts and sciences flourished under their dominion. The
academies of Spain were soon thronged with students from all parts



6 THEORY OF HEAT OHAP. I

of the Christian world, the knowledge of alchemy spread, and in the
thirteenth century alchemists of the Arabian school were established
in all the chief countries of Europe.

5. Amongst a people of conquerors disposed to sensuality and
luxury, even from the very spirit of their religion, and who were
romantic, and magnificent in their views of power, it was not to be
expected that any new science would be pursued in a rational and
philosophic manner. As a consequence the early discoveries in chem-
istry led to the practice of alchemy, the objects of which were to
produce a substance (the philosopher’s stone) capable of converting all
the other metals into gold, and to discover the elizir of life—a universal
remedy against old age, calculated to preserve youth and prolong
indefinitely the period of human life.

The processes relating to the discovery of the philosopher’s stone
and the elixir of life were probably widely diffused by means of the
Crusades, for many of the warriors who, animated with visionary plans
of conquest, fought the battles of their religion in Palestine, seemed
to have returned to their native lands under the influence of a new
delusion. '

At this time the public spirit of the West was calculated to assist
the progress of all pursuits that carried with them the air of mysticism.
Burning with the ardour of a rapidly-extending and exalted religion,
men were much more disposed to believe than to reason. In all times,
however, the love of knowledge and power has been instinctive to
the human mind; in darkness it desires light, and follows it with
ardent enthusiasm, even when appearing in delusive glimmerings.

6. The middle ages consequently constitute what may be regarded
as the heroic, or fabulous, epoch in experimental physics, and, as
might be expected, their records contain a great variety of anecdotes
relating to the transmutation of metals, and the views or pretensions
of persons considered as adepts in alchemy.

Some of these alchemists were low impostors, whose object was to
delude and defraud the credulous and ignorant. Others seem to have
deceived themselves with vain hopes, but all followed the pursuit as a
secret and mysterious study. The processes were communicated only to
a few chosen disciples, and, being veiled in the most obscure and
enigmatic language, their importance was enhanced by their ambiguity.

In all ages men have been governed more by what they desire or
fear than by what they know, and in this age it was particularly easy
to deceive, but difficult to enlighten, the public mind.! Truths, how-

! That the delusions of alchemy were ardently pursued may be learned from the
public acts of these times. In 1316 the alchemists were openly condemned by Pope
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ever, were discovered, but they were so blended with the false and
marvellous that another era was required to separate them from con-
comitant absurdity, and to demonstrate their true importance and
uses.

The alchemists in chemistry have been somewhat like the per-
petual motionists in natural philosophy. Both, by seeking after the
impossible, have led up to discoveries of the greatest importance
and practical value. Both, like the fabled husbandmen of old, by
seeking after brilliant impossibilities, sometimes discovered useful
realities.

7. Even in these times, however, progress was made, and there
were some who essayed to form scientific views. Men of exceptional
intellectual power were found differentiating themselves from the
crowd, and seeking to connect natural phenomena with their physical
principles. By the early alchemists the elements had been placed
under the dominion of spiritual beings, and their followers in Europe
conceived gnomes and nymphs, sylphs and salamanders, genii and
fairies, capable of being governed and enslaved by man. These
spiritual agents seem to have originated with the alchemists, who all
professed to believe in supernatural powers, in an art above experi-
ment, and a system of knowledge not derived from the senses. In
addition, the systems of logic, adopted in the schools, were founded
rather upon the analogies of words than upon the relations of things,
and they were consequently more calculated to conceal error than to
discover the truth.

8. With the revival of literature in Europe came the desire for
philosophic discussion in the sciences. The diffusion of letters gradu-
ally brought the opinions of men to the standard of truth and nature.
Failures in the experimental arts produced caution, and the frequent
detection of imposture created rational scepticism. Science demanded
the extirpation of the gods and demons which haunted its domains,
and called for absolute reliance upon law in nature. The supernatural
was swept from the field, and gave place to a rational basis for natural
phenomena, and the problems previously attacked from above were
now approached from below.

In the beginning of the thirteenth century Roger Bacon of Oxford
applied himself to obseervation and experiment with characteristic
talent and sagacity. A man of truly philosophic turn, desirous of
investigating nature, and of extending the resources of art, his

John XXII. as impostors, who promised what they did not perform, and in England
an Act of Parliament was passed in the fifth year of the reign of Henry IV., pro-
hibiting attempts at transmutation, and rendering them felonious.
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inquiries offered some very extraordinary combinations, but neither
his labours nor those of Albert of Cologne (a contemporary genius of
kindred spirit) seem to have had any considerable influence on the
improvement of his age. The wonders performed by the experimental
art were attributed by the vulgar to magic, and at a time when
knowledge resided only in the cloister any new philosophy was re-
garded by the learned with a jealous eye.

9. Till the time of Lord Bacon there had been no distinct views
concerning the art of experimental inquiry. It was left for him to
point out how little could be effected by the unassisted human powers.
He directed the attention of inquirers to artificial resources and the
use of instruments for assisting the senses, and for examining bodies
under new relations. He taught that man was but the servant and
interpreter of nature, capable of discovering truth in no way but by
observing ‘and imitating her operations ; that facts were to be collected
before speculations were formed; and that the materials for the
foundations of true systems of knowledge were not to be discovered
in the books of the ancients, nor in metaphysical theories, nor in the
fancies of men, but by observation of the visible and tangible in the
external world.

Facts are independent of taste and fashion, and are subject to no
code of criticism. They are perhaps more useful when they con-
tradict than when they support received doctrines, for our ‘theories at
best are only imperfect approximations to the real knowledge of
things, and in all physical research doubt is usually an incentive
to new labours, and tends continually to the development of truth.
The thoughts and questionings of man turn towards the sources of
natural phenomena and seek a knowledge of the actions which under-
lie them. By a process of abstraction from experience physical
theories are formed which lie outside the pale of experience, but which
satisfy the desire of the mind to see every event in nature resting
upon a cause. Natural philosophy is an experimental and not an
tntuitive science, and a priori reasoning cannot alone conduct us to a
physical truth. We must endeavour to discover what it is, and not
speculate on what it might be, or decide on what ought to have been,
and the causes and connections of the phenomena of nature have
escaped the apprehension of man for ages by the wilful ignoring of
this fact.!

10. About the middle of the seventeenth century mathematical
and physical investigations were pursued in every part of the civilised
world with an enthusiasm before unknown. The new mode of

1 See Tait's Sketch of Thermodynamics. Edinburgh : David Douglas,
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improving knowledge by collecting facts, associated together a number
of labourers in the same pursuit. It was felt that the whole of nature
was yet to be investigated, and that there were distinct subjects
connected with utility and glory, sufficient to employ all inquirers,
yet tending to the common end of promoting the progress of the
human mind.

Learned bodies were formed in Italy, England, and France, for the
purpose of the interchange of opinions, the combination of labour, the
division of expense in performing new experiments, and the accumu-
lation and diffusion of knowledge. The Academy del Cimento was
established in 1651, under the patronage of the Duke of Tuscany;
the Royal Society of London in 1660 ; and the Royal Academy of
Sciences of Paris in 1666. A number of celebrated men, who have
been the great luminaries of the different departments of science, were
brought together or formed in these noble establishments. The
ardour of scientific investigation was excited and kept alive by sym-
pathy. Taste was improved by discussion, and by a comparison of
opinions. The conviction that useful discoveries would be appreciated
and rewarded was a constant stimulus to industry, and every field of
inquiry was open to the free and unbiassed exercise of the powers of
genius.

11. Chemistry had scarcely begun to assume the form of a science
when the attention of all the most brilliant intellects became directed
to another object of research. The Newtonian philosophy sprang into
full life at a single bound, and its objects were calculated by their
grandeur to monopolise the attention of the most gifted men of the
age. The effect occasioned on the scientific minds of the time has
been compared to that which the new sensations of vision produce on
the blind receiving sight. The highest interest and most enthusiastic
admiration were awakened, and for nearly half a century the new
study engrossed the thoughts of the most eminent philosophers of
Europe.

At length the current of scientific thought began to flow in other
channels, and in the latter half of the eighteenth century the founda-
tions of a systematic inquiry into the nature of heat were laid by
Black, Wilcke, Crawford, Irvine, and Lavoisier, followed by Rumford,
Pictet, Herschel, Leslie, Dalton, Davy, Gay-Lussac, and many others.
On the basis thus firmly laid a noble edifice has since been raised, a
lasting monument to the genius of the nineteenth century; and from
base to highest battlement may be traced the work of our illustrious
countrymen—Rankine, Joule, and Thomson.

12. A review of the opinions of the ancients, and of their specula-
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tions in physical science, may prove amusing in some parts, but every-
where it is a most instructive task. Their writings on every branch
partake more of the character of a record of ingenious speculation
than of experimental inquiry. Hypotheses of a mystical character
were framed to explain the phenomena of nature, and physical results
were based on meaningless dogmas. Men were told that the planets
move in circles because circular motion is perfect, and systems of
physics were founded on the assertion that ‘nature abhors a vacuum ”
and the Latin dogma, “causa equat effectum.” While this lasted
progress in the physical sciences was impossible. Dogma was handed
down from generation to generation, and free thought found no place
in the schools of the middle ages.

It is, however, unfair to boast of the progress of the nineteenth
century as compared with that of the generations which have preceded
it. At a time when little is known men grope after knowledge in the
dark, and though the gateway may be near at hand, the entrance may
not be effected, until happily some one stumbles in by accident. Once
entered, the passage becomes easy for those who follow, and future
progress is enormously assisted by the history of the failures and
successes of those who have gone before. Difference of native
intellectual power in different ages is not so much the cause of the
varying success attending the labours of men as the peculiar nature of
the artificial resources and means in their possession. At all times
progress is retarded by absolute reliance on the work of great masters.
The first function of the human mind is to doubt, and to free itself
from prejudice and from all testimony which may deceive the senses.
Emancipation from the slavery of superstition and the influences of
early education is a very slow process. Sentiment is constitutional
to mankind, and the strongest intellects find it hard to break away
from the teaching of those whom they have early learned to reverence,
even when its errors are clearly and conclusively pointed out to them.
Throughout this long period the spirit of free inquiry was growing
and gathering strength for a brave struggle against the superstition
and mysticism in which it was entangled. The germ of true scientific
inquiry finally took root and flourished. Intellectual health ensued,
and resulted in scientific progress. The abominations of the alchemists
were swept away, the spirits of the air disappeared, and the pursuit of
science became the free inquiry after truth.

The history of such a period is therefore not merely a matter of
curiosity. It is a great lesson to all subsequent ages. It shows that
truth in physical science is not to be sought for in dogma, nor can a
system of nature be built up from our inner consciousness, but that it



ART. 12 INTRODUCTION 11

must be sought for earnestly and honestly by patient observation and
gkilled experiment.

It is sometimes asserted that metaphysical speculation is a thing
of the past, and that physical science has extirpated it. But as long
as the mind of man is fresh, speculation will continue as fascinating as
it was in the days of Thales. Perhaps at no time has the scientific
atmosphere been more pregnant with speculation than at present.
Almost every day fresh discoveries are made and new theories for-
mulated and advanced on doubtful or entirely hypothetical foundations.
At the same time the germs of all kinds of mental disorders are rife.
Perpetual motionists and believers that the earth is flat have not yet
become extinct. Spiritualists and quack scientists increase at an
amazing pace, and the patent-medicine man grows wealthy, while

the spirit of true scientific inquiry sickens in the fierce struggle for
existence.



SECTION II

PRELIMINARY REMARKS ON THE GENERAL EFFECTS OF HEAT, AND ON
THE MEANING OF THE TERMS USED IN THE SUBJECT

13. The Sense of Heat.—The terms hot and cold are primitive
words of the language referring to a certain class of sensations which
we experience through the semse of heal. The sense of touch is re-
garded by some as a double sense, embracing that of heat as well as
that of force or resistance. When a body is touched with the hand
two very distinct sensations are in general experienced, one a feeling
of resistance or force, and the other of warmth or coldness derived
through what is termed our sense of heat. The latter class of sensa-
tion is also experienced when we sit in the sun or before the fire,
or in the neighbourhood of any hot body, and consequently to excite
it actual contact with matter is not necessary. It is therefore not at
all obvious that the sense of heat is part of, or in any way related to,
the sense of touch. On the contrary, it appears to be much more
closely related to the sense of sight. A hot body is to be regarded as
the source of an influence which affects the sense of heat just as a
luminous body is regarded as the source of an influence affecting the
sense of sight. The name given to the active agent in the former
case is heat and in the latter light, and we shall see as the subject
progresses that these two influences are of the same character, and
that the nature of the active agent in one case is the same as in the
other. The sense of heat, therefore, is quite as distinct as the sense of
sight, and is certainly less related to the sense of touch than is the
sense of taste or smell, which both depend upon contact with some
form of matter (see further, p. 33).

14. Definition of Temperature.—The words hot and cold, or hot-
ness and coldness, refer to the state of a body as judged by the sense
of heat. By means of this sense we say that one body is hot and that
another is cold, or that one body is hotter than another. If several
pieces of the same substance be given, we can by means of the sense of
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heat alone arrange them in order so that each shall be hotter than all
that precede it in the series and colder than all that come after. We
are hence led to the idea of a scale of hotness, and to inquire how much
one body is hotter than another.

The estimation of the hotness of a body must of course be relative
to some scale or standard of measurement. When this standard is
chosen we may speak scientifically of the hotness of a body, and for
this purpose the word femperature is employed. The word temperature
thus means simply the degree of hotness of a body measured accord-
ing to some arbitrarily chosen scale. It is a scientific term, and
contains all the meaning of the primitive word hotness, as well as
the idea of a measure of the hotness. It embraces two conceptions—
first, the idea of equality of hotness, or that condition of two pieces of
matter when they are said to have the same temperature ; and secondly,
the idea of difference of hotness and of its mode of measurement.

By means of the sense of heat alone a series of pieces of the same
substance might be arranged in order of temperature, or the equality
of temperature of two pieces of the same substance might be fairly
accurately judged, and if the impressions could be distinctly re-
membered a system of measurement of temperature might be founded
on the sense of heat alone. Accuracy by this method would be prac-
tically impossible, for the recollection of even a single temperature can
be only roughly retained by those who specially cultivate the sense of
heat for this purpose, such as bath attendants or hospital nurses. For
scientific purposes it is therefore highly desirable to estimate temper-
ature by some property of matter which varies continuously with the
hotness, and which always remains the same at the same hotness,

Intervals of hotness cannot, however, be measured in the proper
sense of the word. They may be indicated in a thoroughly definite
manner, according to some chosen scale or standard, but one hotness
cannot be expressed in terms of another in the same sense that one
length or mass may be expressed in terms of another. In order to
measure any magnitude we must compare it with some other magnitude
of the same order which is taken as the unit. Thus a measuring tape
is constructed by adding together any number of units of length, but
we possess no means of adding together in the same way units of hot-
ness. When, however, the scale of temperature is laid down and
graduated by arbitrary definition, then the interval between two con-
secutive divisions may be said to be equal to the interval between
another pair, just in the same sense as the distance between any
consecutive pair of divisions on a scale of length is said to be equal to
that between any other pair.

Scientific
term.
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15. Expansion.—One of the most general effects of change of
temperature or hotness in any body is change of bulk, or expansion
by heat. The bulk of every body, with few exceptions, is found to
increase continuously with its hotness, and consequently this change
has been selected as the basis of a method of measuring temperature.
The mode by which the change of temperature is indicated by the
change of volume of course remains a matter of choice, as well as the
particular substance employed.

There are many ways of exhibiting the expansion of solids by
heat, and several of these are so common that almost every one
must be familiar with them. Thus the metal rails on a railway
track are laid not with their ends in contact, but with a short space
between to allow for expansion in summer, and for the same reason
in large structures, such as metal bridges, the beams are not fixed
rigidly at both ends, but a certain play is allowed so that they
may expand without warping or rupturing the structure. This
expansion is also made use of in the shoeing of cart wheels, the tire
being slipped on while hot, and as it cools it contracts and clasps the
wooden frame within. A similar application occurs in the bracing
together of the walls of a building which suffer from an outward lean,
Strong bars of iron are thrust through the building and secured on
the outside while hot, and on cooling the bars contract and pull the
walls together. To expansion also is to be attributed the ventilation of
mines and houses, as well as the general circulation of water and air
on the earth’s surface, and the effect of these great ocean streams and
air currents is to produce a more uniform distribution of temperature.

A familiar class illustration is that known as Gravesande’s ring.
A metal sphere which just passes through a ring when cool, when heated
over a lamp will no longer pass through. Its diameter is now larger
than that of the ring, but in cooling it contracts and again passes freely
through. In the same manner a metal bar which fits into a tube
when cold cannot when heated be passed into the same tube. It is
for this reason, that a glass stopper tightly jammed in the neck of a
bottle may be easily removed by heating the neck. The heat of the
hand placed around the neck of the bottle is often sufficient for this
purpose. If the stopper happens to be colder than the neck of the
bottle when it is inserted in it, then, as the neck cools, it contracts
and grasps the stopper tightly. In the same manner ordinary tumblers
often become wedged within one another, and in such cases, if the
inner is initially much colder than the outer, the contraction of the

latter or expansion of the former may lead to the fracture of one or
both.
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One of the most interesting illustrations of expansion, however, is
presented in the gradual creeping of a sheet of metal down a slope.
Take the case of a long bar of metal lying lengthwise down an inclined
plane. When the temperature increases the bar expands and pushes
forward its lower end rather than its upper, on account of the action
of gravity which facilitates motion down the plane rather than up it.
In the same way, when the bar cools it contracts and draws in its upper
end, and this process goes on with every -variation of temperature, the
result being that the bar gradually creeps down the incline worm-wise
by alternately pushing forward its lower, and pulling in its upper end.
The gradual creeping in this manner of the sheet lead covering the
choir of Bristol Cathedral is cited by Professor.Tyndall! the rate of
motion being about 9 inches per annum.

Similarly, by placing a metal bar on wheels capable of rotation
in one direction only, the system will creep forward in this direction
with every variation of temperature, so that the ordinary variations
of temperature by day and night will cause this apparatus to move
in any desired direction, up hill or down, and during this motion
it might be loaded in any way, and perform the part of a heat engine.
The motion, of course, would be very slow unless special means
were devised to increase it. Thus, for example, the bar might be
replaced by a highly expansive liquid enclosed in a large bulb
farnished with a cylindrical tube in which a piston is fitted. @'When
the temperature rises, the liquid in the bulb will expand and push
the piston forward, and when the temperature falls, the liquid will
contract, leaving a vacuum behind the piston, and for this reason
the bulb will move forward, since on account of the construction of
the wheels on which the instrument is supported the piston cannot
move back. Similar apparatus may be constructed by supporting on
wheels bent tubes filled with some expansive liquid or a bent strip
of two or more metals welded together, such as those employed in
metallic thermometers (see Art. 93). In principle, however, all such
forms of apparatus are the same as the curiosity known as Stevenson'’s
Creeper.*

In the case of solids, the volume may be measured directly, and
the absolute expansion determined, but in the case of liquids, which
must be enclosed in some solid envelope, the expansion of the liquid
is complicated by that of the vessel which contains it, and the result
observed is the relative or apparent expansion of the liquid in the
envelope. Thus, for example, if a large bulb furnished with a narrow

1 Tyndall, Heat a Mode of Motion, p. 95, 6th edition.
3 Described in Tait's Heat, p. 116,

Creepers.,

Apparent
expansion.





















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































