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PREFACE

TO

THE THIRD EDITION.
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OME YEARS AGO I had the honour of holding a
S number of Examinerships under the Council for
Military Education. It was also my privilege to be Ex-
aminer for the University of London.

These, and the examinations connected with my lec-
tures at the School of Mines, gave me an opportunity of
making myself acquainted, to some extent, with the know-
ledge and needs of England as regards the department of
Natural Knowledge which it is my vocation to cultivate.

The experience thus obtained was supplemented by that
derived from conversation with eminent scholars, who
deprecated, and deplored, the utter want of seientific know-
ledge, and the utter absence of sympathy with scientific
studies, which mark the great bulk of our otherwise
cultivated English public.

Though regarding original investigation as the great
object of my lite, I thought it no unworthy work to at-
tempt to supply the deficiencies here indicated. The idea
arose, and gained consistence by reflection, of taking
in succession, as far as time permitted, the various parts
of Natural Philosophy, treated in my lectures, and of
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describing and illustrating with clearness and simplicity
such conceptions regarding them, as the bhest culture I
could command enabled me to entertain.

The firstfruit of this idea was the work on Heat, the
third edition of which is now before the reader.

The reception of the work proved that it met a general
want. Not only has its success in this country been- far
greater than was ever hoped for, but large editions of it
have been published and circulated in France, Russia, and
the United States.

Something more, however, than its rapid diffusion
‘among the general public was needed to convince me that
the work was such as I desired it to be.

This assurance came to me, both privately and publicly,
from scientific sources, and lately in a very striking form
from Germany. The beautiful translation of the work by
Helmholtz and Wiedemann, issued by Vieweg of Bruns-
wick, and the reception of that translation by the press of .
Germany, are to me the best guarantee, and the most
gratifying evidence, that I have not entirely missed my aim.

That aim was to combine soundness of matter with a
style which should arouse interest and sympathy in persons
‘uncultured in science. I had, also, reason to believe that
‘the more specially scientific student would find in the
‘work help and furtherance, towards forming definite con-
ceptions of those molecular processes which underlie both
:chemical and physical phenomena.

The second instalment of the task contemplated was
the work on Sound recently published by Longmans.
The reception of the work in this country has been also
far more flattering than I had ventured to anticipate. It
‘has, moreover, been already pubhshed in Amenca In
France a translation of it is being prepared by M. Gauthier-

s
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Villars, while in Germany the two eminent men already
named have taken it under their protection..

All this convinces me that if a scientific mmanttake the
trouble, which in my case is great, of thinking, and
writing, with life and clearness, he 1s sure to gain general
attention. It can hardly be doubted, if fostered and
strengthened in this way, that the desire for scientific
knowledge will ultimately correct the anomalies which
beset our present system of education.*

Besides other additions and alterations, a considerable
amount of matter, derived mainly from my own recent
investigagions, is added, in a new chapter, to the present
edition. In order to prevent the book from assuming an in-
convenient size, I have omitted most of the Supplementary
Appendices which formerly appeared.- Within the coming
year I hope to collect and publish, in a single volume, the -
original memoirs on Experimental Physies, which I have
communicated to the ¢Philosophical Transactions’ and
¢ Philosophical Magazine’ during the last eighteen years.
These memoirs will embrace all the supplementary matter
referred to, and they may be consulted by those who wish
to carry their studies beyond the limits prescribed to an
elementary work.

It will interest the scientificstudent to learn that Mayer
and Clausius have recently published, in a collected form,
their celebrated researches on the Dynamical Theory of
Heat, an English translation of the first Part of the memoirs-
of Clausius having been edited by Professor Hirst. It is
to be hoped that the investigations of Joule, Helmholtz,
Thomson, and Rankine, on this, the greatest scientific
principle hitherto unfolded by the human mind, may ulti-

* Huxley’s ¢ Lessons in Elementary Physiology’ is a great step in this
direction.
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mately be rendered equally accessible. The memoirs of
Sir William Thomson, at once varied and profound,
would be of especial interest and importance.

Royar INSTITUTION ; ,
January 1868,
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‘N the following Lectures I have endeavoured to bring
the rudiments of a new philosophy within the reach
of a person of ordinary intelligence and culture.

Thefirst seven Lectures of the course deal with thermo-
metric heat; its generation and consumption in mechanical
processes ; the determination of the mechanical equivalent
of heat ; the conception of heat as molecular motion ; the
application of this conception to the solid, liquid, and
gaseous forms of matter; to expansion and combustion ;
to speéiﬁc and latent heat; and to calorific conduction.

The remaining five Lectures treat of radiant heat ;
the interstellar medium, and the propagation of motion
through this medium ; the relations of radiant heat to
ordinary matter in its several states of aggregation ;
terrestrial, lunar, and solar radiation; the constitution
of the sun; the possible sources of his energy; the rela-
tion of this energy to terrestrial forces, and to vegetable
and animal life.

My aim has been to rise to the level of these questions
from a basis so elementary, that a person possessing any
imaginative faculty, and power of concentration, might
accompany me.
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Wherever additional remarks, or extracts, seemed likely
to render the reader’s knowledge of the subjects referred
to in any Lecture more accurate or complete, I have in-
troduced such extracts, or remarks, as an Appendix to the
Lecture.

For the use of the Plate at the end of the volume, I
am indebted to the Council of the Royal Society; it was
engraved to illustrate some of my own memoirs in the
¢ Philosophical Transactions.” For some of the Woodcuts
I am also indebted to the same learned body.

To the scientific public, the names of the builders of
this new philosophy are already familiar. As experimental
contributors, Rumford, Davy, Faraday, and Joule, stand
prominenily forward. As theoretic writers (placing them
-alphabetically), we have Clausius, Helmholtz, Kirchhoff,
‘Mayer, Rankine, Thomson ; and in the memoirs of these
‘eminent men the student who desires it must seek a
deeper acquaintance with the subject. MM. Regnault
and Séguin also stand in honourable relationship to the
:Dynamical Theory of Heat, and M. Verdet has recently
published two lectures on it, marked by the learning for
‘which he is conspicuous. To the English reader it is
superfluous to mention the well-known and highly-prized
-work of Mr. Grove.*

T have called the philosophy of Heat ¢ a new philosophy,’
without, however, restricting the term to the su’bject of
Heat. The fact is, it cannot be so restricted; for the
-connection of this agent with the general energies of the
universe is such, that if we master it perfectly, we master

% The beautiful experiments of M. Favre ought to be referred to here:
and also, in connection with a subject treated in Chapter XIII., a most
;'important experiment by M. Foucault, which is deseribed in the ¢ Philosophi-
cal Magazine, vol. xix. p. 194 (Feh. 1865).
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all. Even now we can discern, though but darkly, the.
greatness of the issues which conneet themselves with
the progress we have made—issues which were probably -
beyond the contemplation of those, by whose industry and .
genius the foundations of our present knowledge were laid. -

In a Lecture on the ¢Influence of the History of
Science on Intellectual Education,” delivered at the Royal
Institution, Dr. Whewell has shown ¢ that every advance
in intellectual education has been the effect of some con-:
siderable scientific discovery, or group of discoveries.’.
If the association here indicated be invariable, then,
assuredly, the views of the connection and interaction of
natural forces—organic as well as inorganic—vital as well
as physical-—which have grown, and which are to grow,
out of the investigation of the laws and relations of Heat,
will profoundly affect the intellectual discipline of the.
coming age. ;

In the study of Nature two elements come into play,
which belong, respectively, to the world of sense and to:
the world of thought. We observe a fact and seek to.
refer it to its laws,—we apprehend the law, and seek-
to make it good in fact. The one is Theory, the other
is Experiment; which, when applied to the ordinary:
purposes of life, becomes Practical Science. Nothing .
could illustrate more forcibly the wholesome interaction.
of these two elements, than the history of our present.
subject. If the steam-engine had not been invented, we
should assuredly stand below the theoretic level which we,
now occupy. The achievements of Heat, through the.
steam-engine, have forced, with augmented emphasis, the'
question upoh thinking minds—¢ What is this agent, by:
means of which we ecan supersede the force of winds
and rivers—of horses and men ? Heat can produce me-
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chanical force, and mechanical force can produce Heat ;
some common quality must, therefore, unite this agent and
the ordinary forms of mechanical power.” This relationship
established, the generalising intellect could pass at once to
the other energies of the universe, and it now perceives
the principle which unites them all. Thus the triumphs
of practical skill have promoted the development of phi-
losophy. Thus, by the interaction of thought and fact,
of truth conceived and truth executed, we have made our
Science what it is,—the noblest growth of modern times,
though, as yet, but partially appealed to as a source of
individual and national might.

Asameans of intellectual education its claims are still
disputed, though, once properly organised, greater and
more beneficent revolutions await its employment here,
than those which have already marked its applications in
the material world. Surely the men whose noble vocation
it is to systematise the culture of England, can never allow
this giant power to grow up in their midst, without en-
deavouring to turn it to practical account. Science does
not need their protection, but it desires their friendship
on honourable terms ; it wishes to work with them towards
the great end of all education,—the bettering of man’s
estate. By continuing to decline the offered hand, they
invoke a contest which can have but one result. Science
must grow. Its development is as necessary and as irre-
sistible as the motion of the tides, or the ﬂowing of the
Gulf-Stream. It is a phase of the energy of Nature, and
as such is sure, in due time, to compel the recognition,
if not to win the alliance, of those who mnow decry its
influence and discourage its advance.

Royar INSTITUTION :
February 1863.
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HEAT

A MODE OF MOTION

CHAPTER 1.

INSTRUMENTS—GENERATION OF HEAT BY FRICTION, COMPRESSION, AND
PERCUSSION—EXPERIMENTS OF RUMFORD—WATER BOILED BY FRIC-
TION—CONSUMPTION OF HEAT IN WORK,

APPENDIX :—NOTES ON THE THERMO-ELECTRIC PILE AND GALVANOMETER,

(1) 'MHE aspects of Nature provoke in man the spirit

of enquiry. As the eye is made for seeing, and
the ear for heariﬁg, so the human mind is formed for
exploring and understanding the relationship of natural
phenomena, the Science of our day being the direct issne
of an intellect thus endowed. One great characteristic of
Natural Knowledge is its growth. Allits results are fruit-
ful, every new discovery becoming instantly the germ of
fresh investigation ; and no nobler example of this growth
can be adduced than the expansion and development,
during the last: five-and-twenty years, of the great sleJect
which is now to occupy our attention.

In scientific manuals, only scanty reference was, until
lately, made to the modern philosophy of Heat, and thus
the public knowledge regarding it remained below the
attainable level. The reserve, however, was natural, for
the subject is an entangled one, and, in the pursuit of it,

7 ®
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we must be prepared to encounter difficulties. In the
whole range of Natural Science, however, there are.DOUe
more worthy of being overcome—none the subjuga‘tlml of
which ensures a greater reward to the worker. ]?OI‘ the

various agencies of Nature are so connected, that 1n mas-

tering the laws and relations of Heat, we make clear to
our minds the interdependence of natural powers generally. -
Let us then commence our labours with heart and hope;

let us familiarise ourselves with the latest facts and con-
ceptions regarding this all-pervading agent, and seek
diligently the links of law which connect the facts and
give unity to their “most diverse appearances. If we!
succeed here, we shall satisfy, to an extent unknown

before, that love of order and of beauty which, no doubt,
is implanted in the mind of every person here present.
From the heights at which we aim we shall have nobler
g'limpses of the system of Nature than could possibly be
obtained, if I, while acting as your guide in the region-
which we this day enter, were to confine myself to its

lower levels and already trodden roads.

(2) It is my first duty to make you acquainted with
some of the instruments intended to be employed in the
examination of this question. Some means must be de-
vised of making the indications of heat and cold visible to
you, and for this purpose an ordinary thermometer would
be useless. You could not see its action; and I am
-anxious that you should see, with your own eyes, the facts
on which our subsequent philosophy is to be based. I
wish to give you the material on which an independent
judgment may be founded; to enable you to reason as I
reason if you deem me right, to correct me if I go astray,
and to censure me if you find me dealing unfairly with my
subject. To secure these ends I have been obliged to aban-
‘don the use of a common thermometer, and to resort to the

. little instrument which you see before me on the table.
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(3) This instrument, o B (fig. 1), is called a thermo-
electric pile.* It acts thus:—The heat which the pile
receives generates an electric current; and an eleetric
current has the power of deflecting a freely suspended
magnetic needle, to which it flows parallel. Before you is
placed such a needle, m n (fig. 1), surrounded by a covered
copper wire, the free ends of which, w w, are connected
with the thermo-electric pile. The needle is suspended
bX a fibre, s s, of unspun silk, and protected by a glass

F1e. 1.

p mmmmnr '“lT'

] 77

shade, &, from all disturbance by currents of air. To one
end of the needle is fixed a piece of red, and to the
other end a piece of blue, paper. All of you see these
pieces of paper, and when the needle moves, its motion
will be clearly visible to the most distant person in this
room. This instrument is called a galvanometer.t

% A brief description of the thermo-electric pile is given in the Appendix:
to this Chapter. ’

+ In the actual arrangement the galvanometer here described stood on a
stool in front of the lecture table, the wires. w w being sufficiently long to
reach from the table to the stool. For a further description of the instrument
see the Appendix to this Chapter.

B2
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(4) At present the needle is quite at rest, and points |

to the zero-mark on the graduated disk underneath 1t.

This shows that there is no current passing. I b1.'eathe
for an instant against the naked face A of the pllggﬁ
i

single puff of breath is sufficient for my PUI'POSGO
needle starts off and passes through an arc of 90° It
would go farther did we not limit its swing by fixing, edge-
ways, a thin plate of mica at this point. This action of
the needle is produced by the small amount of warmth
communicated by my breath to the face of the pile, and
no ordinary thermometer could give so large and prompt
an indication. Take notice of the direction of the de-
flection; the red end of the needle moved from me

towards you. We will let the heat waste itself; it will do

so in a very short time, and you notice, as the pile cools,
that the needle returns to its first position. Observe now
the effect of col! on the same face of the pile. After
chilling this plate of metal by placing it on ice, I wipe the
metal, and touch with it the face of the pile. A moment’s
contact suffices to produce a prompt and energetic deflec-

tion of the needle. But mark the direction of the deflection.
When the.pile was warmed, the red end of the needle

moved from me towards you; now the same end moves
from you towards me. The important point here estab-
lished is, that from the direction in which the needle
moves we can, with certainty, infer whether cold or heat
has been communicated to the pile; and the energy with
which the needle moves—the promptness with which it is
driven aside from its position of rest—gives us some idea
of the quantity of heat or cold imparted in different cases.
On a future occasion we shall learn how to express the
relative quantities of heat communicated to the pile with
numerical accuracy; for the present a general knowledge
of the action of our instruments is sufficient.

(5) My desire now is to connect heat with the mgre
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familiar forms of force, furnishing you, in the first place,
with a store of facts illustrative of the generation of
heat by mechanical processes. In the next room are
some pieces of wood, which my assistant will hand to
me. The temperature of that room is slightly lower than
the temperature of this one, and hence the wood which
is now before me must be slightly colder than the pile.
Let us prove this. The face of the instrument being
placed against the piece of wood, the red end of the
needle moves from you towards me, thus showing that the
contact has chilled the instrument. I now carefully rub
the face of the pile along the surface of the wood,—
¢ carefully,” because the pile is brittle, and rough usage
would destroy it ;—mark what occurs. The prompt and
energetic motion of the needle towards you declares that
the face of the pile has been heated by this small amount
of friction. The needle, you observe, goes quite up to
90° on the side opposite to that towards which it moved
before the friction was applied.

(6) These experiments, which illustrate the develop-
ment, of heat by mechanical means, must be to us what
a boy’s school exercises are to him. In order to fix them
in our minds, and obtain due mastery over them, we must
repeat them and vary them in many ways. In this task
you have now to accompany me. A flat piece of brass is
attached to the end of a cork, which, when taken hold of,
pfeserves the brass from all contact with my warm hand.
When the brass is placed against the face of the pile, the
needle moves, showing that the metal is cold. I nowrubthe
brass on the surface of this cold piece of wood, and lay it
once more against the pile. It is so hot, that if allowed to
remain in contact with the instrument, the current gene-
rated would dash the needle violently against its stops, and
probably dei'a.nge its magnetism. Yousee the strong deflec-
tion which even an instant’s contact can produce. Indeed
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when a boy at school, T have often blistered mY .hand
by a brass button which had been rubbed energetically
against a form. This razor has been cooled by contact
with ice ; and along this hone, without oil, I rub the (.:001
razor as if to sharpen it. On placing the razor against
the face of the pile, the steel, which a moment e
cold, is declared hot. Similarly, I take a knife and
knife-board, which are both cold, and rub the knife along
the board. The knife, placed against the pile, declares
itself to be hot. I pass a cold saw through a cold
piece of wood, and place, in the first instance, the surface
of the wood against which the saw has rubbed, in contact
with the pile. The needle instantly moves in a direction
which shows the wood to be heated. Allowing the needle
to return to zero, I apply the saw itself to the pile. It
also is hot. These are the simplest and most commonplace
examples of the generation of heat by fiiction, and they:
are chosen for this reason. Humble as they appear, they
are illustrations of a principle which determines the polity
of the whole material universe.

(7) We have now to consider the development of heat
by compression. This piece of deal is cooled below the:
temperature of the room, and gives, when placed in con-
tact with our pile, the deflection which indicates cold. I
introduce the wood between the plates of a small hydraulic
press, and squeeze it forcibly. When, after compression,
the wood is brought into contact with the pile, the gal-
vanometer declares that heat has been -developed by the
act of compression. Precisely the same thing occurs when
a block of lead is fixed between the plates of the press
and squeezed to flatness.

(8) And now for the effect of percussion. I place a
cold lead bullet upon this cold anvil, and strike it with a
cold sledge-hammer. The sledge descends with a certain
mechanical force, and its motion is suddenly arresteq by
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the bullet and anvil; apparently the force of the sledge
is destroyed. But when we examine the lead we find it
is heated, and we shall by-and-by learn that, if we could
gather up all the heat generated by the shock of the
sledge, and apply it without loss mechanically, we should
be able, by means of it, to lift the hammer to the height
from which it fell.

Another experiment is here arranged, which is almost
too delicate to be performed with the large apparatus
necessary to render lecture experiments visible, but which,
nevertheless, is easily executed with proper instruments
A small basin con-
tains a quantity of
mercury which has
been cooled in the
next. room. One of
the faces of the
thermo-electric pile is
coated with varnish,
to defend it from the
mercury, which would
otherwise destroy the
pile. Thus protected =
it may, as you observe, =
be plunged into the
liquid metal. The deflection of the needle provesthat the
mercury is cold. These two glasses, o and B (fig. 2), are
swathed thickly round by listing, to prevent the warmth
of my hands from reaching the mercury. I pour the cold
mercury from the one glass into the other, and back. It
falls with a certain mechanical force, its motion is de-
stroyed, but heat is developed. The amount of heat gene-
rated by a single pouring out is extremely small; the
exact amount might be easily determined, but we shall
defer quantitative considerations for the present; so we

Fic. 2.
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will pour the mercury from glass to glass ten or ﬁft.een
times. Now mark the result when the pile is plunged 1nto:
‘the liquid. The needle moves, and its motion declart?s
that the mercury, which at the beginning of the experi«
ment was cooler, is now warmer than the pile. We here
introduce into the lecture-room an effect Which occurs

at the base of every waterfall. There are friends before
me who have stood amid the foam of Niagara. Had

they dipped sufficiently sensitive thermometers into the

water ai the top and bottom of the cataract, they would
have found the latter warmer than the former. The sailor’s -
tradition, also, is theoretically correct; the sea is rendered

warmer by a storm, the mechanical dash of its billows being

ultimately converted into heat.

(9) Whenever friction is overcome, heat is produced,
and the heat produced is the exact measure of the force
expended in overcoming the friction. The heat is simply
the primitive force in another form, and if we wish to
avoid this conversion, we must abolish the friction. We put
oil upon the surface of a hone, we grease a saw, and are
careful to lubricate the axies of our railway carriages. What
is the real meaning of these acts? Let us obtain general
notions first, and aim at strict accuracy afterwards. It isthe
object of a railway engineer to urge his train from one place
to another ; he wishes to apply the force of his steam, or of
the furnace which gives tension to his steam, to this par-
ticular purpose. It is not his interest to allow any portion
of that force to be converted into another form of force
which would not promote the attainment of his object.
He does not want his axles heated, and hence he avoids
as much as possible expending his power in heating them.
In fact, he has obtained his force from heat, and it is not
his o’.bject .to ﬁreconvert by friction the force thus obtained
into its prl.lpltive form. For every degree of temperature
generated in his axles, a’ defimite amount would be with=
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drawn from the urging force of his engine. There is no
absolute loss. Could we gather up all the heatwgenerated
by the friction, and apply it mechanically, we should,
by it, be able to impart to the train the precise
amount of speed which it had lost by the friction. Thus
every one of those railway porters whom vou see moving
about with his can of yellow grease, and opening the little
boxes which surround the carriage axles, is, without
knowing it, illustrating a principle which forms the very
solder of Nature. In so doing, he is unconsciously affirm-
ing both the convertibility and the indestructibility of
force. He is practically asserting that mechanical energy
may be converted into heat, and that when so converted it
cannot still exist as mechanical energy ; but that for every
degree of heat developed in the axles, a strict and propor-
tional equivalent of the locomotive force of the engine dis-
appears. All the force of our locomotives is derived. from
heat, and all of it eventually becomes heat. To maintain
the proper speed, the friction of the train must be continu-
ally overcome, and the force spent in overcoming it is
entirely converted into heat. An eminent writer® has
compared the process to one of distillation: the energy of
heat in the furnace passes into the mechanical motion of
the train, and this motion reappears as heat in the wheels,
axles, and'rails. When a station is approached, say at the
rate of thirty miles an hour, a brake is applied, and smoke
and sparks issue from the wheel on which it presses. The
train is brought to rest—How? Simply by converting
the entire moving force which it possessed at the moment
the brake was applied, into heat.

(10) So also with regard to the greasing of a saw by a
carpenter. He applies the muscular force of his arm with
the express object of cutting through the wood. He wishes

* Robert Julius Mayer, of Heilbronn, in the Kingdom of Wiirtemburg,
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to tear the wood asunder, to overcome its mechaunical cohe-
sion by the teeth of his saw. When the saw moves stiffly,
on account of the friction against its flat surface, the same
amount of effort may produce a much smaller effect than
when the implement moves without frietion. But in what
sense smaller ? Not absolutely so, but smaller as regards
the act of sawing. The force not expended in sawing
is not lost, it is converted into heat ; and I gave you an
example of this a few minutes ago. Here again, if we
could collect the heat engendered by the friction, and
apply it to the urging of the saw, we should make good
the precise amount of work which the carpenter, by
neglecting the lubrication of his implement, had simply
converted into another form of power.

(11) We warm our hands by rubbing, and in the case of
frostbite we thus restore the necessary heat to the injured
parts. Savages have the art of producing fire by the
skilful friction of well-chosen pieces of wood. It is easy
to char wood in a lathe by friction. By friction a lucifer-
match is raised to the temperature of ignition. From the
feet of the labourers on the flinty roads of Hawmpshire
sparks issue copiously on a dark night, the collision of
their iron-shod shoes against the flints producing fire.
The same effect is often produced by the omnibus horses
in the streets of London. In the common flint and
steel the particles of the metal struck off are so much
heated by the collision that they take fire and burn in the
air. But the heat precedes the combustion. Davy found
that when a gunlock with a flint was discharged in vacuo,
no sparks were produced, but the particles of steel struck
off, when examined under the microscope, showed signs
of fusion.* Here is a large rock-crystal : I have only to
draw this small one briskly over it, to produce light and

* Works of Sir H. Davy, vol. ii. p. 8.
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heat. Here are two quartz-pebbles : I have only to rmb
them together to make them luminous.

(I2) Aristotle refers to the heating of arrows by the
friction of the air; a rifle-bullet, in passing through air,
is also warmed by friction. The most probable theory
of shooting stars is that they are small planetary bodies
revolving round the sun, which are caused to swerve from
their orbits by the attraction of the earth, and are raised to
incandescence by friction against our atmosphere. Chladni
propounded this view, and Dr. Joule has shown that the
atmospheric friction is competent to produce the effect.
He may, moreover, be correct in believing that the greater
portion of our aérolites are scattered into fragments by
heat, and the earth thus spared a terrible bombardment.*
These bodies move at planetary rates; the orbital ve-
locities of the four Interior planets ate as follows :—

Miles per Second.

Mercury 3040
Venus 22-24
Earth 18:91
Mars 15:32

while the velocity of the aérolites varies from 18 to 36
railes a second. The friction engendered by this enor-
mous speed is certainly competent to produce the effects
ascribed to it.

(13) Count Rumford, who was one of the founders of the
Royal Institution, executed a series of experiments on the
generation of heat by friction, which, viewed by thelight of
to-day, are of the highest interest and importance. Indeed
the services which the Founders and Professors of this Insti-
tution have rendered to the philosophy of natural forces can
never be forgotten. Thomas Young laid the foundations of
the Undulatory Theory of light, which, in its fullest appli-
cation, embraces our present theory of heat. Davy enter-

# Philosophical Magazine, 4th Series, vol. xxxii. p, 349,
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tained substantially the same views regarding heat as those
which I am now endeavouring to approach and elucidate.
Faraday established the laws of equivalence between
chemistry and electricity, and his magneto-electric dis-
coveries were the very first seized upon by Joule in
illustration of the mutual convertibility of heat and me-
chanical action.* Rumford, in a paper of great power
both as regards reasoning and experiment, advocated in
1798+ the doctrine regarding the nature of heat which
the recent experiments of eminent men have placed upon
a secure basis. While engaged in the boring of cannon
at Munich, he was so forcibly struck by the large amount
of heat developed in the process, that he was induced to
devise a special apparatus for the examination of the gene-
ration of heat by friction. He had constructed a hollow
cylinder of iron, into which fitted a solid plunger, which
was caused to press against the bottom of the cylinder.
A box which surrounded the cylinder contained 18% los.
of water, in which a thermometer was placed. The ori-
ginal temperature of the water was 60° F. The cylinder
was turned by horse-labour, and an hour after the friction
had commenced the temperature of the water was 107°,
having risen 47°. Half-an-hour afterwards he found the
temperature to be 142°. The action was continued, and
at the end of two hours the temperature was 178° At
the end of two hours and twenty minutes it was 200°, and
at two hoursand thirty minutes from the commencement
the water actually boiled ! '

Rumford’s description of the effect of this experiment
on those who witnessed it, is quite delightful. ¢It
would be difficult,” he says, ¢to describe the surprise and
astonishment expressed in the countenances of the by-
standers on seeing so large a quantity of water heated

* Philosophical Magazine, 4th Series, vol. xxiii. pp. 265, 347, 435.
T An abstract of this paper is given in the Appendix to Chapter II.
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and actually made to boil, without any fire. Though there
was nothing that could be considered very surprising in
this matter, yet I acknowledge fairly that it afforded me
a degree of childish pleasure which, were I ambitious of
the reputation of a grave philosopher, I ought most
certainly rather to hide than to discover.’* T am sure
we can dispense with the application of any philosophy
which would stifle such emotion as Rumford here avowed.
In connection with this striking experiment, Dr. Joulet
has estimated the amount of mechanical force expended
in producing the heat, and obtained a result which ¢is
not very widely different’ from that which greater know-
ledge and more refined experiments enabled Joule himself
to obtain, as regards the numerical equivalence of heat
and work.

(14) It would be absurd on my part to attempt here a
repetition of the experiment of Count Rumford with all

F16. 3.

its conditions. We cannot devote two hours and a half to
a single experiment, but I hope to be able to show you
substantially the same effect in two minutes and a half.
Here is a brass tube (b, fig. 3), four inches long, and
of three-quarters of an inch interior diameter. It is
stopped at the bottom, and screwed on to a whirling

* Rumford’s Essays, vol. ii. p. 484.
+ Philosophical Transactions, vol. exl. p. 62.
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table, by means of which the upright tube can be caused;
to rotate very rapidly. These two pieces of oak are
united by a hinge, ig which are two semicircular grooves,
intended to embrace the brass tube. Thus the pieces of
wood form a kind of tongs, T, the gentle squeezmg of
which produces friction when the tube rotates. I partially
fill the tube with cold water, stop it with a cork to prevent
the splashing out of the liquid, and now put the machine
in motion. As the action continues, the temperature of
the water rises, and now the tube is too hot to be held in
the fingers. Continuing the action a little longer, the
cork is driven out with explosive violence, the steam which
follows it producing by its precipitation a small cloud in
the atmosphere.

(15) In all the cases hitherto introduced to your notice,
heat has been generated by the expenditure of mechanical
force. Our experiments have shown that where me-
chanical force is expended heat is produced; and I wish
now to bring before you the converse experiment, and
show you the consumption of heat in mechanical work.
This strong vessel (v, fig. 4) is filled at the present moment
with compressed air. It has lain here for some hours, so
that the temperature of the air within the vessel is now the
same as that of the air of the room without it. At the
present moment this inner air is pressing against the sides
of the vessel, and if this cock be opened a portion of the
air will rush violently out. The word ¢rush,” however, but
vaguely expresses the true state of things; the air which
issues is driven out by the air behind it; this latter
accomplishes the work of urging forward the stream of air.
And what will be the condition of the working air during
this process ? It will be chilled. The air executes work,
and the only agent it can call upon to perform the
work is the heat to which the elastic force with which it
presses against the sides of the vessel is entirely due. A
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portion of this heat will be consumed, and a lowering of
temperature will be the consequence. Observe the experi~
ment. I will turn the cock ¢ (fig.4), and allow the current

Fie. 4.
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of air from the vessel v to strike against the face of the
pile p. The magnetic needle instantly responds ; its red
end is driven towards me, thus declaring that the pile has
been chilled by the current of air.

(16) The effect is different when air is urged from the
nozzle of a common bellows (fig. 5) against the thermo-
electric pile. In the last experiment the mechanical work
of urging the air forward was performed by the air itself, and
a portion of its heat was consumed in the effort. In the
case of the bellows, it is my muscles which perform the
work. The upper board of the bellows is raised, and the
air rushes in. The boards are then pressed with a certain
force, and the air rushes out. The expelled air, slightly
warmed by compression, strikes the face of the pile. The
red end of the needle instantly moves towards you, thereby
showing that the face of the pileis, in this instance, warmed



16 HEAT A MODE OF MOTION. CHAP. L

by the air.* Here, moreover, is a bottle of soda—Wat'el‘,
slightly warmer than the pile, as you see by the deﬂecfslon‘
it produces. Cut the string which holds it, the cork is driven
out by the elastic force of the carbonic acid gas: the gas

Fi1c. 5.

performs work, in so doing it consumes heat, and now the
deflection produced by the bottle is that of cold. The truest
romance is to be found in the details of daily life ; and here,
‘in operations with which every child is familiar, we shall
gradually discern the illustration of principles from which

all material phenomena flow.

* In this experiment it is necessary to bring the nozzle of the bellows
near the pile and to blow strongly. When the nozzle is distant the air,
which issues warm under the pressure exerted on the bellows, is chilled by
its own expansion. It may be even caused to precipitate its aqueous
vapour,
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APPENDIX TO CHAPTER 1.

NOTE
ON THE CONSTRUCTION OF THE THERMO-ELECTRIC PILE.

Ler aB (fig. 6) be a bar of antimony, and B ¢ a bar of bismuth,
and let both bars be soldered together at B. Let the free ends a
and ¢ be united by a piece of wire, ADc. On

c : . . F1c. 6.
warming the place of junction, B, an electric
current is generated, the direction of which is * D >
from bismuth to antimony (or against the alpha-
bet), across the juncticn, and from antimony to
bismuth (or with the alphabet), through the con- , e

necting wire, ADC. The arrows indicate the
direction of the current.

If the junction B be chilled, a current is gene-
rated opposed in direction to the former. The
figure represents what is called a thermo-electric
“pair or couple.

By the union of several thermo-electric pairs =
a more powerful current can be generated than
would be obtained from a single pair. Fig.7 (next page), for ex-
ample, represents such an arrangement, in which the shaded bars
are supposed to be all of bismuth, and the unshaded ones of anti-
mony; on warming all the junctions, B, B, &c., a current is generated
in each, and the sum of these currents, all of which flow in the
same direction, will produce a stronger resultant current than that
obtained from a single pair. '

The V formed by each pair need not be so wide as it is
shown in fig. 7; it may be contracted without prejudice to the
couple. And if it is desired to pack several pairs into a small

c



18 HEAT A MODE OF MOTION. caaP. L.

compass, each separate couple may be arranged as in fig. 8, where

the black lines represent small bismuth bars, and the white ones
small bars of antimony. They are soldered together at Fhe ends,’

Fic. 7.
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and throughout their length are usually separated by strips of
paper merely. A collection of pairs thus
compactly set together constitutes a thermo-
L — electric pile, a drawing of which is given in
i figh, Qs
The current produced by heat being always
from bismuth to antimony across the heated junction, a moment’s
inspection of fig. 7 will show that when any one of the junctions,
A, A, is heated, a current is generated opposed in direction to that
generated when the heat is applied to the junctions B, 5. Hence,
in the case of the thermo-electric pile, the effect of heat falling
Tre. 9. upon its two opposite faces is to produce
P currents in opposite directions. If the
” ; temperature of the two faces be alike;
they neutralise each other, no matter
11 ‘ how highly they may be heated abso-
== lutely; but if one of them be warmer
than the other, a current is produt.zed;
The current is thus due to a difference of temperature between
the two faces of the pile, and within certain limits the strength of
the current is exactly proportional to this difference.
From the junction of almost any other two metals, thermo-
electric currents may be obtained, but they are most readily gene-
rated by the union of bismuth and antimony.*

Fic. 8.

* The di scovery of thermo-electricity is due to Thomas Seebeck, Professor. :
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NOTE ON THE CONSTRUCTION OF THE GALVANOMETER.

The existence and direction of an electric current are shown
by its action upon a freely suspended magnetic needle.

But such a needle is held in the magnetic meridian by the
magnetic force of the earth. Hence, to move a single needle, the
current must overconie the magnetic force of the earth.

Very feeble currents are incompetent to do this in a sufficiently
sensible degree. The following two expedients are, therefore,
combined to render sensible the action of such feeble currents:—

The wire through  which the current flows is coiled so as to
surround the needle several timnes; the needle must swing freely
within the coil. The action of the single current is thus multi-
plied.

The second device is to neutralise the directive force of the
earth, without prejudice to the magnetism of the needle. This
is accomplished by wusing two
needles instead of one, attach- Fre. 10.
ing them to a common vertical
stem, and bringing their oppo-
site poles over each other, the
north end of the one needle and s R‘; n
the south end of the other being
thus turned in the same direc-
tion. The double needle is re- 2 5 &
presented in fig. 10.

It must be so arranged that one of the needles shall be within
the coil through which the current flows, while the other needle
swings freely above the coil, the vertical connecting piece passing
through an appropriate slit in the coil. Were both the needles
within the coil, the same current would urge them in opposite
directions, and thus one needle would neutralise the other. But
when one is within and the other without, the current urges both
needles in the same direction.

in the University of Berlin. Nobili constructed the first thermo-electric
pile; but in Melloni’s hands it became an instrument so important as to
supersede all others in researches on radiant heat. To this purpose it will
be applied on future occasions.

c 2
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Magnetise

The way to prepare such a pair of needles is this.
a vessel, or

both of them to saturation; then suspend them in
under a shade, to protect them from air-currents. The S}’Stefn
will probably set in the magnetic meridian, one needle being in
almost all cases stronger than the other; weaken the stronger
needle carefully by the touch of a second smaller magnet. When
the needles are precisely equal in strength, they will set at right
angles to the magnetic meridian. ’

Tt might be supposed that when the needles are equal in
strength, the directive force of the earth would be completely
annulled, that the double needle would be perfectly astatic,
and perfectly neutral as regards direction ; obeying simply the
torsion of its suspending fibre. This would be the case if the

Fic. 11.

magnetic axes of both needles could be caused to lie with mathe-
matical accuracy in the same vertical plane. In practice this 1s
almost impossible ; the axes always cross each other. Let ns,
' §' (fig. 11) represent the axes of two needles thus crossing, the
magnetic meridian being parallel to ME ; let the pole n be drawn
by. the earth’s attractive force in the direction nm ; the pole s
'b;emg .urged by the repulsion of the earth in a precisely opposite
direction. When the poles # and s’ are of exactly equal strength
it is manifest that the force acting on the pole ¢, in the case here
supposed, would have the advantage as regards leverage, and
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would therefore overcome the force acting on #. The crossed
needles would therefore turn away still further from the mag-
netic meridian, and a little reflection will show that they cannot
come to rest until the line which bisects the angle enclosed by
the needles is at right-angles to the magnetic meridian.

This is the test of perfect equality as regards the magnetism
of the needles; but in bringing the needles to this state of per-
fection we have often to pass through various stages of obliquity
to the magnetic neridian. Inthese cases the superior strength of
one needle is compensated by an advantage, as regards leverage,
possessed by the other. By a happy accident a touch is some-
times sufficient to make the needles perfectly equal ; but many
hours are often expended in securing this result. It is only of
ccourse in very delicate experiments that this perfect equality is
needed ; but in such experiments it is essential.

Another grave difficulty has beset experimenters, even after the
perfect magnetisation of their needles has been accomplished.
Such needles are sensitive to the slightest magnetic action, and
the covered copper wire, of which*the -galvanometer coils are
formed, usually contains a trace of iron sufficient to deflect the
prepared needle from its true position. Ihave had coilsin which
this deflection amounted to thirty degrees; and in the splendid in-
struments used by Professor Du Bois Raymond, in his researches
on animal electricity, the deflection by the coil is sometimes even
greater than this. Melloni encountered this difficulty,and proposed
that the wires should be drawn through agate holes, thusavoiding
all contact with iron or steel. The disturbance has always been
ascribed to a trace of iron contained in the copper wire. Pure
silver has also been proposed instead of copper.

To pursue his beautiful thermo-electric researches in a satis-
factory manner, Professor Magnus, of Berlin, obtained pure copper
by a most laborious electrolytic process, and after the metal had
been obtained it required to be melted eight times in succession
before it could be drawn into wire. In fact the impurity of the
coil entirely vitiated the accuracy of the instruments, and almost
any amount of labour would be well expended in removing this
great defect.

My own experience of this subject is instructive. I had a
beautiful instrument constructed a few years ago by Sauerwald,
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of Berlin, the coil of which, when no current flowed throug}'l it,
deflected my double needle fully thirty degrees from the zero ll'ne.
It was impossible to attain quantitative accuracy with this. in-
strument.

I had the wire removed by Mr. Becker, and English wire used
in its stead ; the deflection fell to three degrees.

This was a great improvement, but not sufficient for my pur-
pose. I commenced making enquiries about the possibility of
obtaining pure copper, but the result was very discouraging.
When almost despairing, the following thought occurred to me :—
The action of the coil must be due to the admixture of iron with
the copper, for pure copper is diamagnetic, it is feebly repelled by
astrong magnet, The magnet therefore occurred to me as a means
of instant analysis; I could tell by it, in a moment, whether my-
wire was free from magnetic metal or not.

The wire of M. Sauerwald’s coil was strongly attracted by the
magnet. The wire of Mr. Becker’s coil was also attracted, though
in a much feebler degree.

Both wires were covered ‘with green silk : I removed this, but
the Berlin wire was still attracted ; the English wire, on the con-
trary, when presented naked to the magnet was feebly repelled:;
it was truly diamagnetic, and contained no sensible trace of iron.
Thus the whole annoyance was fixed upon the green silk; some
iron compound had been used in the dyeing of it, and to this the
deviation of the needle from zero was manifestly due.

I had the green coating removed and the wire overspun with
white silk, clean hands being used in the process. A perfect
- galvanometer is the result; the needle, when released from the
action of the current, returns accurately to zero, and is perfectly
free from all magnetic action on the part of the coil. In fact, while
we have been devising agate plates and other learned methods to
get rid of the nuisance of a magnetic coil, the means of doing so
are at hand. Let the copper wire be selected by the magnet,
and no difficulty will be expericnced in obtaining specimens
magnetically pure.
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CHAPTER IIL

THE NATURE OF HEAT—THE MATERIAL THEORY —THE DYNAMICAL THEORY —
THERMAL EFFECTS OF AIR IN MUTION—GENERATION OF HEAT BY ROTA-
'TION BETWEEN THE POLES OF A MAGNEI—EXPERIMENTS OF RUMFORD,
DAVY, AND JOULE—THE MECHANICAL EQUIVALENT OF HEAT-—HEAT GENE-
RATED BY PROJECTILES—HEAT WHICH WOULD BE GENERATHD BY STOP-
PING THE EARTH'S MOTION—METEORIC THEORY OF THE SUN'S HEAT—
FLAME IN ITS RELATION TO THE DYNAMICAL THEORY,

APPENDIX | —EXTRACTS FROM BACON AND RUMFORD.

(17) FPYHE development of heat by mechanical action

was illustrated by suitable experiments when we
last assembled here. But experimental facts alone cannot
satisfy the human mind; we desire to know the cause
of the fact; we search after the principle by the opera-
tion of which the phenomena are produced. Why should
heat be generated by mechanical action, and what is the
real nature of the agent thus generated? Two rival
theories have been offered in answer to these questions,
which are named respectively the material theory, and the
dynamical, or mechanical, theory of heat. For a long time,
however, the former of these—the material theory—had
the greater number of adherents. Within certain limits
it involved conceptions of a very simple kind, and this
simplicity secured its general acceptance. The material
theory supposes heat to be a kind of matter—a subtle
fluid stored up in the inter-atomic spaces of bodies.
The laborious Gmelin, for example, in his Handbook of
Chemistry, defines heat to be ¢that substance whose en-
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trance into our bodies causes the sensation of warmth, and
its egress the sensation of cold.’* He also speaks of heat.
combining with bodies as one ponderable substance does
with another ; and many other eminent chemists treat the
subject from the same point of view.

(18) The development of heat by mechanical means,
inasmuch as its generation seemed unlimited, was a great
difficulty with the materialists; but they were acquainted
with the fact (which shall be amply elucidated on a future
occasion), that different bodies possess different powers of
holding heat, if such a term may be employed. Take, for
example, the two liquids, water and mercury, and warm
a pound of each of them, say from fifty degrees to sixty.
The absolute quantity of heat required by the water to
raise its temperature ten degrees is fully thirty times the
quantity required by the mercury. Technically speaking
the water is said to have a greater capacity for heat than
the mercury has, and this term ¢ capacity? suggests the
views of those who invented it. The water was supposed
to possess the power of storing up the caloric or matter of
heat ;—of hiding it, in fact, to such an extent that it re-
quired thirty measures of this caloric to produce the same
sensible effect on water that one measure would produce
upon mercury.

(19) All substances possess, in a greater or less degree,
this apparent power of storing up heat. Lead, for ex~
ample, possesses it; and our experiment with the lead
bullet, in which heat was generated by compression, was
explained by those who held the material theory in the
following way. The uncompressed lead, they said, has a
higher capacity for heat than the compressed substance;
the size of its atomic storehouse is diminished by com-
pression, and hence, when the lead is squeezed, a portion
of that heat which, previous to compression, was hidden,

* English translation, vol. i. p. 22.
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must make its appearance, for the compressed substance
can no longer hold it all. In some similar way the ex-
periments on friction and percussion were accounted for.
The idea of calling new heat into existence was re_]ected
by the believers in the material theory. Accmdmg to their
views, the quantity of heat in the universe is as constant
as the quantit,” of ordinary matter, and the utmost we can
do by mechanical and chemical means, is to store up this
heat, or to drive it from its lurking-places into the open
day.

(20) The dynamical theory, of, as it is sometimes
called, the mechanical theory of heat, discards the
idea of materiality. The supporters of this theory do
not believe heat to be matter, but an accident or
condition of matter; namely, a motion of its wltimate
particles. From the direct contemplation of some of the
phenomena of heat, a profound mind is led almost instinct-
ively to conclude that heat is a kind of motion. Bacon
held a view of this kind,* and Locke stated a similar
view with singular felicity. ¢Heat,” he says, ¢is a very
brisk agitation of the insensible parts of the object, which
produces in us that sensation from whence we denominate
the object hot: so what in our sensation is heat, in the
object is nothing but niotion.” The experiments of Count
Rumford { or the boring of cannon have been already re-
ferred to. Now he showed that the hot chips cut from his
cannon did not change their capacity for heat: he, moreover,
collected the scales and powder produced by the abrasion of
his metal, weighed them, and demanded whether it could
be believed that the vast amount of heat which he had

* See Appendix to this Chapter.

t I have particular pleasure in directing the reader’s attention to an
abstract of Count Rumford’s memoir on the Generation of Heat by Friction,
contained in the Appendix to this Chapter. Rumford, in this memoir,
annihilates the material theory of heat. Nothing more powerful has since

been written.
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generated had been'all squeezed out of that modicum of
crushed metal. ¢ You have not,” he might have urged on |
those who maintained this view, ¢given yourselves the
trouble to enquire whether any change whatever has
been produced by friction in the capacity of the metal for
heat. You are quick in inventing reasons to save your
theory from destruction, but slow to enquire whether these
reasons are not merely the fine-spun fancies of your own
brains. Theories are indispensable, but they sometimes
act like drugs upon the mind. Men grow fond of them
as they do of dram-drinking, and feel discontented and
irascible when the stimulant to the imagination is taken
away. :

(21) At this point an experiment of Davy comes forth
in its true significance.* Ice is solid water, and the solid
has only one-half the capacity for heat that liquid water
possesses. A quantity of heat which would raise a pound
of ice ten degrees in temperature, would raise a pound of
water only five degrees. Further, simply to liquefy a mass
of ice, an enormous amount of heat is necessary, this heat
being so utterly absorbed or rendered ¢latent’ as to make
no impression upon the thermometer. The question
of ¢latent heat’ shall be fully discussed in its proper
place: what I am desirous of Impressing on you at
present is, that, taking the materialists on their own
ground, liquid water, at its freezing temperature, pos-
sesses a vastly greater amount of heat than ice at the same
temperature.

(22) Davy reasoned thus: ¢ If I, by friction, liquefy ice,
a substance will be produced which contains a far greater
absolute amount of heat than the ice; and in this case, it
cannot with any show of reason be affirmed that I merely
render sensible heat which had been previously insensible
in the frozen mass. Liquefaction in this case will conclu-

* Works of Sir H. Davy, vol. ii. p. 11,
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sively demonstrate a generation of heat’ He made the
experiment, and liquefied the ice by pure friction ; and the
result has been regarded as the first which really proved
" the immateriality of heat.

(23) When a hammer strikes a bell the motion of the
hammer is arrested, but not destroyed; it has been
shivered into vibrations, which impart motion to the air
and affect the auditory nerve as sound. So also when
our sledge-hammer descended upon the lead bullet, the
descending motion of the sledge was arrested: but it was
not destroyed. The motion was twinsfeweol to the atoms
of the lead, and announced itself to the proper nerves as
beat. The theory, then, which Rumford so powerfully
advocated, and which Davy so ably supported,* is that
heat is a kind of molecular motion ; and that by friction,
percussion, and compression, this motion may be gene-
rated, as well as by combustion. This is the theory which
it shall be my aim to develope until your minds attain to
perfect clearness regarding it. At the outset you must
exercise patience. We are entering a jungle and striking
into the brambles in rather a random fashion at first.
But we shall thus make ourselves acquainted with the
general character of our work, and with due persistence
cut through all entanglements at last.

(24) You have already witnessed the effect of project-
ing a current of compressed air against the face of the
thermo-electric pile (page 15). The instrument was
chilled by the current of air. Now heat is known to be
developed when air is compressed ; and I have been asked .

* InDavy’s first scientific memoir he calls heat a repulsive motion, which
he says may be augmented in various ways. First, by the transmutation
of mechanical into repulsive motion ; that is, by friction or percussion. In
this case the mechanical motion lost by the masses of matter in friction is
the repulsive motion gained by their corpuscles;’ an extremely remarkable
passage. I have given further exlracts from this paper in the Appendix to

Chapter III.
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repeatedly how this heat was disposed of in the case of
the condensed air employed in the experiment referred .to.
Pray listen to my reply. Supposing the vessel which "
contained the air to be formed of a substance perfectly
impervious to heat, and supposing all the heat devel.ope.zd
by my arm, in compressing the air, to be retained within
the vessel, that quantity of heat would be exactly com-
petent to undo what had been done, and to restore the
compressed air to its original volume and temperature.
But this vessel v (fig. 12) is not impervious to heat, and it

Fic. 12.

was not my object to draw upon the heat developed by my
muscles ; after condensation, therefore, the vessel was
allowed to rest till all the heat generated by the condensa-
tion was dissipated, and the temperature of the air within
and without the vessel was the same. When, therefore,
the air rushed out, it had not the heat to draw upon
which had been developed during compression. The heat
from which it derived its elastic force was ouly sufficient
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to keep it at the temperature of the surrounding air. In
doing its work a portion of this heat, equivalent to the
work done, was consumed, and the issuing air was con-
sequently chilled. Do not be disheartened if this reason-
ing should not appear quite clear to you. We are now in
comparative darkness, but as we proceed light will gra-
dually appear, and irradiate retrospectively our present
gloom.

(25) Let me now make evident to you that heat is de-
veloped by the compression of air. Here isa strong cylinder
of glass T v (fig. 13), accurately bored, and quite smooth
within. Into it a piston fits air-tight, so that, by driving
the piston down, the air underneath it is foreibly
compressed ; and when the air is thus compressed,
heat is suddenly generated. Tinder may be

‘ignited by this heat. Here, moreover, is a morsel
of cotton wool, wetted with an inflammable liquid,
the bisulphide of carbon. I throw the bit of wet
cotton into the glass syringe, and instantly eject
it. It has left behind a residue of vapour
On compressing the air suddenly, the heat de-
veloped is sufficient to ignite the vapour, and
yod see .a flash of light within the syringe.
Nor is it necessary to eject the cotton; I rer
place it in the tube, and urge the piston down-
wards; you see the flash as before. If the
fumes generated by the combustion of the vapour
be in every instance blown away, without once
removing the cotton from the syringe, the ex- [l
periment may be repeated and the flash of light ; <
obtained twenty times in succession.

(26) The chilling effect of a current of compressed air
on the thermo-electric pile has been already illustrated.
Here is another illustration of the thermal effect pro-
duced in air by its own mechanical action. A tin

Fia. 13.
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tube is stopped at both ends, and connected with an
air-pump. The tube is at present full of air, and the
face of the thermo-electric pile rests against its curved
surface. The galvanometer declares that the face of the
pile in contact with the tube has been warmed by the latter.
I was prepared for this result, having reason to know that
the air within the tube is slightly warmer than that with-
out. We will now cause this air to perform work, and
then examine the thermal condition of the vessel in which
the work has been performed. We will work the pump;
the cylinders of the machine will be emptied, and the air
within this tube will be driven into the exhausted cylinders
by its own elastic force. This is the work that it performs,
and as the tube is exhausted you will see the needle,
which is now deflected so considerably in the direction
of heat, descend to zero, and pass quite up to 90° in the
direction of cold. The pump is now in action, and you
observe the result. The needle falls as predicted, and
its advance in the direction of cold is only arrested by its
concussion against the stops.

(27) Three strokes of the pump suffice to chill the tube
so a8 to send the needle up to 90°; * let it now come to rest.
It would require more time than we can afford to allow
the tube to assume the temperature of the air around it;
but the needle is now sensibly at rest at a good distance on
the cold side of zero. Turning on this cock, the air
rushes in, and each of its atoms hits the inner surface
of the tube like a projectile. The mechanical motion of
the atoms is thereby annihilated, but an amount of
heat equivalent to this motion is gemerated. This heat
is sufficient to re-warm the tube, to undo the present

¥ The galvanometer used in this experiment was that which I employ in:
my original researches; it is an exceedingly delicate one. When intro-
duced here, its dial was illuminated by the electric light; and an image of
it, two feet in diameter, was projected on a screen,
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deflection, and to send the needle up on the opposite
side of zero.*

(28) I have now to direct your attention to an impor-
tant effect connected with this chilling of the air by
rarefaction. On the plate of the air-pump is placed
a large glass receiver, filled with the air of this
room. This air, and, indeed, all air, unless it be dried
artificially, contains a quantity of aqueous vapour which,
as vapour, is perfectly invisible. A certain temperature is
requisite to maintain the vapour in this invisible state;
and if the air be chilled so as to bring it below this tem-
perature, the vapour will instantly condense, and form a
visible cloud. Such a cloud, which you will remember is
not vapour, but liguid water in a state of fine division,
will form within this glass vessel r (fig. 14), when the air
is pumped out of it; and to make this effect visible to
everybody present, to those right and left of me, as well
as to those in front, eight little gas jets are arranged in
a semicircle which half surrounds the receiver. Each
person present sees one or more of these jets on looking
through the receiver; and when the cloud forms, the
dimness which it produces will at once declare its pre-
sence. The pump is now quickly worked, and a very
few strokes suffice to precipitate the vapour. It spreads
throughout the entire receiver, and many of you see a

* Tn this experiment a mere line along the surface of the tube was in con-
tact with the face of the pile, and the heat had to propagate itself through
the tin envelope to reach the instrument. Previously to adopting this
arrangement I had the tube pierced, and a separate pile, with its naked face
turned inwards, cemented air-tight into the orifice. The pile came thusinto
direct contact with the air, and its entire face was exposed to the action.
The effects thus obtained were very large ; sufficient, indeed, to swing the
needle quite round. My desire to complicate the subject as little as pos-
sible induced me to abandon the cemented pile, and to make use of the
instrument with which my audience had already become familiar. With
‘the arrangement actually adopted the effects were, moreover, so large that
I drew only on a portion of my power.
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colouring of the cloud, as the light shines through i, simi-
lar to that observed sometimes, on a large scale, around
the moon. When the air is allowed to re-enter the vessel,
it is heated, exactly as in the experiment with our tin tube;

F1c. 14.

the cloud melts away, and the perfect transparency of the
air within the receiver is restored.*

(29) Sir Humphry Davy refers, in his Chemical Philo-
sophy, to a machine at Schemnitz, in Hungary, in which

% A far more beautiful mode of demonstration was subsequently resorted

to. - Removing the lens from the camera of an electric lamp, the rays from
the coal-points issued divergent. A large plano-convex lens was placed in
front, so as to convert the divergent cone into a convergent one. Its track
through the receiver was at first invisible, but two or three strokes of the
pump precipitated the vapour, and then the track of the beam through
the receiver resembled a white solid bar. After crossing the receiver,
_the light fell upon a white screen, and exhibited beautiful diffrac-
tion colours when the cloud formed. In my recent experiments, clouds
of far greater density, permanence, and splendour of colour than those
obtainable from aqueous vapour have been produced. Aqueous hydro-
chloric acid yields such clouds. See Proceedings of Royal Society,
vol. xvii. p. 317. - ’
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air was compressed by a column of water 260 feet in
height. When a stopcock was opened so as to allow the
air to escape, a degree of cold was produced which not
only precipitated the aqueous vapour diffused in the air,
but caused it to congeal in a shower of snow, while the
pipe from which the air issued became bearded with icicles.
¢ Dr. Darwin,” writes Davy, ¢ has ingeniously explained the
production of snow on the tops of the highest mountains,
by the precipitation of vapour from the rarefied air which
ascends from plains and valleys. The Andes, placed
almost under the line, rise in the midst of burning sands;
about the middle height is a pleasant and mild climate;
the summits are covered with unchanging snows.’

(30) And now I would request your attention to an ex-
periment, in which heat will be developed by what must
appear to many of you a very mysterious agency, and
indeed the most instructed amongst us know, in reality,
very little about the subject. I wish to develope heat by
what might be regarded as friction against pure space.
And indeed it may be, and probably is, due to a kind of
friction against the inter-stellar medium, to which we
shall have occasion to refer more fully by-and-by.

(31) Here is a mass of iron—part of a link of a huge
chain cable—which is surrounded by these multiple coils
of copper wire ¢ ¢ (fig. 15), and which can instantly be
converted into a powerful magnet by sending an electric
current through the wire. You see, when thus excited, how
strong its attraction is. This poker clings to it, and
these chisels, screws, and nails cling to the poker. Turned
upside down, this magnet will hold a half-hundredweight
attached to each of its poles, and probably a score of
the heaviest people in this room if suspended from the
weights. At the proper signal my assistant will inter-
rupt the electric current. The iron falls and all the
magic disappears: ‘the magnet now is mere common

IR 1.
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iron. On the ends of the magnet are placed two pieces of
iron P P—moveable poles, as they are called—which, when
the magnet is unexcited, can be brought within any re-
quired distance of each other. When the exciting current
passes, these pieces of iron virtually form parts of the
magnet. Between them I will place a substance which
the magnet, even when exerting its utmost power, is
incompetent to attract. This substance is simply a piece
of silver—in fact, a silver medal. When it is brought
close to the excited magnet, no attraction ensues. Indeed
what little force—and it is so little as to be utterly insen-
sible in these experiments—the magnet really exerts upon
the silver, is repulsive instead of attractive.

(32) Suspending this medal between the poles PP of
the magnet, I send the current through the coil. The
medal hangs between the poles; it is neither attracted nor
repelled, but if we seek to move it we encounter resistance.
To turn the medal round this resistance must be overcome,
the silver moving as if it'were surrounded by a viscous
fluid. This extraordinary effect may also be rendered
manifest in another way. -Causing a rectangular plate
of copper to pass quickly to and fro like a saw between
the poles P P, with their points turned towards it; you
seem, though you can see nothing, to be sawing through
a mass of cheese or butter.* No effect of this kind is
noticed when the magnet is not active: the copper: plate
then encounters nothing but the infinitesimal resistance of
the air. '

(33) Thus far you have been compelled to take my
statements for granted, but an experiment is here arranged
which will make this strange action of the magnet on the
silver medal strikingly manifest to you all. Above the
suspended medal, and attached to it by a bit of wire, is

¥ An experiment of Faraday's. He also was the first to arrest by a
magnet the motion of a spinning cube of copper.

» 2
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a little reflecting pyramid w, formed of four triangular
pieces of looking-glass; both the medal and the reflector
are suspended by a thread which was twisted in its manu-
facture, and which will untwist itself when the weight
which it sustains is set free. When a strong beam of
light is caused to fall upon the little pyramid, the light
is reflected, and, as the mirror turns, you see these long
{uminous spokes moving through the dusty air of the
Toom.

(34) Let us start it from a state of rest. The beam
now passes through the room and strikes against the white
wall. As the mirror commences rotating, the patch of
light moves, at first slowly, over the wall and ceiling.
The motion quickens, and now you can no longer see
the distinet patches of light, but instead of them you have
this splendid luminous band fully twenty feet in diameter
drawn upon the wall by the quick rotation of the reflected
beams. At the word of command the magnet will be
excited. Bee the effect : the medal seems struck dead by
the magnet, the band suddenly disappears, and there you
have the single patch of light upon the wall. This strange
result is produced without any visible change in the space
between the two poles. Observe the slight motion of the
image on the wall: the tension of the string is struggling
with an unseen antagonist and producing that motion. It

“is such as would be produced if the medal, instead of being
surrounded by air, were immersed in a pot of treacle.
On destroying the magnetic power, the viscous character
of the space between the poles instantly disappears; the
medal begins to twirl as before; there are the revolving
beams, and there is now the luminous band. I again
excite the magnet : the beams are struck motionless, and
the band disappears.

(35) By the force of the hand this resistance can be
overcome and the medal turned round; but to turn it
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force must be expended. What becomes of that force? It

is converted into heat. The medal, if forcibly compelled

to turn, will become heated. Many of you are acquainted

with the grand discovery of Faraday, that electric currents

are developed when a conductor of electricity is set in

motion between the poles of a magnet. We have these

currents here, and they are competent to heat the medal.

But what are these currents? How are they related to

the space between the magnetic poles—how to the mus-
cular force which is expended in their generation? We do

not yet know, but we shall doubtless know by-and-by. It
does not in the least lessen the interest of the experiment
if the force of my arm, previous to appearing as heat,
appears in another form—in the form of electricity. The
result is the same: the heat developed ultimately is the

exact, equivalent of the power employed to move the medal

in the excited magnetic field.

(36) I wish now to make evident to all here present this
development of heat. Here is a solid metal cylinder, the

Fie. 16.

core of which is composed of a metal more easily me..ed
than its outer case. The outer case is copper, and this
is filled by a hard but fusible alloy. The cylinder is set
upright between the conical poles PP (fig. 16) of the
magnet. A string ss passes from the cylinder to a whirl-
ing table, by which the cylindér may be caused to spin
round. It might turn till doomsday with the magnet
unexcited, and not produce the effect sought; but when
the magnet is in action an'amount of heat will be developed
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sufficient to melt the core of that eylinder, and, if success-
ful, I will pour the liquid metal out before you. Two
minutes will suffice for the experiment. The cylinder is
now rotating, its upper end being open. We will permit
it to remain open until the liquid metal is seen spattering
over the poles of the magnet. The metallic spray is
already there, though a minute has scarcely elapsed since
the commencement of the experiment. I now stop the
motion for a moment, cork up the end of the cylinder,
so as to prevent the loss of the metal, and let the action
continue for half a minute longer. The entire mass of the
core is now melted. I withdraw the cylinder, remove the
cork, and thus pour out before you the liquefied alloy.*
(37) It is now time to consider more closely than we
have hitherto done the relation of the heat developed by
mechanical action to the force which produces it. Doubt-
less this relation floated in many minds before it received
either correct enunciation or experimental proof. The
celebrated Montgolfier entertained the idea of the equiva-
lence of heat and mechanical work ; and the idea has
been developed by his nephew M. Séguin, in his work
“On the Influence of Railways,’ printed in 1839. Those
who reflect on vital processes—on the changes which occur
in the animal body—and the relation of the forces in-
volved in food to muscular force, are led naturally to
entertain the idea of interdependence between these forces.
It is therefore not a matter of surprise that the man who
was one of the first,if not the first, to raise the idea of the
equivalence between heat and mechanical energy, and of
the mutual convertibility of natural powers generally, to
* The development of heat by causing a conductor to revolve between
the poles of a magnet was first effected by Mr. Joule (Phil. Mag. vol. xxiii.
3rd Series, year 1843, pp. 355 and 439), and his experiment was afterwards
revived in a striking form by M. Foucault. The artifice above described,

of fusing the core out of the cylinder, renders the experiment very effective
in a lecture-room.
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true philosophic clearness in his own mind, was a physician.
Dr. Mayer, of Heilbronn in Germany, enunciated in 1842 *
the relation which subsists between the forces of inorgénic
nature. He first calculated the ‘mechanical equivalent of
heat,” and followed up, as will be shown in due time, the
statement of the principle by its fearless application. But
the intuitions of Mayer required experimental proof ; and
to Dr. Joule, of Manchester, belongs the honour of being
the first to give a decisive demonstration of the correct-
ness of the dynamical theory.f Entirely independent of
Mayer, and undismayed by the coolness with which his
first labours appear to have been received, he persisted for
years in his attempts to prove the invariability of the rela-
tion of heat to ordinary mechanical power. He placed
water in a suitable vessel, agitated the water by paddles,
and determined both the amount of heat developed by the
stirring of the liquid, and the amount of labour expended
in its production. He did the same with mercury and with
sperm oil. He also caused disks of cast iron to rub against
each other, and measured the heat produced by their
friction, and the force expended in overcoming it. He
urged water through capillary tubes, and determined the
amount of heat generated by the friction of the liquid
against the sides of the tubes. And his experiments leave

* Liebig’s Annalen, vol. xlii. p. 283 ; Phil. Mag. 4th Series, vol. xxiv.
P- 871; and in résumé, Phil. Mag. vol. xxv. p. 378. I am indebted to Sir C.
Wheatstone for the perusal of a rare and curious pamphlet by G. Rebenstein,
with the following (translated) title: Progress of our Time. Generation
of Heat without Fuel; or, Description of a Mechanical Process, based on
physical and mathematical proofs, by which Caloric may be extracted from
Atmospheric Air,andin a high degree concentrated. The cheapest Substitute
for Fuel in most cases where combustion is necessary.” Rebenstein deduces
from the experiments of Dulong the quantity of heat evolved in the com-
pression of a gas. No glimpse of the dynamical theory is, however, to be
found in his paper ; his heat is matter (Wirinestoff') which is squeezed out
of the air as water is out of a sponge.

T Phil. Mag., Aug. 1863. Mr. Joule’s experiments on the mechanical
equivalent of heat extend from 1843 to 1849,
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no shadow of doubt upon the mind that, under all circum-
stances, the quantity of heat generated by the same
amount of force is fixed and invariable. A given expendi-
ture of force, in causing the iron disks to rotate against
each other, produced precisely the same amount of heat as
when it was applied to agitate water, mercury, or sperm
oil. At the end of the experiments, the temperatures in
the respective cases would of course be very different;
the temperature of water, for example, would be only ;%;th
of that of mercury, because, as we already know, the
capacity of water for heat is thirty times that of mercury.
Dr. Joule took this into account in discussing his experi-
ments, and found, as already stated, that, however the
- temperatures might differ, in consequence of the different
capacities for heat of the substances employed, the absolute
amount of heat generated by the same expenditure of
power was in all cases the same.

(38) In this way it was proved that the quantity of heat
necessary to raise one pound of water one degree Fahrenheit
in temperature, is equal to that generated by a pound
weight, falling from a height of 772 feet against the earth.
Conversely, the amount of heat necessary to raise a pound
of 'water one degree in temperature, would, if all applied
mechanically, be competent to raise a pound weight 772
feet high, or it would raise 772 lbs. one foot high. The
term ¢foot-pound’ has been introduced to express in a
convenient way the lifting of one pound to the height of a
foot. Thus, the quantity of heat necessary to raise the
temperature of a pound of water one degree Fahrenheit
being taken as a standard, 772 foot-pounds constitute what
is called the mechanical equivalent of heat. If the

degrees be centigrade, 1,390 foot-pounds constitute the
equivalent.*

* In 1843 an essay entitled ¢ Theses concerning Force was presented to
the Royal Society of Copenhagen by a Danish philosopher named Colding.
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(39) In order to imprint upon your minds the thermal
effect produced by a body falling from a height, I will go
through the operation of allowing a lead ball to fall from
our ceiling upon this floor. That the ballis at the present
moment slighfly colder than the air of this room is proved
by bringing the lead into contact with the thermo-electric
pile; the deflection of the needle indicates cold. Omn the
floor is placed a slab of iron, intended to receive the lead,
and also cooler than the air of the room. At the top of
the house is an assistant, who wiil pull up the ball by
means of a string. He will not touch the ball, nor will he
allow it to touch anything else. The lead now fails, and
is received upon the plate of iron. The amount of heat
generated by a single descent is very small, because the
height is inconsiderable ; we will, therefore, allow the ball
to be drawn up and to descend three or four times in suc-
cession. We have now arrived at the fourth collision. I

At this early date M. Colding sought to ascertain the quantity of
heat generated by the friction of various metals against each other and
against other substahces, and to determine the amount of mechanical work
consumed in its generation. In an account of his researchés given by him-
self in the Philosophical Magazine (vol. xxvii. p. 56), he states that the
result of his experiments, nearly 200 in number, was that the heat dis-
engaged was always in proportion to the mechanical energy lost. In-
‘dependently of the materials by which the heat was generated, M. Colding
found that an amount of heat competent to raise a pound of water 1° C.
would raise a weight of a pound 1,148 feet high ; a most remarkable result.
M. Colding starts from the principle that ‘as the forces of nature are some-
thing spiritual and immaterial—entities whereof we are cognisant only by
their mastery over nature—those entities must of course be very superior to
everything material in the world; and as it is obvious that it is through
them only that the wisdom we perceive and admire in nature expresses
itself, these powers must evidently be in relation to the spiritual, im-
material, and intellectual power itself that guides nature in its progress ;
but if such is the case, it is consequently quite impossible to conceive of
‘these forces as anything naturally mortal or perishable. Surely, therefore,
the forces ought to be regarded as absolutely imperishable.” The case of
M, Colding shows how a speculation, though utterly unphysical, may, by
stimulating experiment, be the means of developing important physical
résults.
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place the ball, which at the commencement was cold,
again upon the pile, and the immediate deflection of the
needle in the opposite direction declares the lead to be
heated ; this heat is due entirely to the destruction of the
moving energy which the ball possessed when it struck
the plate of iron. According to our theory, the common
mechanical motion of the lead, as a mass, has been trans-
ferred to the atoms of the mass, producing among them
the agitation we call heat.

(40) We can readily calculate the amount of heat gene-
rated in this experiment. The space.fallen through by
the ball in each instance is twenty-six feet. The heat
generated is proportional to the height through which the
body falls. Now a ball of lead in falling through 772 feet
would generate heat sufficient to raise its own tempera-
ture 30° F., its ¢capacity’ being ZL;th of that of water:
hence, in falling through 26 feet, which is in round num-
bers ;' th of 772, the heat generated would, if all concen-
trated in the lead, raise its temperature one degree. This
is the amount of heat generated by a single descent of the
ball, and four times this amount would, of course, be gene-
rated by four descents. The heat generated is not, how-
ever, all concentrated in the ball; a small portion of it
belongs to the iron on which the ball falls.

(41) It is needless to say, that if motion be imparted to
a body by other means than gravity, the destruction of this
motion also produces heat. A rifle bullet when it strikes
a target is intensely heated. The mechanical equivalent
of heat enables us to calculate with accuracy.the amount of
heat generated by the bullet, when its velocity is known.
This is a point worthy of our attention, and in dealing with
it permit me to address myself to those of my audience who
are unacquainted even with the elements of mechanics.
Everybody knows that the greater the height is from which
a body falls, the greater is the force with which it strikes
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the earth, and that this is entirely due to the greater
velocity imparted to the body in falling from the greater
height. The velocity imparted to the body is not, how-
ever, proportional to the height from which it falls. If the
height be augmented four-fold, the velocity is augmented
only two-fold ; if the height be augmented nine-fold, the
velocity is augmented only three-fold; if the height be
augmented sixteen-fold, the velocity is augmented only
four-fold ; or, expressed generally, the height is propor-
tional to the square of the velocity.

(42) But the heat generated by the collision of the
falling body increases simply as the height ; consequently,
the heat generated increases as the square of the velocity.

(43) If therefore we double the velocity of a projectile,
we augment the heat generated, when its moving force is
destroyed, four-fold ; if we treble its velocity, we augment
‘the heat nine-fold ; if we quadruple the velocity, we aug-
ment the heat sixteen-fold, and so on.

(44) The velocity imparted to a body by gravity in
falling through 772 feet is, in round numbers, 223 feet a
second ; that is to say, immediately before the body strikes
the earth, this is its velocity. Six times this quantity, or
1,338 feet a second, would not be an inordinate velocity
for a rifle bullet.

(45) But a rifle bullet, if formed of lead, moving at a
velocity of 223 feet a second, would generate on striking a
target an amount of heat which, if concentrated in the
bullet, would, as already shown, raise its temperature 30°
F.; with 6 times this velocity it would generate 36 times
the amount of heat; hence 3€ times 30, or 1,080°, would
represent the augmentation of the temperature of the
bullet on striking a target with a velocity of 1,338 feet a
second, if all the heat generated were confined to the bullet
itself. This amount of heat would be sufficient to fuse a
portion of the lead. Were the ball iron instead of lead, the
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heat generated, under the conditions supposed, would be
competent to raise the temperature of the ball onl_:y about.
ird of 1,080°, because the capacity of iron for heat is about
three times that of lead.

(46) From these considerations it is manifest that if
we know the velocity and weight of any projectile, we can
calculate with ease the amount of heat developed by the
destruction of its moving force. For example, knowing as
we do the weight of the earth and the velocity with which
it moves through space, a simple calculation enables us
to state the exact amount of heat which would be deve-
loped, supposing the earth to strike against a target strong
enough to stop its motion. We could tell, for example, the
number of degrees which this amount of heat would im-
part to a globe of water equal to the earth in size. Mayer
and Helmholtz have made this calculation, and found that
the quantity of heat which would be generated by this
colossal shock would be quite sufficient, not only to fuse
the entire earth, but to reduce it, in great part, to vapour.
Thus, by the simple stoppage of the earth in its orbit, ¢ the
elements’ might be caused ‘to melt with fervent heat.’
The amount of heat thus developed would be equal to that
derived from the combustion of fourteen globes of coal,
each equal to the earth in mugnitude. And if, after the
stoppage of its orbital motion, the earth should fall into
the sun, as it assuredly would, the amount of heat generated
by the blow would be equal to that developed by the com-
bustion of 5,600 worlds of solid carbon.

(47) Knowledge such as that which you now possess
has caused philosophers, in speculating on the mode in
which the sun’s power is maintained, to suppose the solar
heat and light to be caused by the showering down of
meteoric matter upon the sun’s surface.* The Zodiacal

* Mayer propounded this hypothesis in 1848, and worked it out to a
-great extent It was afterwards enunciated independently by Mr. Water-
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Light is supposed to be a cloud of meteorites, and from
it, it has been imagined, the rain of meteoric matter was
derived. Now, whatever be the value of this speculation,
it is to be borne in mind that the pouring down of meteors
in the way indicated would be competent to produce the
light and heat of the sun. I shall develope the theory on
a future occasion. With regard to its probable truth or
fallacy, it is not necessary that I should offer an opinion ;
the theory deals with a cause which, if in sufficient opera-

_ tion, would certainly be competent to produce the effects
ascribed to it.

(48) Let me now pass from the sun to something less,—
to the opposite pole of nature, if the expression be permitted.
And here that divine power of the human intellect which
annihilates mere magnitude in its dealings with law,
comes conspicuously into play. Our theory is applicable
not only to suns and planets, but equally so to atoms.
Most of you know the scientific history of the diamond—
that Newton, antedating intellectually the discoveries of
modern chemistry, pronounced it to be an unctuous or
combustible substance. Everybody now knows that this
brilliant gem is composed of the same substance as common
charcoal, graphite, or plumbago. A diamond is pure
carbon, and carbon burns in oxygen. Here is a diamond,
held fast in a loop of platinum wire; heating the gem to
redness in this flame, I plunge it into this jar, which con-
tains oxygen gas. See how it brightens on entering the
jar of oxygen, and now it glows, like a little star, with a
pure white light. How are we ‘to figure-the action here
going on? Exactly as you would present to your minds
the idea of meteorites showering down upon the sun. The
conceptions are, in quality, the same, and to the intellect
‘the one is not more difficult than the other. You are to

iston, and admirably developed by Professor William Thomson (Transac-
tions of the Royal Soc. of Edinb., 1853). See also Chapter XIV.
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figure the atoms of oxygen showering against this diamond
on all sides. They are urged towards it by what is called
chemizal affinity; but this force, made eclear, presents
itself to the mind as pure attraction, of the same mecha-
nical quality, if I may use the term, as gravity. Every
oxygen atom as it strikes the surface, and has its motion
of translation destroyed by its collision with the carbon,
assumes the motion which we call heat: and this heat is
so intense, the attractions exerted at these molecular dis-
tances are so mighty, that the crystal is kept white-hot,
and the compound, formed by the union of its atoms with
those of the oxygen, flies away as carbonic acid gas.

(49) Let us now pass from the diamond to ordinary
flame. Before you is an ignited jet of gas. What is the
constitution of the jet? Within the flame we have a
core of gas as yet unburnt, and outside the flame we have
the oxygen of the air. The surface of the core of gas is in
contact with the air, and here it is that the atoms clash
together and produce light and heat by their collision.
But the exact constitution of the flame is worthy of our
special attention, and for our knowledge of this we are
indebted to one of Davy’s most beautiful investigations.
Coal-gas is what we call a hydro-carbon; it consists of
carbon and hydrogen in a state of chemical union. From
this transparent gas escape the'soot and lampblack which
we notice when the combustion is incomplete. Soot and
lampblack are there now, but they are €ompounded with
other substances to a transparent form. Here, then, we
have a surface of this compound gas, in presence of the
oxygen of our air: we apply heat, and the attractions
are instantly so intensified that the gas bursts into flame.
The oxygen has a choice of two partners, and it closes
with that for which it has the strongest attraction. It
first unites with the hydrogen, and sets the carbon free.
Imnumerable solid partieles of carbon thus scattered in the
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‘midst of the burning hydrogen are raised to a state of
intense incandescence ; they become white-hot, and mainly
to them the light of our lamps is due. The carbon, how-
ever, in due time, closes with the oxygen, and becomes,
or ought to become, carbonic acid ; but in passing from the
hydrogen with which it was first
combined, to the oxygen with
which it enters into final union,
it exists for a time in the solid
state, and then gives us the
splendour of its light.

(50) The combustion of, a
candle is in principle the same
as that of a jet of gas. Here
we have a rod of wax or tallow
(fig. 17), through which passes
a cotton wick. You ignite the
wick ; it burns, melts the tallow
at its base, the liquid ascends through the wick by capillary
attraction, it is converted by the heat into vapour, and
this vapour is a hydro-carbon, which burns exaectly like
the gas. In this case also you have unburnt vapour
within, common air without, while between both is a shell,
which forms the battle-ground of the clashing atoms,
where they develope their light and heat. There is hardly
anything more beautiful than a burning candle : the hollow
basin partially filled with melted matter at the base of the
wick ; the creeping up of the liquid ; its vaporisation ; the
structure of the flame ; its shape tapering to a point; the
converging air-currents which rush in to supply its needs.
Its beauty, its brightness, its mobility, have made it a
favourite type of spiritual essences ; and its dissection by
Davy, far from diminishing the pleasure with which we
look upon a flame, has rendered it more than ever an
object of wonder to the enlightened mind.

F16. 17.
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(51) You ought now to be able to picture clearly before
your minds the structure of a candle-flame. You ought
to see the unburnt core within and the burning shell which
envelopes this core. From the core, through th%s shell,
the substance of the candle is incessantly passing and
escaping to the surrounding air. In the case of a capdle
also we have a hollow cone of burning matter. Imagine
this cone cut across horizontally ; a burning ring would be
exposed. We can practically cut the flame of a candle
thus across. I bring this piece of white paper down upon
the candle, until the paper almost touches the wick. Ob—v
serve the upper surface of the paper: it becomes charred, .
but how? Corresponding to the burning ring of the

Fic. 18.

candle, we have a charred ring upon the paper (fig. 18).
Operating in the same manner with a jet of gas, we obtain
the ring which it produces. Within the ring the paper
is intact, for at this place the unburnt vapour of the
candle, or the unburnt gas of the jet, impinges against the
surface, and no charring can occur.

(52) To the existence, then, of solid carbon particles
the light of our lamps is mainly due. But the existence
of these particles, in the single state, implies the absence
of oxygen to seize hold of them. If, at the moment of
their liberation from the hydrogen, oxygen were present
to seize upon them, their state of singleness would be
abolished, and we should no longer have their light. For
this reason, when we mix a sufficient quantity of air with
the gas issuing from a jet, and thus cause the oxygen to
penetrate to the very heart of the jet, the light disappears.
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(53) Professor Bunsen has invented a burner for the
express purpose of destroying, by quick combustion, the
solid carbon particles. The burner from which the gas
escapes is introduced into a tube; this tube is perforated
nearly on a level with the burner, and through the
orifices the air enters, mingles with the
gas, and the mixture issues from the top
of the tube. Fig. 19 represents a form
of this burner; the gas is discharged into
the perforated chamber @, where air min-
gles with it, and both ascend the tube a b
“together; d is a rose-burner, which may
be used to vary the shape of the flame.
I ignite the mixture, but the flame pro-
duces hardly any light. Heat is the thing here aimed
at, and this lightless flame is much hotter than an
ordinary flame, because the combustion is much quicker,
and therefore more intense.* If the orifices in a be
stopped, the supply of air is cut off, and the flame at
once becomes luminous: we have now the ordinary case
of a core of unburnt gas surrounded by a burning shell.
The illuminating power of a gas may, in fact, be esti-
mated by the quantity of air necessary to prevent the
precipitation of the solid carbon particles; the richer
the gas, the more air will be required to produce this
effect.

(54) An interesting observation may be made almost
any windy Saturday evening in the streets of London, on
the sudden and almost total extinction of the light of
the gas jets, exposed chiefly in butchers’ shops. When the
wind blows, the oxygen is carried mechanically to the
very heart of the flame, and the white light instantly
vanishes to a pale and ghastly blue. During festive illu-

* Not hotter, nor nearly so hot, to a body exposed to its radiation ; but
very much hotter to a body plunged in the flame.

E
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minations the same effect may be observed ; the absence of

the light being due, as in the case of Bunsen’s burner, to

the presence of a sufficient amount of oxygen to consume,
, instantly, the carbon of the flame.

(55) To determine the influence of height upon the
rate of combustion, was one of the problems set before
me in my journey to the Alps in 1859. Fortunately
for science, I invited Dr. Frankland to accompany me
on the occasion, and to undertake the experiments on
combustion, while I proposed devoting myself to obser-
yations on solar radiation. The plan pursued was this:
six candles were purchased at Chamouni and carefully
weighed ; they were then allowed to burn for an hour in
the Hotel de I'Union, and the loss of weight was deter-
mined. The same candles were taken to the summit of
Mont Blane, and, on the morning of August 21, 1859, were
allowed to burn for an hour in a tent, which perfectly
sheltered them from the action of the wind. The aspect
of the six flames at the summit surprised us both. They
seemed the mere ghosts of the flames which the same
candles were competent to produce in the valley of
Chamouni—apale, feeble, and suggesting to us a greatly
diminished energy of combustion. The candles being
carefully weighed on our return, the unexpected fact was
revealed, that the quantity of stearine consumed above was
almost precisely the same as that consumed below. Thus,
though the light-giving power of the flame was diminished
in an extraordinary degree, the energy of the combustion
was the same above as it was below. This curious result
is to be ascribed mainly to the mobility of the air at this
great height. The particles of oxygen could penetrate
the flame with comparative freedom, thus destroying its
light, and making atonement for the smallness of their
number by the promptness of their action. I find,
indeed, that by reducing the de;ns,itj' of ordinary atmo-
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splieric air to one-half, we nearly double the mobility of
its atoms.

(56) Dr. Frankland has made these experiments the
basis of a very interesting memoir.* He shows that the
quantity of a candle consumed in a given time is, within
wide limits, independent of the density of the air; and
the reason is, that although by compressing the air we
augment the number of active particles in contact with
the flame, we, almost in the same degree, diminish their
mobility and retard the combustion. When an excess of
air, moreover, surrounds the flame, its chilling effect will
tend to prolong the existence of the carbon particles in a
solid form, and even to prevent their final combustion.
One of the most interesting facts established by Dr. Frank-
land is, that by condensing the air around it, the pale and
smokeless flame of a spirit-lamp may be rendered as
bright as that of coal-gas,,and, by pushing the condensa-
tion sufficiently far, the flame may actually be rendered
smoky, the oxygen present being too sluggish to effect the
complete combustion of the carbon.

(57) But to return to our theory of combustion: it is
to the clashing together of the oxygen of the air and the
constituents of our gas and candles, that the light and heat
of our flames are due. When steel filings are scattered in
a Bunsen’s flame, starlike scintillations are produced by
the combustion of the steel. Here the steel is first heated,
till the attraction between it and the oxygen of the air
becomes sufficiently strong to cause them to combine,
and these rocket-like flashes are the result of their col-
lision. It is the impact of ‘atoms of oxygen against atoms
of sulphur which produces the heat and flame observed
when sulphur is burned in oxygen or in air: to the col-
lision of the same atoms against phosphorus are due the

* Philosophical Transactions for 1861.

i E 2
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intense heat and dazzling light which result from the
combustion of phosphorus in oxygen gas. It is the col~
lision of chlorine and antimony which produces the light
and heat observed when these bodies are mixed together ;,
and it is the clashing of sulphur and copper which pro-
duces incandescence when these substances are heated
together in a Florence flask. In short, all cases of com-
bustion are to be ascribed to the collision of atoms which
have been urged together by their mutual attractions.
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APPENDIX TO CHAPTER II.

EXTRACTS FROM THE TWENTIETH APHORISM OF THE
SECOND BOOK OF THE NOVUM ORGANUM.

Waex I say of motion that it is the genus of which heat is a
species, I would be understood to mean, not that heat generates
motion, or that motion generates heat (though both are true in
certain cases), but that heat itself, its essence and quiddity, is
motion and nothing else; limited, however, by the specific dif-
ferences which I will presently subjoin, as soon as I have added
a few cautions for the sake of avoiding ambiguity.

Nor, agdin, must the communication of heat, or its transitive
nature, by means of which a body becomes hot when a hot body
1s applied to it, be confounded with the form of heat. For heat
1s one thing, and heating is another. Heat is produced by the
motion of attrition without any preceding heat.

Heat is an expansive motion, whereby a body strives to dilate
and stretch itself to a larger sphere or dimension than it had pre-
viously occupied. This difference is most observable in flame,
where the smoke or thick vapour manifestly dilates and expands
into flame. o

It is shown also in all boiling liquid, which manifestly swells,
rises, and bubbles, and .carries on the process of self-expansion,
till it turns into a body far more extended and dilated than the
liquid itself, namely, into vapour, smoke, or air.

The third specific difference is this, that heat is a motion of
expansion, not uniformly of the whole body together, but in
the smaller parts of it; and at the .same time checked, repelled
and beaten back, so that the body acquires a motion alternative,
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perpetually quivering, striving and struggling, and irritated by
repercussion, whence springs the fury of fire and heat.

Again, it is shown in this, that when the air is expanded in a
calender glass, without impediment or repulsion, that is to say
uniformly and equably, there is no perceptible heat. Also when
wind escapes from confinement, although it burst forth with the
greatest violence, there is no very great heat perceptible; because
the motion is of the whole, without a motion alternating in the
particles.

* And this specific difference is common also to the nature of
cold; for in cold contractive motion is checked by a resisting
tendency to expand, just as in heat the expansive action is checked
by a resisting tendency to contract. Thus, whether the particles
of a body work inward or outward, the mode of action is the
same.

% * * * * * *

Now from this our first vintage it follows, that the form or true
definition of heat (heat, that is, in relation to the universe, not
simply in relation to man) is, in a few words, as follows : Heat is
a motion, expansive, resirained, and acting in its strife upon the
smaller particles of bodies. But the expansion is thus modified :
while it expands all ways, it has at the same time an inclination
upwards. And the struggle in the particles is modified also; it
is not sluggish, but hurried and with violence. *

ABSTRACT OF COUNT RUMFORD'S ESSAY, ENTITLED, AN
ENQUIRY CONCERNING THE SOURCE OF THE HEAT
WHICH IS EXCITED BY FRICTION.

[Read before the Royal Society, January 25, 17 98.]

Being engaged in superintending the boring of cannon in the
workshops of the military arsenal at Munich, Count Rumford was
struck with the very considerable degree of heat which a brass
gun acquires, in a short time, in being bored, and with the still
more intense heat (much greater than that of boiling water) of

* Bacon’s Works, vol. iv.: Spedding’s Translation,
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the metallic chips separated from it by the borer ;—he proposed
to bimself the following questions:—

‘Whence comes the heat actually produced in the mechanical
operation above mentioned ?

¢ Is it furnished by the metallic chips which are separated from
the metal ?’

If this were the case, then the capacity for heat of the parts of
the metal so reduced to chips ought not only to be changed, but
the change undergone by them should be sufficiently great to ac-
count for all the heat produced. No such change, however, had
taken place; for the chips were found to have the same capacity
as slices of the same metal cut by a fine saw, where heating
was avoided. Hence, it is evident, that the heat produced could
not possibly have been furnished at the expense of the latent heat
of the metallic chips. Rumford describes these experiments at
length, and they are conclusive.

He then designed a cylinder for the express purpose of gene-
rating heat by friction, by having a blunt borer forced against its
solid bottom, while the cylinder was turned round its axis by the
force of horses. To measure the heat developed, a small round
hole was bored in the cylinder for the purpose of introducing a
small mercurial thermometer. The weight of the cylinder was
113°13 1bs. avoirdupois.

The borer was a flat piece of hardened steel, 0°63 of an inch
thick, 4 inches long, and nearly as wide as the cavity of the bore
of the cylinder, namely, 8% inches. The area of the surface by
which its end was in contact with the bottom of the bore was
nearly 2% inches. At the beginning of the experiment the tem-
perature of the air in the shade, and also that of the cylinder, was
60 degrees Fahr. At the end of 30 minutes, and after the cylinder
had made 960 revolutions round its axis, the temperature was
found to be 130 degrees.

Having taken aWay the borer, he now removed the metallic
dust, or rather scaly matter, which had been detached from the
bottom of the cylinder by the blunt steel borer, and found its
weight to be 837 grains troy. ¢Is it possible,’ he exclaims, ¢that
the very considerable quantity of heat produced in this experi-
‘ment—a quantity which actually raised the temperature of above
118 pounds of gun-metal at least 70 degrees of Fahrenheit's
thermometer—could have been furnished by so inconsiderable a
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quantity of metallic ‘dust, and this merely in consequence of a
change in its capacity for heat?’ )

‘But, without insisting on the improbability of this supposi-
tion, we have only to recollect that from the results of actual and
decisive experiments, made for the express purpose of ascertaining
that fact, the capacity for heat of the metal of which great
guns are cast is not sensibly changed by being reduced to the
form of metallic chips, and there does not seem to be any reason
to think that it can be much changed, if it be changed at all, in
being reduced to much smaller pieces by a borer which is less
sharp.’

He next surrounded his cylinder by an oblong deal box, in
such a manner that the cylinder could turn water-tight in the
centre of the box, while the borer was pressed against the bottom -
of the cylinder. The box was filled with water until the entire
cylinder was covered, and then the apparatus was set in action,
The temperature of the water on commencing was 60 degrees.

‘ The result of this beautiful experiment,” writes Rumford,
¢ was very striking, and the pleasure it afforded me amply repaid
me for all .the trouble I had had in contriving and arranging
the complicated machinery used in making it. The cylinder had-
been in motion buta short time, when I perceived, by putting
my hand into the water, and touching the outside of the cylinder,
that heat was generated. :

¢ Atthe end of one hour the fluid, which weighed 18-77 Ibs., or
25 gallons, had its temperature raised 47 degrees, being now
107 degrees. R

~ “In thirty minutes more, or one hour and thirty minutes after
the machinery had been set in motion, the heat of the water was
142 degrees. '

* At the end of two hours from the beginning, the temperature -
was 178 degrees.

¢ At two hours and twenty minutes it was 200 degreeés, and at
two hours and thirty minutes it ACTUALLY BoiLED !

It is in reference to this experiment that Rumford made the
remarks regarding the surprise of the bystanders, which I have
quoted in Chapter I.

He tht.en carefully estimates the quantity of heat possessed by
each portion of his apparatus at the conclusion of the experiment,
and adding all together, finds a total sufficient to raise 2658 1bs.
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of ice-cold water to its boiling-point, or through 180 degrees
Fahrenheit. By careful calculation, he finds this heat equal to
that given out by the combustion of 2,303:8 grains (= 4; oz.
troy) of wax.

" He then determines the ¢ celerity * with which the heat was
generated, summing up thus: ¢ From the results of these computa-
tions, it appears that the quantity of heat produced equably, or in
a continuous stream, if I may use the expression, by the friction
‘of the blunt steel borer against the bottom of the hollow metallic
cylinder, was greater than that produced in the combustion of
nine wax candles, each three quarters of an inch in diameter, all
burning together with clear bright flames.’

*One horse would have been equal to the work performed,
though two were actually employed. Heat may thus be produced
merely by the strength of a horse, and, in a case of necessity, this
heat might be used in cooking victuals. But no circumstances
could be imagined in which this method of procuring heat would
be advantageous; for more heat might be obtained by using the
fodder necessary for the support of a horse as fuel.’

[ This is an extrentely significant passage, intimating, as it does,
that Rumford saw clearly that the force of animals was derived
from the food ; nmo creation of force taking place in the animal
body. ] ’

‘ By meditating on the resultsof all these experiments, we are
naturally brought to that great question which has so often been
the subject of speculation among philosophers, namely, What is
heat—is there any such thing as an ¢gneous fluid? Is there any-
thing that, with propriety, can be called caloric ?’

¢ We have seen that a very considerable quantity of heat may
be excited by the friction of two metallic surfaces, and given off
in a constant stream or flux n all directions, without interruption
or intermission, and without any signs of déminution or exhaustion.
In reasoning on this subject we must not forget that most remark-
able circumstance, that the source of the heat generated by friction
in these experiments appeared evidently to be inexhaustible.
[The italics are Rumford's.] It is hardly necessary to add, that
anything which any insulated body or system of bodies can con-
tinue to furnish without limitation cannot possibly be a material
substance ; and it appears to me to be extremely difficult, if not
quite impossible, to form any distinct idea of anything capable
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of being excited and communicated in those experiments, except
it be moTION.’

When the history of the dynamical theory of heat is written,
the man who, in opposition to the scientific belief of his time,
could experiment and reason upon experiment, as Rumford did
inthe investigation here referred to, cannot be lightly passed over.
Hardly anything more powerful against the materiality of heat
has been since adduced, hardly anything more conclusive in the
way of establishing that heat is, what Rumford considered it to

be, Motion.
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APPENDIX ! ADDITIONAL DATA CONCERNING EXPANSION—EXTRACTS FROM
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(58) { \N the occasion of our first meeting here a sledge-

hammer was permitted to descend upon a lump
of lead, and the lead was found to have been heated by
the blow. Formerly it was assumed that the force of the
hammer was simply lost by the concussion. In elastic
bodies it was supposed that a portion of the force was
restored by the elasticity of the body, which ecaused the
descending mass to rebound; but in the collision of
inelastic bodies it was taken for granted that the force of
impact was lost. This, according to our present notions,
was a fundamental mistake; we now admit no loss, but
assume, that when the motion of the descending hammer
ceases, it is simply a case of transference, instead of
annihilation. The motion of the mass, as a whole, has been
transformed into a motion of the molecules of the mass.
This motion of heat, however, though intense, is executed
within limits too minute, and the moving particles are too
small, to be visible. Here the imagination must help us.
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In the case of solid bodies, while the force of cohesion
still holds the molecules together, you must conceive a
power of vibration, within certain limits, to be possessed
by the molecules. You must suppose them oscillating to
and fro, and the greater the amount of heat we impart to
the body, or the greater the amount of mechanical action
which we invest in it by percussion, compression, or fric-
tion, the greater will be the rapidity, and the wider the
amplitude, of the atomic oscillations. “

(59) Now, nothing is more natural than that particles
thus vibrating, and ever as it were seeking wider room,
should urge each other apart, and thus cause the body of
which they are the constituents to expand in volume.
This, in general, is the consequence of imparting heat to
bodies—expansion of volume. We shall closely consider
the few apparent exceptions by-and-by. By the force of
cohesion, then, the particles are held together ; by the force
of heat they are pushed asunder: here are the two antago-
nistic powers on which the molecular aggregation of the
body depends. Let us suppose the communication of heat
to continue; every increment of heat pushes the particles
more widely apart ; but the force of cohesion, like all other
known forces, acts more and more feebly as the distance
between the particles which are the seat of the force is aug-
mented. As, therefore, the heat strengthens, its opponent
grows weak, until, fially, the particles are so far loosened
from the rigid thrall of cohesion, that they are at liberty,
not only to vibrate to and fro across a fixed position, but also
to roll or glide around each other. Cohesion is not yet
destroyed, but it is so far modified, that the particles, while
still offering resistance to being torn directly asunder, have
their lateral mobility over each other’s services secured.
This <s the liquid condition of matter.

(60) In the interior of a mass of liquid the motion of
every atom is controlled by the atoms which surround it.



CHAP. III. THE GASEOUS FORM OF MATTER. 61

But when we develope heat of sufficient power even within
the body of a liquid, the molecules break the last fetters
of cohesion, and fly asunder to form bubbles of vapour.
If moreover, one of the surfaces of the liquid be quite free,
that is to say, uncontrolled either by a liquid or solid, it
1s quite easy to conceive that some of the vibrating super-
ficial molecules will be jerked quite away from the liquid,
and will fly with a certain velocity through space. Thus
freed from the influence of cohesion, we have matter in
the vaporous or gaseous form. '

(61) My object here is to familiarise your minds with
the general conception of atomic motion. I have spoken
of the vibration of the molecules of a solid as causing its
expansion ; the molecules have been thought by some to
revolve round each other, and the communication of heat,
by augmenting their centrifugal force, was supposed to
push them more widelysasunder.* To this spiral spring
is attached a weight ; if the weight be twirled round in
the air, it tends to fly away, the spring stretches to a
certain extent, and, as the speed of revolution is aug-
mented, the spring stretches still more, the distance
between my hand and the weight being thus increased.
And imagine the motion to continue till the spring
snaps; .the ball attached to it would fly off along a
tangent to its former orbit, and thus represent an atom
freed, by heat, from the force of cohesion, which is rudely
represented by that of our spring. The ideas of the most
well-informed philosophers are as yet uncertain regarding
the exact nature of the motion of heat ; but the great point,
at present, is to regard it as motion of some kind, leaving
its more precise character to be dealt with in future in-
vestigations.

% This was the hypothesis of Sir Humphry Davy. (See Appendix to
this Chapter.) We are indebted to Mr. Rankine for the complete mathe-
matical development of a ‘Theory of Molecular Vortices.’ (Phil. Mag.,
1851, vol. ii. p. 509.)
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(62) We might extend the notion of revolving atoms to
gases also, and deduce their phenomena from a motion of
this kind. But I have just thrown out an idea regardmg
gaseous molecules, which is at present very ably main-
tained:* the idea, namely, that such molecules fly in
straight lines through space. This may be called the
hypothesis of translation, in contradistinction to Davy’s
hypothesis of revolution. Everybody must have remarked
how quickly the perfume of an odorous body fills a room,
and this fact harmonises with the idea of the direct pro-
jection of the molecules. It may, however; be proved,
that if the theory of rectilinear motion be true, the mole-
cules must move at the rate of several hundred feet a
second. Hence it might be objected that, according to
the above hypothesis, odours ought to spread much more
quickly than they are observed to do.

(63) The answer to this objection is, that the odorous
particles have to make their way through a crowd of air
atoms, with which they come into incessant collision. On
an average, the distance through which a molecule can travel
in common air, without striking against an atom of air, is
infinitesimal, and hence the propagation of a perfume
through air is enormously retarded by the air itself. It is
well known that when a free communication is opened
between the surface of a liquid and a vacuum, the vacuous
space is much more speedily filled with the vapour of the
liquid than when air is present.

(64) It is not difficult to determine the average velo-
cities with which the particles of various gases move
according to the hypothesis of translation. Taking, for
example, a gas at the pressure of an atmosphere, or of
15 1bs. per square inch, and placing it in a vessel a cubic
inch in size and shape; from the weight of the gas we can

* By Joule, Kronig, Maxwell ; and, in a series of masterly papers, by
Clausius.
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calculate the velocity with which its particles must strike
each side of the vessel in order to counteract a pressure of
15 Ibs. It is manifest at thé outset, that the lighter the
gas is, the greater must be its velocity to produce the
required effect. According to Clausius (Phil. Mag., 1857,
vol. xiv. p. 124), the following are the average velocities

of the atoms of oxygen, nitrogen, and hydrogen, at the
temperature of melting ice—

Oxygen 1,514 feet, per second.
Nitrogen : 1,616] 5 »
Hydrogen g 6,060 ,, ”»

As far back as 1848, Mr. Joule deduced from this hypo-
thesis the velocity of hydrogen atoms, and found it to be
6,055 feet per second.

(65) According to this hypothesis, then, we are to figure
a gaseous body as one whose molecules are flying in straight
lines through space, impinging like little projectiles upon
each other, and striking against the boundaries of the
space which they occupy. I place this bladder, half filled
with air, under the receiver of the air-pump, and remove the
air from the receiver. The bladder swells; the air within
it appears quite to fill it, so as to remove all its folds and
creases. How is this expansion of the bladder produced?
According to our present theory, it is produced by the
shooting of atomic projectiles against its interior surface,
driving the envelope outwards, until its tension is able to
cope with their force. When air is admitted into the
receiver, the bladder shrivels to its former size; and here
we must figure the discharge of the atoms against
the outer surface of the bladder, driving the envelope
inwards, causing, at the same time, the atoms within to
concentrate their fire, until finally the force from within
equals that from without, and the envelope remains qui-
escent. All the impressions, then, which we derive from
heated air or vapour are, according to this hypothesis,
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due to the impact of gaseous molecules. They stir the
nerves in their own peculiar way, the nerves transmit
the motion to the brain, and the brain declares it to be
heat. Thus the impression one receives on entering the
hot room of a Turkish bath, is caused by the atomic can-
nonade which is there maintained against the surface of
the body. I would state this as a hypothesis advocated by
eminent men, without expressing either assent or dissent
myself.

(66) If, instead of placing this bladder under the
receiver of an air-pump, and withdrawing the external air,
we augment, by heat, the projectile force of the particles
within it, these particles, though comparatively few in
number, will strike with such impetuous energy against
the inner surface as to cause the envelope to retreat: the
bladder swells and becomes apparently filled with air;
holding the bladder close to the fire, all its creases are
removed. The bladder here intercepts the radiant heat of
the fire, becomes warm, and then communicates its heat,
by contact, to the air within.

(67) This, then, is a simple illustration of the expan-
sive force of heat, and we have here an arrangement
intended to show you the same fact in another manner.
This flask, ¥ (fig. 20), is empty, except as regards air, which
may be heated by placing a spirit-lamp underneath the flask,
From the flask a bent tube passes to this dish, containing .
a coloured liquid. In the dish, a glass tube, ¢ ¢, two feet
long, is inverted, closed at the top, but with its open end
downwards. You know that the pressure of the atmosphere
is competent to keep a column of liquid in this tube, and
here you have it quite filled to the top with the liquid.
The tube passing from the flask ¥ is caused to turn up
exactly underneath the open end of this upright tube, so
that if a bubble of air should issue from the former, it
will ascend the latter. I now heat the flask, and the air

'
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expands, for the reasons already given; bubbles are driven
from the end of the bent tube, and they ascend in the

Fia. 20.
g ,‘
'\ ll\ i “"\ll\\\ll\iﬂﬂlllrﬂ\\\MT\!\'\I\HE|\\\ummmlmmmnmuuum\mmm;ﬂ“!}}‘;ﬁ
! m il
= | 4 |

tube ¢ ¢. The air speedily depresses the coloured liquid,
until now, in the course of a-very few seconds, the whole
column of liquid has been superseded by -air.

(68) Itisperfectlymanifest that the air,thus expanded
by heat, is lighter than the unexpanded air. Our flask,
at the conclusion of this experiment, is lighter than it was
at the commencement, by the weight of the air transferred
from it into the upright tube. Supposing, therefore, a
light bag to be filled with such air, it is plain that the
bag would, with reference to the heavy air outside it, be
like a drop of oil in water. The oil, being lighter than
the water, will ascend through the latter: so also our bag,
filled with heated air, will ascend in the atmosphere;
and this is the principle of the so-called fire-balloon,
My assistant will ignite some tow' in this vessel, over
it he will place a funnel, and hold over the funmel the.f
mouth of a paper- balloon. The heated air ascending
from the burning tow enters the balloon, and causes it to

F
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swell ; its tendency to rise is immediately manifest. On
letting it go, it sails aloft till it strikes the ceiling of
the room.

(69) But we must not be content with regarding these
phenomena in a general way; without exact quantitative
determinations, our discoveries would soon confound and
bewilder us. We must now enquire what is the amount
of expansion which a given quantity of heat is able to
produce in a gas? This is an important point, and de-
mands our special attention. In speaking of the volume
of a gas, we should have no distinct notion of its real
quantity if its temperature were omitted, so largely does
the volume vary with the temperature. Take, then, a
measure of gas at the precise temperature of water when
it begins to freeze, or of ice when it begins to melt, that is
to say, at a temperature of 32° Fahr. or 0° Cent., and raise
that volume of gas one degree in temperature, the pressure
on every square inch of the envelope which holds the gas
being preserved constant. The volume of the gas will be-
come expanded by a quantity which we may call a ; raise
it another degree in temperature, its volume will be
expanded by 2a, a third degree will cause an expansion of
3a, and so on. Thus we see, that for every degree which
we add to the temperature of the gas, it is expanded by the
same amount. What is this amount? No matter what
volume the gas may possess at the freezing temperature, by
raising it one degree Fahrenheit above the freezing point
we augment its volume by 41 ;th of its own amount ; while
by raising it one degree Centigrade we augment the volume
by zisrd of its own amount. A cubic foot of gas, for
example, at 0° C. becomes, on being heated to 1°, 1,15
cubic foot, or, expressed in decimals— ‘

1 vol. at 0° C. becomes 1 4 +00366 at 1° C.;
at 2° C. becomes 1 4+ -00366 x 2;
at 3° C. becomes 1 4 *00366 x 3, and so on.
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The constant number ‘00366, which expresses the frac-
tion of its own volume, which a gas, at the freezing tem-
perature, expands on being heated one degree, is called
the coefficient of expamsion of the gas. Of course if we
use the degrees of Fahrenheit, the coefficient will be
smaller in the proportion of 9 to 5.

(70) It is a very remarkable and significant fact that
all permanent gases expand by almost precisely the same
amount for every degree added to their temperature. We
can deduce from this with extreme probability the im-
portant conclusion, that where heat causes a gas to expand,
the work it performs consists solely in overcoming the
constant pressure from without—that, in other words, the
heat is not interfered with by the mutual attraction of the
gaseous molecules. For if this were the case, we should
have every reason to expect, in the case of different gases,
the same irregularities of expansion which we observe in
liquids and solids. I said intentionally ¢ by almost pre-
cisely the same amount,” for many gases which are perma-
nent at all ordinary temperatures deviate slightly from the
rule. This will be seen from the following table :—

Name of Gasg Coefficient of Hxpansion
Hydrogen . 000366
Aidr . 0:00367
Carbonic oxide 000367
Carbonic acid - . 000371
Protoxide of nitrogen 000372
Sulphurous acid 000390

Here hydrogen, air, and carbonic oxide agree very
closely ; still there is a slight difference, the coefficient for
hydrogen being the least. We remark in the other cases
a greater deviation from the rule; and it is particularly
to be noticed that the gases which deviate most are those
which are nearest their point of liquefaction. The first
three gases in the table never have been liquefied, all the
others have. These are,.in fact, imperfect gases, occupying

F2
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a kind of intermediate place between the liquid and the
perfect gaseous condition.

(71) This much made clear, we shall now approach, by
slow degrees, an interesting but difficult subject. Suppose

a quantity of air to be contained in a very tall
Fre. 21. cylinder, o B (fig. 21), the transverse section of
* Which is one square inch in aréa. Let the top 4
of the cylinder be open to the air, and let p be a
piston, which, for reasons to be explained imme-
diately, I will suppose to weigh two pounds one
ounce, and which can move air-tight and without
friction up or down in the cylinder. At the com-
mencement of the experiment, let the piston beat
the middle point P of the cylinder, and let the
height of the cylinder from its bottom B to the
l point P be 273 inches, the air underneath the
piston being at a temperature of 0° C. Then,
on heating the air from 0° to 1° C., the piston
will rise one inch; it will now stand at 274 inches
above the bottom. If the temperature be raised
two degrees, the piston will stand at 275 ; if raised
three degrees, it will stand at 276 ; if raised ten
degrees, it will stand at 283; if 100 degrees, it
will stand at 373 inches above the bottom ; finally,
if the temperature were raised to 273°C., it is quite
manifest that 273 inches would be added to the
height of the column, or, in other words, that by heating
the air to 273 C., ts volume would be doubled.

(72) The gas, in this experiment, executes work. In
‘expanding from P upwards it has to overcome the down-
ward pressure of the atmosphere, which amounts to 15 1bs.
on every square inch, and also the weight of the piston
itself, which is 2 lbs. 1 oz. Hence, the section of the
cylinder being one square inch in area, in expanding from
P to A the work done by the gas is equivalent to the

B
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raising a weight of 17 lbs. 1 oz., or 273 ounces, to a height
of 273 inches. It is just the same as ‘what it would ac-
complish, if the air above P were entirely abolished, and a
piston weighing 17 lbs. 1 oz. were placed at .

(73) Let us now alter our mode of experiment, and
instead of allowing our gas to expand when heated, let us
oppose its expansion by augmenting the pressure upon it.
In other words, let us keep 4ts volume constant while it is
being heated. Suppose, as before, the initial temperature
of the gas to be 0° C., the pressure upon it, including the
weight of the piston p, being, as formerly, 273 ounces. Let
us warm the gas from 0° C. to 1°C.; what weight must
we add at P in order to keep its volume constant ? Exactly
one ounce. But we have supposed the gas, at the com-
mencement, to be under a pressure of 273 ounces, and
the pressure it sustains is the measure of its elastic force ;
hence, by being heated one degree, the elastic force of the
gas has augmented by ,15rd of what it possessed at 0°
If we warm it 2°, 2 ozs. must be added to keep its volume
constant ; if 3°, 3 ozs. must be added. 'And if we raise its

.‘temperature 273°, we should have toadd 273 ozs.; that is,
" we should have to double the original pressure to keep
the volume constant.

(74) It is simply for the sake of clearness, and to avoid
fractions, that I have supposed the gas to be under the
original pressure of 273 ozs. No matter what the pres-
sure may be, the addition of 1° C. to its temperature
produces an augmentation of ;fsrd of the elastic force
which the gas possesses at the freezing temperature ;
and by raising its temperature 273° while its volume is
kept constant, its elastic force is doubled. Let us now
compare this experiment with the last one. There we
heated a certain amount of gas from 0° to 273°C. and
doubled its volume by so doing, the double volume being
attained by lifting a weight of 273 ozs. through a height
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of 273 inches. Here we heat the same amount of gas
from 0° to 273°, but we do not permit it to lift any weight.
We keep its volume constant. The quantity of matter
heated in both cases is the same; the temperature to
which it is heated is the same ; but are the absolute quan-
tities of heat imparted in both cases the same? By no
means. Supposing that to raise the temperature of the
gas, whose volume is kept constant, 273° 10 grains of
combustible matter are necessary; then to raise the tem-
perature of the gas, whose pressure is kept constant, an
equal number of degrees, would require the consumption
of 141 grains of the same combustible matter. The heat
produced by the combustion of the additional 4% grains,
wm the latter case, is entirely consumed in lifting the
weight. Using the accurate numbers, the quantity of heat
applied when the volume is constant, is to the quantity
applied when the pressure is constant, in the proportion of

1 to 1-421.

(75) This extremely important fact constitutes the basis
from which the mechanical equivalent of heat was first
calculated. And here we have reached a point which is
worthy of, and which will demand, your entire attention.
I will endeavour to make this calculation before you.

Fra. 92, (76) Let c (fig. 22) be a cylindrical ves-
Bl 1o Sel with a base one square foot in area. Let
P P mark the upper surface of a cubic foot of
air at a temperature of 0° C., or 32° Fahr.
The height a P will be then one foot. Let
the air be heated till its volume is doubled ;
to effect this it must, as before explained,
be raised 273° C., or 490° F. in tempera~
ture; and, when expanded, its upper sur-
4 face will stand at ¥ ¥/, one foot above its
initial position. But in rising from PP to ®’ P’ it has forced
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back the atmosphere, which exerts a pressure of 15 1bs. on
every square inch of its upper surface ; in other words, it
has lifted a weight of 144 x 15=2,160" 1bs. to a height of
one foot.

(77) The ¢capacity’ for heat of the air thus expanding
is 0-24 ; water being unity. The weight of our cubic foot
of air is 1°29 oz.; hence the quantity of heat required to
raise 129 oz. of air 490° Fahr. would raise a little less
than one-fourth of that weight of water 490°. The exact
quantity of water equivalent to our 129 oz.of air is 1-29
X 0:24=0-31 oz.

(78) But 0-31 oz. of water, heated to 490°, is equal to
152 ozs. or 9% 1bs. heated 1°. Thus the heat imparted to
our cubic foot of air, in order to double its volume, and
enable it to lift a weight of 2,160 lbs. one foot high, would
be competent to raise 93 lbs. of water one degree in, tem-
perature. , -

(79) The air has here been heated wnder a constamt
pressure, and we have learned that the quantity of heat
necessary to raise the temperature of a gas under constant
pressure a certain number of degrees, is to that required
to raise the temperature of the gas the same number of
degrees, when its volume s kept constant, in the propor-
tion of 142 : 1 ; hence we have the statement—

1bs.  1bs.
142:1=95: 67,

which shows that the quantity of heat necessary to augment
the temperature of our cubic foot of air, at constant volume,
490°, would heat 67 1bs. of water 1°

(80) Deducting 6-7 1bs. from 9-5 1bs., we find that the
excess of heat imparted to the air, in the case where it is
permitted to expand, is competent to raise 28 lbs. of water
1° in temperature.

(81) Asexplained already, this excess is employed to
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lift a weight of 2,160 lbs. one foot high. Dividing 2,160
by 28, we find that a quantity of heat sufficient to raise
1 1b. of water 1° Fahr. in temperature, is competent to raise
a weight of 7714 1bs. a foot high.

(82) This method of calculating the mechanical equi-
valent of heat was followed by Dr. Mayer, a physician
in Heilbronn, Germany, in the spring of 1842.

(83) Mayer’s first paper contains merely an indication
of the way in which he had found the equivalent. In it
were enunciated the convertibility and indestructibility of
force, and its author referred to the mechanical equivalent
of heat, merely in illustration of his principles. The essay
‘was evidently a kind of preliminary note, from which data
might be taken. Mayer’s subsequent labours conferred
dignity on the theory which they illustrated. In 1845 he
published an Essay on Organic Motion and Nutrition, of
extraordinary merit and importance. This was followed
in 1848 by an Essay on Celestial Dynamics, in which,
with remarkable boldness, sagacity, and completeness, he
developed the meteoric theory of the sun. And this was
followed by a fourth memoir in 1851, which also bears
the stamp of intellectual power. Taking him all in all,
the right of Dr. Mayer to stand, as a man of true genius,
in the front rank of the founders of the dynamical theory
of heat, cannot be disputed.

(84) On the 21st of August, 1843, Dr. Joule* communi-
cated to the British Association, then meeting at Cork, a
paper which was devoted, in part, to the determination of
the ¢ mechanical value of heat.’ Joule’s publication had
been preceded by a long course of experiments, so that
his first work ‘and Mayer’s were really contemporaneous.
This elaborate investigation gave the following weights
‘raised one foot high, as equivalent to the warming of 1 Ib.

~* Phil. Mag. 1843, vol. xxiii. p. 485.
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of water 1° Fahrenheit, the thermometric scale employed
by Dr. Joule:—

1 896 Ibs. 5. 1,026 lbs.
2. 1,001 ,, 6. 587 ,
3. 1,040 ,, 7. 742,
4. 910 ,, 8. 860 ,

(85) From the passage of water through narrow tubes,
Joule deduced an equivalent of

-

770 foot-pounds.

(86) In 1844 he deduced from experiments on the
condensation of air, the followmg equivalents to 1 lb. of
water heated 1° Fahr :—

832 foot-pounds.

795
820
814
760

(87) As the skill of the experimenter increased, we
find that the coincidence of his results became closer.
In 1845 Dr. Joule deduced from experiments with water,
agitated by a paddle-wheel, an equivalent of

890 foot-pounds.

(88) Summing up his results in 1845, and taking the
‘mean, he found the equivalent to be

817 foot-pounds.

(89) In 1847 he found the mean of two experiments to
give as equivalent,

7818 foot-pounds.
(90) Finally,in 1849, applying all the precautions sug-
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gested by seven years’ experience, he obtained the following
numbers for the mechanical equivalent of heat :—

772:692, from friction of water, mean of 40 experiments.
774083 P » mercury, 50 5
774987 ' ,» cast-iron, ,, 20 -

These experiments rank among the most memorable that
have ever been executed in physical science. They form
of themselves a strict demonstration of the dymamical
theory of heat. _

(91) For reasons assigned in his paper, Joule fixes the
exact equivalent at

772 foot-pounds.

(92) According to the method pursued by Mayer, in
1842, the equivalent is

7714 foot-pounds.

Such a coincidence relieves the mind of every shade of
uncertainty regarding the correctness of our present me-
chanical equivalent of heat.

(93) The immortal investigations here briefly referred
to place Dr. Joule in the foremost rank of physical philo-
sophers. Mayer’s labours have, in some measure, the
stamp of a profound intuition, which rose, however, to the
energy of undoubting conviction in the author’s mind.
Joule’s labours, on the contrary, are an experimental de-
monstration. Mayer thought his theory out, and rose to
its grandest applications ; Joule worked his theory out, and
gave it for ever the solidity of demonstrated truth. True
to the speculative instinct of his country, Mayer drew large
and weighty conclusions from slender premisses ; while the
Englishman aimed, above all things, at the firm establish-
ment of facts. The future historian of science will not, I
think, place these men in antagonism. To each belongs a
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reputation which will not quickly fade, for the share he
has had, not only in establishing the dynamical theory of
heat, but also in leading the way towards a right apprecia-
tion of the general energies of the universe.

(94) Let us now check our conclusion regarding the in-
fluence which the performance of

work has on the temperature of a G e

gas. Is it not possible to allowa . g
y

gas to expand, without performing —

work? This question is answered
by the following important experi-
ment,which was first made by Gay-
Lussac. These two copper vessels,
A, B (fig. 23), are of the same size
one of which, A, is exhausted,
and the other, B, filled with air.
I turn the cock ¢ ; the air rushes out of B into A, until the
same pressure existsin both vessels. Now the air, in driving
its own particles out of B, performs work, and experiments
which we have already made inform us that the air which
remains in B must be chilled. The particles of air enter a
with a certain velocity, to generate which the heat of
the air in B has been sacrificed ; but they immediately
strike against the interior surface of A, their motion of
translation is annihilated, and the exact quantity of heat
lost by B appears in A. The contents of A and B mixed
together, give air of the original temperature. There isno
work performed, and there isno heat lost. With the dyna-
mical theory of heat in view, Dr. Joule made this experi-
ment by compressing twenty-two atmospheres of air into
one of his vessels, while the other was exhausted. On sur-
rounding both vessels by water, kept properly agitated,
no augmentation of its temperature was observed, when
the gas was allowed to stream from one vessel into the
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other.* In like manner, suppose the top of the cylinder
(fig. 21) to be closed, and the half above the piston »
a perfect vacuum ; and suppose the air in the lower half
to be heated up to 273° C., its volume being kept con-
stant. If the pressure were removed, the air would
expand and fill the cylinder ; the lower ‘portion of the
column would thereby be chilled, but the upper portion
would be heated, and mixing both portions together,
we should have the whole column at a temperature of
273°+ In this case, we raise the temperature of the
gas from 0° to 273° and afterwards allow it; to double its
volume ; the temperatures of the gas at the commence-
ment, and at the end, are the same as when the gas
expands against a constant pressure, or lifts a constant
weight ; but the absolute quantity of heat in the latter
case is 1-42]1 times that employed in the former, because,
in the one case, the gas performs mechanical work, and in
the other not.

* Phil. Mag. 1845, vol. xxvi. p. 378.

+ ILhave recently found a case mentioned by Faraday (Researches in Che-
mistry and Physies, p: 221), where the effect referred to in the text was, in
substance, observed. Faraday’s explanation of the effect is a most instructive
instance of the application of the material theory of heat. The observation
was made at the Portable Gas Works, in 1827. “It frequently happens,
writes Faraday, ¢ that gas previously at the pressure of thirty atmospheres
is suddenly allowed to enter these long gas-vessels (cylinders), at which
time a curious effect is observed. That end of the cylinder at which the
gas enters becomes very much cooled, whilst, on the contrary, the otherend
acquires a considerable rise of temperature. Tke effect is produced by change
of capacity in the gas ; for as it enters the vessel from the parts ir which it
was previously confined, at a pressure of thirty atmospheres, it suddenly
expands, has its capacity for heat increased, falls in temperature, and conse-
quently cools that part of the vessel with which it first comes in contact.
But the part which has thus taken heat from the vessel being thrust forward
to the further extremity of the cylinder by the successive portions which
enter, is there compressed by them, kas its capacity diminished, and now
gives out that heat, or a part of it, which it had a moment before absorbed.’
I have italicised the phrases which express the old notion. The differencte
in capacity here assumed is now known to have no existence.
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(95) We are taught by this experiment that mere rare-
faction is not of itself sufficient to produce a lowering of
the mean temperatﬁre of a mass of air. It was, and is
still, a current notion, that the mere expansion of a gas pro-
duces refrigeration, no matter how that expansion may be
effected. The coldness of the higher atmospheric regions
was accounted for by reference to the expansion of the air.
Tt was thought that what we have called the ¢ capacity for
heat’ was greater in the case of the rarefied than of the
unrarefied gas, and that chilling must therefore be the
consequence of rarefaction. But the refrigeration which
accompanies expansion is, in reality, due to the consump-
tion of heat in the performance of work. Where no work
is performed, there is no absolute refrigeration. All this
needs reflection to arrive at clearness, but every effort of
this kind which you make will render your subsequent
efforts easier; and should you fail, at present, to gain
clearness of comprehension, I repeat my recommendation
of patience. Do not quit this portion of the subject with-
out an effort to comprehend it—wrestle with it for a time,
but do not despair if you fail to arrive at clearness.

(96) I have now to direct your attention to one other
interesting question. We have seen the elastic force of
our gas augmented by an increase of temperature. In an
inflexible envelope we have, for every degree of tempera-
ture, a certain definite increment of elastic force, due to
the augmented energy of the gaseous projectiles. Reckon-
ing from 0° C. upwards, we find that every degree added
to the temperature produces an augmentation of elastic
force, equal to 515rd of that which the gas possesses at
0°, and, hence, that by adding 273° we double the elastic
force. Supposing the same law to hold good when we
reckon from 0° downwards—that for every degree of tem-~
pergture withdrawn from the gas we diminish its elastic

force, or the motion which produces it, by 315rd of what



78 HEAT A MODE OF MOTION. CHAP. III,

it possesses at 0°, it is manifest that at a temperature of
273° Centigrade below 0° we should cease to have any
elastic force whatever. The motion to which the elastic
force is due must here vanish, and we reach what is called
the absolute zero of temperature.

No doubt, practically, every gas deviates from the above
law of contraction before it sinks so low, and it -would be-
come solid before reaching—273° C., or the absolute zero.
This is considerably below any temperature which we have
as yet been able to obtain.

I will not subject your minds to any further strain in
connection with this subject to-day, but will now pass on
to illustrate experimentally the expansion of liquids by
heat.

(97) Here is a Florence flask filled with alcohol, and
tightly corked ; through the cork a tube, ¢’ (fig. 24), passes
water-tight, and the liquid rises a foot or so in the tube.
When this flask is heated, the alcohol will expand, and it
will rise in the tube. But you must see it rising, and to
enable you to do so, the tube ¢ ¢ is placed in front of the
electric lamp E, a strong beam of light being sent across
it, at the place ', where the liquid column ends; the tube
and column are thus illuminated. In front of the tube is
placed a lens L, its distance being arranged so that it shall
cast an enlarged image, ¢ ¢, of the column upon the screen.
You see clearly where the column ends, and if it moves
you will be able to see its motion. It is needless to say
that the image upon the scréen is inverted. and that when
the liquid expands, the top of the column will descend
along the screen. I fill this beaker, B, with hot water, and
raise the beaker so that the hot water shall surround the
Florvence flask. Observe the experiment from the be-

-ginning : the flask is now in the hot water, and the head
of our column on the screen ascends, as if the liquid con-
tracted. Now it stops and commences descending, and it
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will continue to do so permanently. But why the first
ascent? It is not due to the contraction of the liquid, but
to the moinentary expansion of the flask, to which the heat
is first communicated. The glass expands before the heat
can fairly reach the liquid, and hence the column falls; but

Fra. 24.

—

the expansion of the liquid soon exceeds that of the glass,
and the column rises. Two things are here illustrated :
the expansion of the solid glass by heat, and the fact that
the observed dilatation of the liquid does not give us its
true augmentation of volume, but only the difference of
dilatation between itself and the glass.

(98) Here is another flask filled with. water, exactly
equal in size to the former, and futhished with a similar
tube. I place it in the same position, and repeat with it
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the experiment made with the alcohol. You see, first of
all, the transitory effect due to the expansion of the glass,
and afterwards, the permanent expansion of the liquid;
but you can observe that the latter proceeds much more
slowly than in the case of alcohol; the alcohol expands
more rapidly than the water. Now we might examine a
hundred liquids in this way, and find them all expanding
by heat, and we might thus be led to conclude that expan~
sion by heat is a law without exception ; but we should err
in this conclusion. It is really to illustrate an excep-
tion of this kind that this flask of water has been intro-
duced. Letus cool the flask by plunging it into a substance
somewhat colder than water, when it first freezes. This
substance is obtained by mixing pounded ice with salt.
You see the column gradually sinking, the heat is being
given up to the freezing mixture, and the water contracts.
The contraction is now very slow, and now it stops alto-
gether. A slight motion commences in the opposite direc-
tion, and now the liquid ¢s visibly expanding. By stirring
the freezing mixture, we bring colder portions of it into
contact with the flask ; the colder the mixture, the quicker
the expansion. Here then we have Nature pausing in her
ordinary course, and reversing her ordinary habits. The
fact is, that the water goes on contracting till it reaches a
temperature of 39° Fahr., or 4° Cent., at which point the
contraction ceases. This is the point of mazimum density
of water; from this downwards, to its freezing point, the
liquid expands; and when it is converted into ice, the -
expansion is sudden and considerable. Ice, we know,
swims upon water, being lightened by this expansion, If
heat be now applied, the series of changes are reversed ;
the column descends, showing the contraction of the liquid .
by heat. After a time the contraction ceases, and perma-
nent expansion sets im

(99) The force with which these molecular changes are
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effected is all but irresistible. The changes usually occur
under conditions which allow us no opportunity of observ-
ing the energy involved in their accomplishment. But,
to give you an example of this energy, a quantity of
water is confined in this iron bottle. The iron is fully
half an inch thick, and the quantity of water is small,
though sufficient to fill the bottle. The bottle is closed
by a screw firmly fixed in its neck. Here is a second
bottle of the same kind, prepared in a similar manner. I
place both of them in this copper vessel, and surround
them with a freezing mixture. They cool gradually, the
water within approaches its point of maximum density ;
no doubt, at this moment, the water does not quite fill the
bottle, a small vacuous space exists within. But soon the
contraction ceases, and expansion sets in; the vacuous
space is slowly filled, the water gradually changes from
liquid to solid ; in doing so it requires more room, which
the rigid iron refuses to grant. But its rigidity is power-
less in the presence of the atomic forces. These atoms are
giants in disguise, and the sound you now hear indicates that
the bottle is shivered by the crystallising molecules—the
other bottle follows ; and here are the fragments of the ves-
sels, showing their thickness, and impressing you with the
might of that energy by which they have been thus riven.*

(100) You have now no difficulty in understanding
the effect of frosty weather upon the water-pipes of your
houses. Before you is a number of pieces of such pipes,
all rent. You become first sensible of the damage when
the thaw sets in, but the mischief is really done at the
time of freezing; the pipes then burst, and through the
rents the water escapes, when the solid within is liquefied.

(ro1) It is hardly necessary for me to say a word on

* Metal cylinders, an inch in thickness, are unable to resist the decom-
posing force of a small galvanic battery. M. Gassiot has burst many such
cylinders by electrolytic gas.

G
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the importance of this property of water in the economy
of nature. Suppose a lake exposed to a clear wintry sky
the superficial water is chilled, contracts, becomes thus
heavier, and sinks by its superior weight, its place being
supplied by the lighter water from below. In time this
is chilled, and sinks in its turn. Thus a circulation is
established, the cold dense water descending, and the
lighter and warmer water rising to the top. Supposing
this to continue, even after the first pellicles of ice were
formed at the surface; the ice would sink,* and the
process would not cease until the entire water of the
lake would be solidified. Death to every living thing in
the water would be the consequence. But just when mat-
ters become critical, Nature steps aside from her ordinary
proceeding, causes the water to expand by cooling, and
the cold water to swim like a scum on the surface of the
warmer water underneath. Solidification ensues, but the
solid is much lighter than the subjacent liquid, and the
ice forms a protecting roof. over the living things below.
(102) Such facts naturally and rightly excite the emo-
tions ; indeed, the relations of life to the conditions of life
—the general adaptations of means to ends in Nature—
excite, in the profoundest degree, the interest of the phi-
losopher. But in dealing with natural phenomena, the
feelings must be carefully watched. They often lead us
unconsciously to overstep the bounds of fact. Thus, I
have heard this wonderful property of water referred to
as an irresistible proof of design, unique of its kind, and

* Sir William Thomson has raised a point which deserves the grave
consideration of theoretic geologists: Supposing the constituents of the
earth’s crust to contract on solidifying, as the experiments of Bischof
indicate, a breaking in and sinking of the crust would assuredly follow its
formation. Under these circumstances, it is extremely difficult to conceive
that a solid shell should be formed, as is generally assumed, round a liquid

nucleus. Mr. Nasmyth, however, affirms that molten rocks expand on
solidifying.
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suggestive of pure benevolence. ¢ Why,’ it is urged, ¢should
this case of water stand out isolated, if not for the purpose
of protecting Nature against herself ?” The fact, however,
is, that the case is not an isolated one. You see this iron
bottle, rent from neck to bottom; when broken with a
hammer, you see a core of metal within. This is the
metal bismuth, which, when in a molten condition, was
poured into this bottle, and the bottle closed by a screw,
exactly as in the case of the water. The metal cooled,
solidified, expanded, and the force of its expansion was
sufficient to burst the bottle. There are no fish here
to be saved, still the molten bismuth acts exactly as the
water acts. Once for all, I would say that the mnatural
philosopher, as such, has nothing to do with purposes and
designs. His vocation is to enquire what Nature is, not
w?zy she. is; though he, like others, and he, more than
others, must stand at times rapt in wonder at the mys-
tery in which he dwells, and towards the final solution of
which his studies furnish him with no clue.

(103) We must now pass on to the expansion of, solid
bodies by heat, which may be illustrated in this: way:
Here are two wooden stands, A and B (fig. 25), with plates
of brass, p p/, riveted against them. These two bars are
of equal length; one of them is brass, the other iron, and
as you observe, they are not sufficiently long to stretch
from stand to stand. They are therefore supported on
two little projections of wood attached to the stands at
pand p’. One of the plates of brass, p, is connected
with one pole of a voltaic battery, D, and from the other,
', a wire proceeds to the little instrument c, in front of
the table ; and again, from that instrument, a wire returns
direct to the other pole of the battery. The instrument
in front consists merely of an arrangement to support a
épiral ¢ of platinum wire, which will glow with a pure
white light when the current from D passes through it.

G 2
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At the present moment the only break in the circuit is-
due to the insufficient length of the bars of brass and iron
to bridge the space from stand to stand. Underneath the

Fie. 25.

=

[ S S

bars is a row of gas jets, which I will now ignite; the bars
are heated, the metals expana, and in a few moments they
will stretch quite across from plate to plate. When this
occurs, the current will pass, and the fact of the gap being
bridged will be declared by the sudden glowing of the
platinum spiral. It is still non-luminous, the bridge not
being yet complete ; but now the spiral brightens up, show-,
ing that one, or both, of these bars have expanded so as
to stretch quite across from stand to stand. Which of the
bars is it? On removing the iron, the platinum still
glows: I restore the iron, and remove the brass; the light
disappears. It was the brass then that bridged the gap.
So that we have here an illustration, not only of the gene-
ral fact of expansion, but also of the fact that different-
bodies expand in different degrees.
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(104) The expansion of both brass and iron is very
small; and various instruments have been devised to
measure the expansion. Such instruments bear the general
name of pyrometers. But before you is a means of mul-
tiplying the effect, far more powerful than the ordinary
pyrometer. On to a mirror connected with the top of
this solid upright bar of iron two feet long, is thrown a
beam of light, which beam is reflected to the upper part
of the wall. If the bar shorten, the mirror will turn in
one direction ; if it lengthen, the mirror will turn in the
opposite direction. Every movement of the mirror, how-
ever slight, is multiplied by this long index of light;
which, besides its length, has the advantage of moving
with twice the angular velocity of the mirror. Even the
human breath, projected against this massive bar of iron,
produces a sensible motion of the beam; and if it be
warmed for a moment with the flame of a spirit-lamp,
the luminous index will travel downwards, the patch of
light upon the wall moving through a space of full thirty
feet. I withdraw the lamp, and allow the bar to cool; it
contracts, and the patch of light reascends along the
wall : the contraction is hastened by throwing a little
alcohol on the bar of iron, the light moves more speedily
upwards, and now it occupies a place near the ceiling, as
at the commencement of the experiment.*

(105) It has been stated that different bodies possess
different powers of expansion;t that brass, for example,
expands more, on being heated, than iron. Of these two
rulers, one is of brass and the other of iron, and they are
riveted together so as to form,at this temperature, a straight

* The piece of apparatus with which this experiment was made, is in-
tended for a totally different purpose. I therefore indicate its principle

merely.
+ The coefficients of expansion of a few well-known substances are

given in the Appendix to this Chapter.
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compound ruier. But when the temperature is changed,
the rulerisno longer straight. If heated, it bends in one
direction: if cooled, it bends in the opposite direction.
When heated, the brass expands most, and forms the convex
side of the curved ruler. When cooled, the brass contracts
most, and forms the concave side of the rul(;r. Facts like
these must, of course, be-taken into account in structures
where it is necessary to avoid distortion. The force with
which bodies expand when heated, is quite irresistible by
any mechanical appliances that we can make use of. All
these molecular forces, though operating in such minute
spaces, are almost infinite in energy. The contractile force
of cooling has been applied by engineers to draw leaning
walls into an upright position. If a body be brittle, the
heating of one portion of it, producing expansion, may so
press or strain another portion as to produce fracture.
Hot water poured into a glass often cracks it, through the
sudden expansion of the interior. It may also be cracked
by the contraction produced by intense cold.

(106) Before you are some flasks of very thick glass,
which, when blown, were allowed to cool quickly. The ex-
ternal portions became first chilled and rigid. The internal
portions cooled more gradually, but they found themselves,
on cooling, swrrounded, as it were, by a rigid shell, on
which they exerted the powerful strain of their contraction.
The consequence is, that the superficial portions of these
flasks are in such a state of tension that the élightest
scratch produces rupture. I throw into this flask a grain
of quartz; the mere dropping of the little bit of hard
quartz into the flask causes the bottom to fly out of it.
Here also are these so-called Rupert drops, or Dutch
tears, produced by glass being fused to drops, and sud-
denly cooled. The external rigid shell has to bear the
strain of the inner contraction; but the strain is digtri-
buted so equally all over the' surface, that no part gives:
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way. But by simply breaking the filament of glass, which
forms the tail of the drop, the solid mass is instantly re-
duced to powder. I dip the drop into a small flask filled
with water, and break the tail outside the flask; the
drop is shivered with such force that the shock, trans-
ferred through the water, is suﬁicmnt to break the bottle
in pieces.

(107) A very curious effect of expansmn was observed,
and explained, some years ago, by the Reverend Canon
Moseley. The choir of Bristol Cathedral was covered with
sheet lead, the length of the covering being 60 feet, and
its depth 19 feet 4 inches. It had been laid on in the
year 1851, and two years afterwards it had moved bodily
down for a distance of eighteen inches. The descent had
been continually going on from the time the lead had
been laid down, and an attempt made to stop it by driving
nails into the rafters had failed ; for the force with which
the lead descended was sufficient to draw out the nails.
The roof was not a steep one, and the lead would have
rested on it for ever, without sliding down by gravity.
What, then, was the cause of the descent? Simply this.
The lead was exposed to the varying temperatures of day
and night. During the day the heat imparted to it caused
it to expand. Had it lain upon a horizontal surface, it
would have expanded equally all round ; but as it lay upon
an inclined surface, it expanded more freely downwards
than upwards. When, on the contrary, the lead con-
tracted at night, its upper edge was drawn more easily
downwards than its lower edge upwards. Its motion was
therefore exactly that of a common earthworm ; it pushed
its lower edge forward during the day, and drew its upper
edge after it during the night, and thus by degrees it
crawled through a space of eighteen inches in two years.
Every minor change of temperature during the day and
during the night contributed also to the result ; indeed
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Canon Moseley afterwards found the main effect to be due
to these quicker alternations of temperature.

(108) Not only do different bodies expand differently by
heat, but the same body may expand differently in different
directions. In crystals, the atomsare laid together accord-
ing to law, and along some lines they are more closely
packed than along others. ™ It is also likely that the atoms
of many crystalline bodies oscillate more freely and widely
in some directions than in others. The consequence of
this would be an unequal expansion by heat in different
directions. The crystal in my hand (Iceland spar) has
been proved by Professor Mitscherlich to expand more
along its crystallographic axis than in any other direction.
Nay, while the crystal expands as a whole—that is to say,
while its volume is augmented by heat—it actually con-
tracts in a direction at right angles to the crystallographic
axis. Many other crystals also expand differently in dif-
ferent directions; and, I doubt not, most organic strue-
tures would, if examined, exhibit the same fact.

(109) Nature is full of anomalies which no foresight
can predict, and which experiment alone can reveal. From
the deportment of a vast rumber of bodies, we should be
led to conclude that heat always produces expansion, and
that cold always produces contraction. But water steps
in, and bismuth steps in, to qualify this conclusion. If a
metal be compressed, heat is developed ; but if a wire be
stretched, cold is developed. Dr. Joule and others have
worked experimentally at this subject, and found the above
fact all but general.

(110) Ome striking exception to this rule (there are
probably many others) has been known for a great number
of years; and I will now illustrate this exception by an
experiment. The sheet of india-rubber now handed to
me has been placed in the next room to keep it quite
cold. Cutting from this sheet a strip three inches long,
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and an inch and a half wide, and turning the thermo-
electric pile upon its back, I lay upon its exposed face
the strip of india-rubber. The deflection of the needle
proves that the rubber is cold. I now layhold of the ends
of the strip, suddenly stretch it, and press it, while
stretched, on the face of the pile. The needle moves
with energy, showing that the stretched rubber has heated
the pile.

(111) But one deviation from a rule always carries
other deviations in its train. In the physical world, as in
the moral, acts are never isolated. Thus with regard to
our- india-rubber; its deviation from the rule referred to
is only part of a series of deviations. In many of his in-
vestigations Dr. Joule has been associated with an eminent
natural philosopher—Professor William Thomson*—and
when Mr. Thomson was made aware of the deviation of
india~rubber from an almost general rule, he suggested
that the stretched india-rubber might shorten, on being
heated. The test was applied by Joule, and the shorten-
ing was found to take place.t This singular experiment,
thrown into a suitable form, will now be performed before
you.

(112) To this arm, ¢ o (fig. 26), is fastened a length
of common vulcanised india-rubber tubing, stretched by a
weight, W, of ten pounds, to about three times its former
length. The index, 7 %, is formed first of a piece of light
wood moving freely on a pivot, being prolonged by a stout
straight straw. At the end of the straw is placed a spear-
shaped piece of paper, which can range over a graduated
circle drawn on this black board. The index is now
pressed down at ¢, by a projection attached to the weight.
If the weight should be lifted by the contraction of the
india-rubber, the index will follow, being drawn after it

# Now Sir William Thomson.
+ Phil. Mag. 1857, vol. xiv. p, 227,
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by a spring, s s, which acts upon the short arm of the lever.

Fia. 26. The india-rubber tube, you ob-
7 serve, passes through a sheet-iron
chimney, ¢, through which a
current of hot air ascends from
the lamp 1. The index rises,
showing that the rubber contracts,
as Sir Wm. Thomson anticipated.
By continuing to apply the heat
for a minute or so, the end of the
index is caused to describe an are
fully three feet long. I withdraw
the lamp, and as the india~-rubber
returns to its former temperature,
it lengthens; the index moves
downwards, and now it rests even
below the position which it occu~
pied at first.
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APPENDIX TO CHAPTER III.

FURTHER REMARKS ON DILATATION,

It is not within the scope of my present intention to dwell in
detail on all the phenomena of expansion by heat; but, for the
sake of my younger readers, I will supplement this chapter by a
few additional remarks. _

The linear, superficial, or cubic coeflicient of expansion, is that
fraction of a body’s length, surface, or volume, which it expands
on being heated one degree.

Supposing one of the sides of a square plate of metal, whose
length is 1, to expand, on being heated one degree, by the
quantity «; then the side of the new square is 1+ a, and its
area is

1+2a+4a

In the case of expansion by heat, the quantity a is so small, that
its square is alinost insensible ; the square of a small fraction is,
of course, greatly less than the fraction itself. Hence, without
sensible error, we may throw away the a? in the above expression,
and then we have the area of the new square

14 2a.

20, then, is the superficial coefficient of expansion; hence we
infer that by multiplying the linear coefficient by 2, we obtain
the superficial coefficient.

Suppose, instead of a square, that we bad a cube, having a
side=1; and that on heating the cube one degree, the side ex-
panded to 1+ a; then the volume of the expanded cube would be

14 3a+3a?+ad.
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In this, as in the former case, the square of a, and much niore:
the cube of @, may be neglected, on account of their exceeding
smallness ; we then have the volume of the expanded cube==
14 8a;

that is to say, the cubic coefficient of expansion is found by
trebling the linear coefficient.

The following table contains the coefficients of expansion for
a number of well-known substances :—

Copper 0-000017 0-000051 0:0000561
Lead 0:000029 0000087 0-000089
Tin 0-000023 0-000069 0-000069
Iron 0-0000123 0:000037 0-000037
Zine 0:0000294 0:000088 0:000089
Glass 0-000008 0000024 0-000024

The first column of figures here gives the linear coefficient of ex-
pansion for 1° C.; the second column contains this coefficient
trebled, which is the cubic expansion of the substance; and the
third column gives the cubic expansion of the same substance,
determined directly by Professor Kopp.* It will be seen that
Kopp’s coefficients agree almost exactly with those obtained by
the trebling of the linear coefficients.
The linear coefficient of glass for 1° C. is

0+0000080.
That of platinum is

0 0000088.

Hence glass and platinum expand nearly alike. This is of the
greatest importance to chemists, who often find it necessary to
Juse platinum wires into their glass tubes. Were the coefficients
different, the fracture of the glass would be inevitable during the
contraction. '

The Thermometer.

Water owes its liquidity to the motion of heat; when this
motion sinks sufficiently, crystallisation, as we have seen, sets in.
The temperature of crystallisation is perfectly constant, if the
water be kept under the same pressure. For example, water
crystallises in all climates at the sea-level at a temperature of

* Phil. Mag. 1852, vol. iii. p. 268,
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32° F., or of 0° C. The temperature of condensation from the
state of steam is equally constant, as long as the pressure remains
‘the same. The melting of ice and the freezing of water touch
each other, if I may use the expression,at 32° F.; the condensa-
tion of steam and the boiling of water under one atmosphere of
pressure touch each other at 212°: 32° then is the freezing point
of water, and it is the melting point of ice; 212°isthe condensing
point of steam and the boiling point of water. Both are invariable
as long as the pressurg remains the same.

Here, then, we have two invaluable standard points of temnpe-
rature, and they have been used for this throughout the world.
The mercurial thermometer consists of a bulb and a stem with
capillary bore. The bore ought to be of equal diameter through-
out. The bulb and a portion of the stem are filled with mercury.
Both are then plunged into melting ice, the mercury shrinks, the
column descends, and finally conles to rest. Let the point at
which it becomes stationary be marked; it is the freezing point
of the thermometer. Let the instrument be now removed and
thrust into boiling water ; the mercury expands, the column rises,
and finally attains a stationary height. Let this point be marked;
itis the b iling point of the thermometer. The space between the
freezing point and the boiling point has been divided by Réaumur
into 80 equal parts, by Fahrenheit into 180 equal parts, and by
Celsius into 100 equal parts, called degrees. The thermometer
of Celsius is also called the Centigrade thermometer.

Both Réamur and Celsius call the freezing point 0°; Fahren-
heit calls it 32°, because he started from a zero which he incor-
rectly imagined was the greatest terrestrial cold. Fahrenheit’s
boiling point is therefore 212°. Réaumur’s boiling point is 80°
while the boiling point of Celsius is 100°,

The length of the degrees being in the proportlon of
80 : 100 : 180, or of 4 :5 : 9, nothing can be easier than to
convert one into the other. If you want to convert Fahrenheit
into Celsius, multiply by 5 and divide by 9; if Celsius into
Fahrenheit, multiply by 9 and divide by 5. Thus $0° of Celsius
are equal to 86° Fahrenheit; but if we would know what tempe-
rature by Fahrenheit’s thermometer corresponds to 20° of Celsius,
we must add 32 to the 86, which would make the temperature
20°, as shown by Celsius, equal the temperature 68°, as shown by
Fahrenheit.
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EXTRACTS FROM SIR H. DAVY’S FIRST SCIENTIFIC MEMOIR,
BEARING THE TITLE ¢ON HEAT, LIGHT, AND THE COMBI-

NATIONS OF LIGHT.*

The peculiar modes of existence of bodies—solidity, fluidity,
and gazi{:y—depeqd (according to the calorists) on the quantity of
the fluid of heat entering into their composition. This substance
insinnating itself between their corpuscles, separating them from
each other, and preventing their actual contact, is by them sup-
posed to be the cause of repulsion. '

Other philosophers, dissatisfied with the evidences produced in
favour of the existence of this fluid, and perceiving the genera-
tion of heat by friction and percussion, have supposed it to be
motion. Considering the discovery of the true cause of the
repulsive power as highly important to philosophy, I have en-
deavoured to investigate this part of chemical science by experi-
ments ; from these experiments (of which I am now about to
give a detail) I conclude that heat or the power of repulsion is
not matter.

The Phenomena of Repulsion are not dependent on a peculiar
elastic fluid for their existence, or Caloric does not exist.

Without considering the effects of the repulsive power on
bodies, or endeavouring to prove from these effects that it is
motion, I shall attempt to demonstrate by experiments, that it
is not matter; and in doing this, I shall use the method called by
mathematicians reductio ad absurdum.

First, let the increase of temperature produced by friction and
percussion be supposed to arise from a diminution of the capaci-
ties of the acting bodies. In this case it is evident some change
must be induced in the bodies by the action, which lessens their
capacities and increases their temperatures.

Lzperiment.—I procured two parallelopipedons of ice,t of the
temperature of 29° six inches long, two wide, and two-thirds of
an inch thick : they were fastened by wires to two bars of iron.

* Sir Humphry Davy’s Works, vol. ii.

t The result of this experiment is the same, if wax, tallow, resin, orany
substance fusible at a low temperature, be used; even iron may be fused
by collision.
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By a peculiar mechanism, their surfaces were placed in contact,
and kept in a continued and most violent.friction for some
minutes. They were almost entirely converted into water,
which water was collected, and its temperature ascertained to be
85°, after remaining in an atmosphere of a lower temperature for
some minutes. The fusion took place only at the plane of con-
tact of the two pieces of ice, and no bodies were in friction but
ice.

From this experiment it is evident that ice by friction is con-
verted into water, and according to the supposition, its capacity
is diminished ; but it is a well-known fact, that the capacity of
water for heat is much greater than that of ice; and ice must
have an absolute quantity of heat added to it, before it can be
converted into water. Friction consequently does not diminish
the capacities of bodies for heat.

From this experiment it is likewise evident that the increase
of temperature consequent on friction cannot arise from the
decomposition of the oxygen gas in contact, for ice has no attrac~
tion for oxygen. Since the increase of temperature consequent
on friction cannot arise from the diminution of capacity, or oxy-
dation of the acting bodies, the only remaining supposition is, that
it arises from an absolute quantity of heat added to them, which
heaf must be attracted from the bodies in contact. Then friction
must induce some change in bodies, enabling them to attract heat
from the bodies in contact.

Ezxperiment.—1 procured a piece of clockwork, so constructed
as to be set at work in the exhausted receiver; one of the external
wheels of this machine came in contact with a thin metallic plate.
A considerable degree of sensible heat was produced by friction
between the wheel and plate when the machine worked, un-
insulated from bodies capable of communicating heat. I next
procured a small piece of ice;* round the superior edge of this a

* The temperature of the ice and of the surrounding atmosphere at the
commencement of the experiment was 32°, that of the machine was likewise
32°, At the end of the experiment, the temperature of the coldest part of
the machine was near 33°, that of the ice and surrounding atmosphere the
same as at the commencement of the experiment ; so that the heat produced
by the friction of the different parts of the machine was sufficient to raise
the temperature of near half-a-pound of metal at least one degree; and to
convert eighteen grains of wax (the quantity employed) into a fluid.
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small canal was made, and filled with water. The machine was
placed on the ice, but not in contact with the water. Thus
disposed, the whole was placed under the receiver (which had
been previously filled with carbonic acid), a quantity of potash
(i.e. caustic vegetable alkali) being at the same time introduced.

The receiver was now exhausted. From the exhaustion and
from the attraction of the carbonic acid gas by the potash, a
vacuum nearly perfect was, I believe, made.

The machine was now set to work ; the wax rapidly melted,
proving an increase of temperature.

Caloric then was collected by friction ; which caloric, on the
supposition, was communicated by the hodies in contact with the
machine. In this experiment, ice was the only body in contact
with the machine. Had this ice given out caloric, the water on
the top of it must have been frozen. The water on the top of it
was not frozen, consequently the ice did not give out caloric.
The caloric could not come from the bodies in coutact with the
ice, for' it must have passed through the ice to penetrate the
machine, and an addition of caloric to the ice would have con-.
verted it into water.

Heat, when produced by friction, cannot be collected from the
bodies in contact, and it was proved, by the first experiment, that
the increase of temperature consequent on friction cannot arise
from diminution of capacity or oxydation. But if it be con-
sidered as matter, it must be produced in one of these miodes.
Since (as is demonstrated by these experiments) it is produced
in neither of these modes, it cannot be considered as matter. It
has therefore been experimentally demonstrated that caloric, or
the matter of heat, does not exist.

Solids by long and violent friction become expanded, and
if of a higher temperature than our bodies, affect the sensory
organ with the peculiar sensation known by the common name of
heat.

Since bodies become expanded by friction, it is evident that
their corpuscles must move or separate from each other.

Now a motion or vibration of the corpuscles of bodies must
be necessarily generated by friction and percussion. Therefore
we may reasonably conclude that this motion or vibration is
heat, or the repulsive power.

Heat, then, or that power which prevents the actual contact of
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the corpuscles of bodies, and which is the cause of our peculiar
sensations of heat and cold, may be defined as a peculiar motion,
probably a vibration, of the corpuscles of bodies, tending to
separate them. Tt may with propriety be called the repulsive
motlon.

Since there exists a repulsive motion, the particles of bodies
may be considered as acted on by two opposing forces; the ap-
proximating power (which may, for greater ease of expression,
be called attraction) and the repulsive motion. The first of these
is the compound effect of the attraction of cohesion, by which
the particles tend to come in contact with each other; the
attraction of gravitation, by which they tend to approximate to
the great contiguous masses of matter, and the pressure under
which they exist, dependent on the gravitation of the superin-
cumbent bodies.

The second is the effect of a peculiar motory or vibratory
impulse given to them, tending to remove them farther from each
other, and which can be generated, or rather increased, by friction
or percussion. The effect of the attraction of cohesion, the great
approximating cause, on the corpuscles of bodies, is exactly
similar to that of the attraction of gravitation on the great masses
of matter composing the universe, and the repulsive force is
analogous to the planetary projectile force.

In his ¢ Chemical Philosophy,” pp. 94 and 95, Davy expresses
himself thus: ‘ By a moderate degree of friction, as it would
appear from Rumford’s experiments, the same piece of metal may
be kept hot for any length of time ; so that, if the heat be pressed
out, the quantity must be inexhaustible. When any body is
cooled, it occupies a smaller volume than before; it is evident,
therefore, that its parts must have approached each other; when
the body has expanded by heat, it is equally evident that its parts
must have separated from each other. The immediate cause of
the phenomenon of heat, then, is motion ; and the laws of its
communication are precisely the same as the laws of the commu-
nication of motion.

¢ Since all matter may be made to fill a smaller space by cooling,
it is evident that the particles of matter must have space between
them; and since every body can communicate the power of
expansion to a body of a lower temperature —that is, can give an
expansive motion to its particles’—it is a probable inference that

H
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its own particles are possessed of motion; but as there is 'n'o
change in the position of its parts, as long as its temperature 1s
uniform, the motion, if it exist, must be a vibratory or undula-
tory motion, or a motion of the particles round their axes, or a
motion of the particles round each other.

¢ It seems possible to account for all the phenomena of heat if
it be supposed that in solids the particles are in a constant state of
vibratory motion, the particles of the hottest bodies moving with
the greatest velocity, and through the greatest space; that in
fluids and elastic fluids, besides the vibratory motion, which must
be conceived greatest in the last, the particles have a motion
round their own axes with different velocity, the particles of
elastic fluids moving with the greatest quickness, and that in
ethereal substances the particles move round their own axes, and
separate from each other, penetrating in right lines through
space. Temperature may be conceived to depend upon the
velocity of the vibrations; increase of capacity in the motior
being. performed in greater space; and the diminution of tem-
perature during the conversion of solids into fluids or gases, may
be explained on the idea of the loss of vibratory motion, in con-
sequence of the revolution of particles round their axes, at the
‘moment when the body becomes fluid or aériform, or from the
loss of rapidity of vibration in consequence of the motion of the
particles through space.’
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CHAPTER IV

THE TREVELYAN INSTRUMENT—GORE'S REVOLVING BALLS—~INFLUENCE OF
PRESSURE ON FREEZING POINT—LIQUEFACTION AND LAMINATION OF ICE
BY PRESSURE—DISSECTION OF ICE BY A CALORIFIC BEAM-—LIQUID
FLOWERS AND THEIR CENTRAL SPOT—MECHANICAL PROPERTIES OF
WATER PURGED OF AIR—THE BOILING POINT OF LIQUIDS ; INFLUENCING

CIRCUMSTANCES—CONVERSION OF HEAT INTO WORK IN THE STEAM-
ENGINE . THE GEYSERS OF ICELAND. .

(113) PDEFORE finally quitting the subject of expan-

sion, I wish to show you an experiment which
illustrates in a curious and agreeable way the conver-
sion of heat into mechanical energy. The fact to be
reproduced was first observed by a gentleman named
Schwartz, in one of the smelting works of Saxony. A
quantity of silver which had been fused in a ladle was
allowed to solidify, and to hasten its cooling it was turned
out upon an anvil. Some time afterwards a strange
buzzing sound was heard in the locality. The sound was
finally traced to the hot silver, which was found quivering
upon the anvil. Many years subsequent to this, Mr. Arthur
Trevelyan chanced to be using a hot soldering-iron, which
he laid by accident against a piece of lead. Soon after-
wards, his attention was excited by a most singular sound,
which, after some searching, was found to proceed from
the soldering-iron. Like the silver of Schwartz, the
spldering-iron was in a state of vibration. Mr. Trevelyan
made his discovery the subject of a very interesting
investigation. He determined the best form to be given
to the ‘rocker, as the vibrating mass is now called,

H 2
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and throughout Europe this instrument is known as
¢ Trevelyan’s Instrument.’ After that time the subject
engaged the attention of Principal J. D. Forbes, Dr.
Seebeck, Mr. Faraday, M. Sondhaus, and myself; but to
Trevelyan and Seebeck we owe most of our knowledge
regarding it.

(114) The length, ac (fig. 27), of this brass rocker
is five inches; the width, 4 B, 15 in.; and the length

Fia. 27.
®- —\e N\

of the handle, which terminates in the kmob F, is
ten inches. A groove rums at the back of the rocker,
along its centre ; the cross-section of the rocker is given

Tre. 28. at m. We will
heat the rocker
to a temperature
) somewhat higher
than that of boil-
ing water,and lay
it on a block of
lead, allowing its
knobto rest upon
the table. You
hear a quick suc-
cession of foreible
“taps. But you cannot see the oscillations of the rocker, to
which the taps are due. I therefore place on it a brass
rod A B (fig. 28), with a ball at each of its ends; the oscil-
lations are thereby rendered much slower, and you can
easily follow with the eye the pendulous motion of the rod
and balls. This motion will continue as long as the rocker
is able to communicate sufficient heat to the carrier on
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which it rests. Thus we render the vibrations slow.
They can be rendered quick by using a rocker with a
wider groove. The sides of this new rocker do not over-
hang so much as those of the last; it is virtually a shorter
pendulum, and will vibrate more quickly. Placed upon
the lead, as before, it fills the room with a clear full note.
Its taps are periodic and regular, and they have linked
themselves together to produce music. Here is a third
‘rocker, with a still wider groove, and with it we obtain
a shriller tone. You know that the pitch of note aug-
ments with the number of the vibrations; it is because
this wide-grooved rocker oscillates more quickly than
its predecessor that it emits a higher note. By means
of a beam of light we obtain an index without weight,
which does not retard motion. To the rocker is fast-
ened, by a single screw at its centre, a small disk of
polished silver, on which a luminous beam falls, and from
which it is reflected against a screen. When the rocker
vibrates, the beam vibrates also, but with twice the
angular velocity, and you now see the patch of light
drawn out to a band upon the white surface of the
sereen.

- (115) These singular vibrations and tones are due
simply to the sudden expansion by heat of the body on
which the rocker rests. Whenever the hot metal comes
into contact with its lead carrier, a nipple suddenly juts
from the latter, being produced by the heat communi-
cated to the lead at the point of contact. The rocker
is thus tilted up, and some other point of it comes into
contact with the lead, a fresh nipple is formed and the
weight is again tilted. Let a B (fig. 29) be the surface
of the lead, and R the cross-section of the hot rocker;
tilted to the right, the nipple is formed as at r; tilted
to the left, it is formed as at L, the nipple in each case
disappearing as soon as the contact with the rocker
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ceases. The- consequence is, that while its temperature
remains sufficiently high, the rocker is tossed to and fro,
and the quick succession of its taps against the lead pro-
duces a musical sound.

(116) These two pieces of sheet lead are fixed edge-

Fic. 29.

< N7

ways in a vice; their edges are about half an inch
asunder. A long bar of heated brass is laid across the
two edges. It rests first on one edge, which expands at
the point of contact and jerks it upwards; it then falls
upon the second edge, which also rejects it; and thus it
goes on oscillating, and will continue to do so as long as
the bar can communicate sufficient heat to the lead. A
fire-shovel will answer quite as well as the prepared bar
I balance the heated shovel thus upon the edges of the

Fie. 380.

lead, and it oscillates exactly as the bar did (fig. 30). It
may be added, that by properly laying either the poker
or fire-shovel upon a block of lead, and supporting the
handle so as to avoid friction, you may obtain notes as
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sweet and musical as any you have heard to-day. ‘A heated
hoop placed upon a plate of lead may also be caused to
vibrate and sing ; and a hot penny-piece or halfcrown may
be caused to do the same.

(117) Looked at with reference to the connection of
natural forces, this experiment is interesting. The atoms
of bodies must be regarded as all but infinitely small, but
then they must be regarded as all but infinitely numerous.
The augmentation of the amplitude of any oscillating
atom by the communication of heat,is insensible ; but the
summation of an almost infinite number of such augmen-
tations becomes sensible. Such a summation, effected
almost in an instant, produces the nipple, and tilts the
heavy mass of the rocker. Here we have a direct con-
version of heat into common mechanical motion. But the
tilted rocker falls again by gravity, and in its collision
with the block restores almost the precise amount of. heat
which was consumed in lifting it. Here we have the
direct conversion of common gravitating force into heat.
Again, the rocker is surrounded by a medium capable of
being set in motion. The air of this room weighs some
tons, and every particle of it is shaken by the rocker, and
every tympanic membrane, and every auditory nerve
present, is similarly shaken. Thus we have the conversion
of a portion of the heat into sound. And, finally, every
sonorous vibration which speeds through the air of this
room, and wastes itself upon the walls, seats, and cushions,
is converted into the form with which the cycle of actions
commenced—namely, into heat. .

(118) There is another curious effect, for which we are
indebted to Mr. George Gore, which admits of a similar
explanation. You see this line of rails. Two strips of
brass, s s, & & (fig. 81), are set edgeways, about an inch
asunder. A hollow ball ‘B, of very thin metal, is placed
upon the rails. If it be pushed it rolls along them; but
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when left alone it is quite still. On connecting the? two rails,
by the wires w w’, with the two poles of a voltaic battery,
a current passes down one rail to the metal ball, thence
over the ball to the other rail, and finally back to the
battery. At the two points of contact of the ball with
the rails the current encounters resistance, and wherever a
current encounters resistance heat is developed. The heat

produces an elevation of the rail at these points. Observe
the effect: the ball, which a moment ago was tranquil,
is now uneasy. It vibrates a little at first without rolling;
now it actually rolls a little way, stops, and rolls back
again. It gradually augments its excursion, now it has
gone farther than was intended ; it has rolled quite off the
rails, and injured itself by falling on the floor.
"~ (119) In this other apparatus, for which I am in-
debted to Mr. Gore himself, the rails form a pair of
concentric hoops. When the circuit is established, the
ball ¥ (fig. 32) rolls round the circle.* Abandoning the
electric current, Mr. Goré has obtained the rotation of
light balls, by placing them on circular rails of copper
heated in a fire, the rolling force in this case being the
same as the rocking force in the Trevelyan instrument.
(120) Inthe vast majority of cases the passage of bodies
from the liquid to the solid state is accompanied by con-
traction. Here, for example, is a round glass dish con-
taining hot water. Over the water I pour from a ladle
a quantity of melted wax. The wax now forms a liquid

* Phil. Mag. vol. xv. p. 521.



CHAP. Iv. INFLUENCE OF PRESSURE ON FUSING POINT. 105-

layer nearly half an inch thick above the water. We will
suffer both water and wax to cool, and when they are cool
you will find that the wax, which now overspreads the
entire surface, and is attached all round to the glass, will
retreat, and we shall finally obtain a cake of wax of con-
siderably smaller area than the dish.

(121) The wax, therefore, in passing from the solid to
the liquid state, expands. To assume the liquid form, its
particles must be pushed more widely apart, a certain play
between the particles being necessary to the condition of
liquidity. Now, suppose we resist the expansion of the

Fia. 382.

wax by an external mechanical force; suppose we have a
very strong vessel completely filled with solid wax, and
offering a powerful resistance to the expansion of the
mass within it ; what would you expect if you sought to
liquefy the wax in this vessel? When the wax 1s free;
the heat has only to conquer the attraction of the mole-
eules of the wax, but in the strong vessel it has not only
this to conquer, but also the resistance offered by the
vessel. By a mere process of reasoning, we should thus
be led to infer that a greater amount of heat would be
required to melt the wax under pressure, than when it is
free ; 6r, in other words, that the point of fusion of the wax
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will be elevated by pressure. This reasoning is completely
justified by experiment. Messrs. Hopkins and Fairbairn
raised, by pressure, the melting point of some substances,
which, like wax, contract considerably on solidifying, as
much as 20° and 30° Fahr.

(122) The experiments here referred to connect them-
selves with a very remarkable speculation. The earth is
known gradually to augment in temperature as we ‘pierce
it deeper, and the depth has been calculated at which all
known terrestrial bodies would be in a state of fusion.
Mr. Hopkins, however, observed that, owing to the enor-
mous pressure of the superincumbent layers, the deeper
strata would require a far higher temperature to fuse them
than would be necessary to fuse the strata near the earth’s
surface. Hence he inferred that the solid crust must have
a considerably greater thickness than that given by a
calculation which assumes the fusing points of the super-
ficial and the deeper strata to be the same. Sir William
Thomson (¢Proceedings of the Royal Society,” vol. xii
p- 103) expresses the conclusion that -¢unless the solid
substance of the earth be on the whole of extremely rigid
material, it must yield (be deformed) by that attraction of
the sun and moon which generates the tides, so as to very
sensibly diminish the actual phenomena of the tides, and
of precession and nutation.” Mr. Hopkins had already
rejected the conclusion of geologists that the earth could
be a molten nucleus covered by a crust only 100 miles in
thickness. He concluded that the depth of the crust
must be at least 800 miles. Sir William Thomson con-
siders it ¢extremely improbable that any crust thinner
than 2,000 or 2,500 miles could maintain its figure with
sufficient rigidity against the tide-generating forces of
sun and moon, to allow the phenomena of the ocean
tides and of precession and nutation to be as they now
are.



" CHAP. Iv. LIQUEFACTION OF ICE BY PRESSURE. 107

(123) The deportment of ice is opposed to that of wax.
Ice on liquefying contracts ; in the arrangement of its atoms
to form a solid, more room is required than they need in the
neighbouring liquid state. No doubt this is due to crys-
talline arrangement ; the attracting poles of the molecules
are so situated, that when the crystallising force comes
into play, the molecules unite so as to leave larger inter-
atomic spaces in the mass. We may suppose them to
attach themselves by their corners; and,in turning corner
to corner, to cause a recession of the atomic centres. At
all events, their centres retreat from each other when
solidification sets in. By cooling, then, this power of
retreat, and of consequent enlargement of volume, is
conferred. It is evident that pressure in this case would
resist the expansion which is necessary to solidification,
and hence the tendency of pressure, in the case of water,
is to keep it liquid. Thus reasoning, we should be led to
the conclusion that the fusing points of substances which
expand on solidifying are lowered by pressure.

(124) Professor James Thomson first investigated this
subject from a theoretic point of view,and his conclusions
have been completely verified by the experiments of his
brother, Professor Sir William Thomson.

(125) Let us illustrate these principles by a striking
experiment. This square pillar of clear ice is an inch
and a half in height, and about a square inch in cross
section. At present the temperature of the ice is 0° C.
But if the ice be subjected to pressure its point of fusion
will be lowered: the compressed ice will melt at a tempera-
ture under 0° C., and hence the temperature which it now
possesses is in excess of that at which it will melt under
pressure. The ice is cut so that its planes of freezing are
perpendicular to the height of the pillar. Iset the column
of ice, L (fig. 33), upright between two slabs of hoxwood,
B ¥, and place the whole between the plates of a small
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hydraulic press. A strong luminous beam now passes
through the ice; the beam having been previously sent
through water to deprive it of the power of melting
the ice. The sifted light* now passes through the
substance without causing fusion. In front of the press
is placed a lens, and by it a magnified image of the ice
is projected upon the screen before you. I now work
the arm of the press, and gently squeeze the pillar of ice
between the two slabs of boxwood. Dark streaks soon
begin to draw themselves across the substance, at right

angles to the direction of pressure. Right in the middle
of the mass they are appearing; and as the pressure
continues, the old streaks expand and new ones are de-
veloped. The entire column of ice is now scarred by these
transverse stri. Whatare they ? They are simply liquid
layers foreshortened, and when you examine this column
by looking into it obliquely, you see the surfaces of the

. * The *sifting” of a calorific beam will be fully explained and illustrated
n a subsequent Chapter,
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layers. We have thus liquefied the ice in planes per-
pendicular to the pressure, and these liquid planes in-
terspersed throughout the mass give it this laminated
appearance.

(126) Whether as a solid, a liquid, or a gas, water is
one of the most wonderful substances in nature. T.et us
consider it a little farther. At all temperatures above
32° F. or 0° C., the motion of heat is sufficient to keep
the molecules of water from rigid union. But at 0° C.,
the motion is so reduced that the molecules then begin to
seize upon each other, aggregating to a solid. This union,
however, is a union according to law. To many persons
here present a block of ice may seem of no more interest
and beauty than a block of glass; but in reality it bears
the same relation to glass that an oratorio of Handel does
to the cries of a market-place. The ice is music, the
glass is noise ; the ice is order, the glass is confusion. In
the glass, molecular forces constitute an inextricably
entangled skein ; in the ice they are woven to a symmetric
web, the wonderful texture of which I will now try to make
evident to you. |

(127) How shall I dissect thisice? In the solar beam—
or, failing that, in the beam of our electric lamp—we have
an. anatomist competent to perform this work. I will
remove the agent by which this beam was purified in the
last experiment, and send the rays direct from the lamp
through this slab of pellucid ice. It will take the crystal
edifice to pieces by accurately reversing the order of its
architecture. Silently and symmetrically the crystallising
force built the molecules up, silently and symmetrically
the electric beam will take them down. A plate of ice,
five inches square and an inch thick, is now in front
of the lamp, the rays from which pass through the ice.
Compare the radiant beam before it enters the ice with
the same beam after its passage through the substance:
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to the eye there is no difference: the light is not sensibly
diminished. Not so with -the heat. As a thermic agent,
the beam, before entering, is far more powerful than after
its emergence. A portion of it has been arrested in the
ice, and that portion is to be our working anatomist. I
place a lens in front of the ice, and cast a magnified
image of the slab upon the screen. Observe that image
(fig. 34). Here we have a star, and there a star; and as
the action continues, the ice appears to resolve itself into
stars, each one possessing six rays, each one resembling a
beautiful flower of six petals. When the lens is shifted to
and fro, new stars are brought into view ; and as the action
continues, the edges of the petals become serrated, and
spread themselves out like fern-leaves upon the screen.
Probably few here present were aware of the beauty latent
in a block of common ice. And only think of lavish Nature
operating thus throughout the world. Every atom of the
solid ice which sheets the frozen lakes of the North has
been fixed according to this law. Nature ¢lays her beams
in music,” and it is the function of science to purify our
organs, so as to enable us to hear the strain.

(128) There are two points connected with this ex-
periment, of great minuteness, but of great.interest.
You see these flowers by transmitted light—by the light,
that is, which has passed through both the flowers and
the ice. But when you examine them by allowing a
beam to be reflected from them to your eye, you find
in the centre of each flower a spot which shines with
the lustre of burnished silver. You might be disposed
to think this spot a bubble of air; but you can, by im-
mersing it in hot water, melt away the circumjacent
ice; the moment the spot is thus laid bare, it collapses,
and no trace of a bubble is to be seen. The spot is a
vacuum. Observe how truly Nature works—how rigidly
she carries her laws into all her operations. We know
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that ice in melting contracts, and here we find the fact
making its appearance. The water of these flowers cannot
quite fill the space of the ice by the fusion of which they
are produced; hence a vacuum necessarily accompanies
the formation of every liquid flower.

(129) When these beautiful figures were first observed,
and at the moment when the central spot appeared, like a
point of light suddenly formed within the ice, I thought
I heard a click, as if the ice had split asunder when
the spot was formed. At first I suspected that it was
my imagination which associated sound with the appear-
ance of the spot, as it is said that people who see meteors
often imagine a rushing noise when they really hear none.
The click, however, was a reality ; and if you allow me,
I will now conduct you from this trivial fact through a
series of interesting phenomena to a far-distant question
of practical science.

(130) All water holds a quantity of air within it in
solution; by boiling you may liberate this imprisoned air.
On heating a flask of water, air-bubbles are seen crowding
on its sides, long before it boils, rising through the liquid
without condensation, and often floating on the top. The
presence ,of this air in the water promotes the ebullition
of the liquid. Tt acts as a kind of elastic spring, pushing
the molecules apart, and thus helping them to take the
gageous form.

(131) When this antagonist to their intimate union is
removed, the molecules lock themselves together in a far
tighter. embrace. The cohesion of the water is vastly
augmented by the removal of the air. Here is a glass
vessel which contains water purged of air. One effect of
the withdrawal of the elastic buffer is, that the water falls
with the sound of a solid body, and' hence this instrument
is called the ‘water-hammer. You hear how the liquid
rings against the end of the tube, when it is turned upside -
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-down, This other tube, A B0 (fig. 35), bent into the
form of a V, is intended to show how the cohesion of the
water is affected by long-continued boiling. The water
which partially fills the bent tube is first brought into
one arm of the V. And now I tap the end of this arm
against the table. You hear, at first, a loose and jingling
sound, As long as you hear that jingle the water is not
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in true contact with the interior surface of the tube. Asthe
tapping continues you notice an alteration in the sound;
the jingling has now disappeared, the impact being hard,
like that of solid against solid. I now raise the tube, and
turn the column of water ﬁpside down, but there it stands
in the arm 4 B. Its particles cling so tenaciously to the
sides of the tube, and lock themselves so firmly together,
that it refuses to behave like a liquid body; it declines
to obey the law of gravity.

(132) So much for the augmentation of cohesion ; but
this very cohesion enables the liquid to resist ebullition.

I
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Water thus freed of its air can be raised to a temperature
60° or 80° Fahr., above its ordinary boiling point, with-
out ebullition. But mark what takes place when the liquid
does boil. It has an enormous excess of heat stored up;
the locked atoms finally part company, but they do so
with the violence of a spring which suddenly breaks under
strong tension, and ebullition is converted into explosion.

To M. Donny, of Ghent, we are indebted for the d1bcove1y~;
of this interesting property of water. ;

(133) Turn we now to our ice:—Water in freezing
completely excludes the air from its crystalline archi-
tecture. All foreign bodies are squeezed out of it, and ice
holds no air in solution. Supposing, then, that. We'melt_ a
piece of pure ice, under conditions where air cannot ap-
proach it, we should have water inits most highly cohesive
condition ; and such water ought, if heated, to show the
effects mentioned. That it does so has been proved by
Faraday. He melted ice under spirit of turpentine, and
found that the liquid thus formed could be heated far
beyond its boiling point, and that the rupture of the liquid,
by heating, took place with almost explosive violence. Let
us apply these facts to the six-petaled ice-flowers, and their
little central star. They are formed in a place where no.
air can come. Imagine the flower forming, and gradually:
augmenting in size. The cohesion of the liquid is so great,
that it will pull the walls of its chamber together, or even
expand its own volume, sooner than give way. But, as its
size augments, the space which it tries to occupy becomes
too large for it, until finally the liquid snaps with an
audible click, and a vacuum is formed.

(134) Let us take our final glance at this web of
relations. It is very remarkable that a great number of
locomotives have exploded on quitting the shed where
they had remained for a time quiescent, and just as the
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engineer turned on the steam. Now, if a locomotive has
been boiling sufficiently long to expel the air contained
in its water, that liquid will possess, in a greater or less
degree, the high cohesive quality to which I have drawn
your attention. It is at least conceivable, that while
resting, previous to starting, an excess of heat might
be thus stored up in the boiler, and, if stored up, the
certain result would be, that the mechanical act of turn-
ing on the steam would produce the rupture of the cohe-
sion, and steam of explosive force would instantly be ge-
nerated. I do not say this 4s the case; but who can say
it is mot the case? We have been dealing throughout
with a real agency, which is certainly competent, if its
power be invoked, to produce the effects which have been
ascribed to it.

(135) As you add heat, or, in other words, motion, to
water, the particles from its free surface fly off in aug-
mented numbers. You at length approach what is called
the boiling point of the liquid, where the conversion into
vapour is not confined to the free surface, but is most
- copious at the bottom of the vessel where the heat is applied.
When water boils in a glass beaker, the steam is seen ris-
ing from the bottom to the top, where it often floats for a
‘time, enclosed above by a dome-shaped liquid film. To
-produce these bubbles certain resistances must be over-
~come. First, we have the adhesion of the water to the
“vessel which contains it, and this force varies with the
“substance of the vessel. In the case of a glass vessel, for
example, the boiling point may be raised two or three de-
.-grees by adhesion ; while in metal vessels this is impossible.
The adhesion is often overcome by fits and starts, which
- may be so augmented by the introduction of certain salts
into the liquid, that a loud bumping sound accompanies
the ebullition ; the detachment is in some cases so sudden

12
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and violent, as to cause the liquid to leap bodily out of
the vessel. .

(136) A second antagonism to the boiling of the 11qu1d
is the attraction of the liquid particles for each other; a
force which, as we have seen, may become very powerful
when the liquid is purged of air. This is not only true of
water, but of other liquids—of all ethers and alcohols,
for example. If we connecta small flask containing ether
or alcohol with an air-pump, a violent ebullition occurs in
the liquid when the pump is first worked ; but after all
the air has been removed from the liquid, we may, in many
cases, continue to work the pump without producing any
sensible ebuliition; the free surface alone of the liquid
yielding vapour.

(137) But in order that steam should exist in bubbles,
in the interior of a mass of liquid, it must be able to resist
two other things—the weight of the water above it, and the
weight of the atmosphere above the water. What the
atmosphere is competent to do may be thus illustrated.
This tin vessel contains a little water, which is kept
boiling by.a small lamp. At the present moment all
the space above the water is filled with steam, which
issues from a stopcock. I shut the cock, withdraw the
lamp, and pour cold water upon the tin vessel. The
steam within it is condensed, the elastic cushion which
pushed the sides outwards in opposition to the pressure
of the atmosphere is withdrawn, and observe the conse-
quence. The sides of the vessel are crushed and crumpled
up by the atmospheric pressure. This pressure amounts
to 15 Ibs. on every square inch: how then can a thing se
frail as a bubble of steam exist on the surface of boiling
water? Simply because the elastic force of the steam
within is exactly equal to that of the atmosphere without;
the liquid film is pressed between two elastic cushions
which exactly neutralise each other. If the steam were
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predominant, the bubble would burst from within out-
wards; if the air were predominant, the bubble would be
crushed inwards. Here, then, we have the true definition
of the boiling point of a liquid. It is that temperature at
which the tension of its vapour exactly balances the pres-
sure of the atmosphere.

(138) As we ascend a mountain, the pressure of the
atmosphere above us diminishes, and the boiling point is
correspondingly lowered. On an August morning in 1859
the temperature of boiling water on the summit of Mont
Blanc I found to be 184:95° F.; that is, about twenty-
seven degrees lower than the boiling point at the sea level.
On August 3, 1858, the temperature of boiling water on
the summit of the Finsteraarhorn was 187° F. On August
10, 1858, the boiling point on the summit of Monte
Rosa was 184:92° F. The boiling point on Monte Rosa
1s shown by these observations to be almost the same as
it was found to be on Mont Blanc, though the latter ex-
ceeds the former in height by 500 feet. The fluctuations
of the barometer are, however, quite sufficient to account
for this anomaly. The lowering of the boiling point is
about 1° F. for every 590 feet of elevation; and from
the temperature at which water boils, we may approxi-
mately infer the height. It is said that to make good tea
boiling water is essential ; if this be so, it is evident that
the beverage cannot be procured, in all its excellence, at
the higher stations of the Alps.

(139) Our next experiment will illustrate the depend-
ence.of the boiling point on external pressure. This
flask,” ¥ (fig. 36), contains water; while from a second
and much larger one, @, the air has been removed by
an air-pump. The two flasks are connected together
by a system of cocks, which enables me to establish a
communication between them. The water in the small
flask has been kept boiling for some time, the steam
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.generated escaping through the cock ¥. 1 now remove

the spirit-lamp, and turn this cock, so as to shut out
the air. The water ceases to boil, and pure steam now
fills the flask above it. We will give the water time
to cool a little. At intervals you see a bubble of steam
rising, because the pressure of the vapour above is gra-
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‘dually becoming less through its own slow condensation.
I hasten the condensation by pouring cold water on the
flask; the bubbles are more copiously generated. By
plunging the flask bodily into cold water we might cause
it to boil violently., The water in F is now at rest, and some
degrees below its ordinary boiling point. I turn the cock
¢, which opens a way for the escape of the vapour into
the exhausted vessel @ ; the moinent the pressure is dimi-
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‘nished ebullition begins in F; and the condensed steam
showers in a kind of rain against the sides of ‘the vessel
& By keeping the vessel & cool, and thereby preventing
the vapour in it from reacting upon the surface of the
water in ¥, we can keep the small flask bubbling and
boiling for a considerable time.

(140) Through high heating, the elastic force of steam
may be rendered enormous. The Marquis of Worcester
burst cannon with it, and our calamitous boiler explosions
are so many illustrations of its power. By the skill of man
this mighty agent has been controlled ; by it Denis Papin
raised a piston, which was pressed down again by the
atmosphere, when the steam was condensed ; Savery and
Newcomen turned it to practical account, and James Watt
completed this grand application of the moving power of
héat. Pushing the piston up by steam, while the space
above the piston is in communication with a condenser or -
with the free air, and again pushing down the piston,
while the space below it is in communication with a con-
denser or with the air, we obtain a simple to-and-fro

_motion, which, by mechanical arrangements, may be made
to take any form we please.

(140.a) But the principle of the conservation of force is
illustrated here as elsewhere. For every stroke of work
done by the steam-engine, for every weight that it lifts,
and for every wheel that it sets in motion, an equivalent
quantity of heat disappears. A ton of coal furnishes by its
combustion a certain definite amount of heat. Let this
quantity of coal be applied to a working steam-engine ;
and let all the heat communicated to the machine and
the condenser, and all the heat lost by radiation and by
contact with the air, be collected ; it will fall short of
the quantity produced by the simple combustion of
the ton of coal, by an amount exactly equivalent to the
work performed. Suppose that work to consist in lifting a
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weight of 7,720 lbs. a foot high; the heat produced

by the coal would fall short. of its maximum by a

quantity just sufficient to warm a pound of water 10° F.

Tn an elaborate series of experiments, executed with extras
ordinary assiduity and on a grand scale by M. Hirn, the

civil engineer at Colmar, this theoretic deduction has been

reduced to fact.

('140 b) In the steam-engine employed by M. Hirn the
steam left the boiler and entered the cylinder at a tem-
perature of 146° C. The temperature of his condenser
was 34° C. The steam was worked expansively; that is
to say, it was permitted to enter the cylinder and exert
its full pressure until the piston was raised through a
certain fraction of its range. The steam was then cut off,
the piston being urged through the remainder of its course
by the expansive force of the steam already in the
cylinder. .

(140¢) In this case the space above the piston was
connected with the condenser; and if the expansion were
perfect the vapour underneath the piston at the moment
it reached the highest point of its course would have the
pressure due to the temperature of the condenser. Now
supposing the expansion to be thus perfect, and -that the
expanded vapour all remains in the state of vapour; the
experiments of M. Regnault enable us to calculate the
fraction of the total heat which is converted into work.
We find according to these calculations, and not without
a feeling of astonishment at its smallness, that in the
experiments of M. Hirn, the heat converted into work
ought not to amount to ;}th of the whole.

(140d) But as a matter of ract M. Hirn found that 4th
of the heat borrowed from the steam in the boiler was
converted into mechanical effect. Thusactual experiment
was at variance with calculation. A theoretic conclusion
arrived at independently first by Mr. Rankine, and im-
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mediately afterwards by M. Clausius, two of the founders
of the mechanical theory of heat, reveals the cause of
this discrepancy. In calculating the heat possessed by
the vapour as it enters the condenser, it was assumed
that the whole of the vapour coming from the boilér
remained during its expansion in the vaporous condi-
tion. This Mr. Rankine and M. Clausius proved that
it could not do. They showed that when saturated steam .
expands, as in M. Hirn’s experiments, it is in part pre-
cipitated, thus yielding up a portion of the heat of vapo-
risation. Indeed, before anything correct was known about
its cause, mechanical engineers met the nuisance arising
from the water of condensation by surrounding the cylin-
der with a jacket of hot steam from the boiler. The
mixture of vapour and liquid entering the condenser after
the expansion would thus possess less heat than if it were
all vapour; and hence it is that a greater amount of heat
than that given by calculation is converted into work. I
may add that the precipitation of the steam during its
expansion was demonstrated experimentally by M. Hirn.
(140 ¢) But even 121 per cent. of the total heat im-
plies enormous loss. Nor is this loss to be avoided in the
steam-engine. Ior the amount of heat converted into work
depends upon two things, the temperature of the steam as
it enters the cylinder and its temperature as it enters the
condenser. The further the initial and the final temperatures
are apart, the greater is the amount of heat converted into
work; but to convert all the heat into work a condenser kept
at the absolute zero of temperature would be required.*

* The absolute temperature of a body is its temperature reckoned from
the absolute zero (explained in § 96). Thus the temperature of melting ice
reckoned from this point is 278° C. Let T represent the initial temperature
of the steam, and ¢ its final temperature, both reckoned from the absolute
zero; then the proportion of the total heat converted into work cannot

! _ . T—1.
under the most favourable conditions exceed the fraction -
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(141) My object however at present is to deal with
nature rather than art, and I am compelled to pass quickly
over the triumphs of man’s skill in the application of steam
to the purposes of life. Those who have walked through
the workshops of Woolwich, or through any of our great
factories where machinery is extensively employed, will
have been sufficiently impressed with the aid which the
mighty power of heat renders to man. Let it be re-
membered, that every wheel which revolves, every chisel,
and plane, and punch, which passes through solid iron
as if it were so much cheese, derives its moving energy
from the clashing atoms in the furnace. The motion of
these atoms is communicated to the boiler, thence to the
water, whose particles are shaken asunder, and fly from
each other with a repellent energy commensurate with the
heat communicated. The steam is simply the apparatus,
through the intermediation of which, the atomic motion
is converted into mechanical motion. And the motion
thus generated can reproduce its parent. Look at the
planing tools; look at the boﬁng instruments—streams of
water gush over them to keep them cool. Take'up the
curled iron shavings which the planing tool has pared off;
you cannot hold them in your hand, they are so hot. Here
the moving force is restored to its first form ; the energy
of the machine has been consumed in reproducing the
power from which that energy was derived.

(142) I must now direct your attention to a natural
steam-engine, which long held a place among the wonders
of the world ;—the Great Geyser of Iceland. The sur-
face of Iceland gradually rises from the coast towards
the centre, where the general level is about 2,000 feet
above the sea. On this, as on a pedestal, are planted
the Jokull, or icy mountains of the island, which extend
both ways in a north-easterly direction. Along this chain
also occur the active volcanoes of Iceland, and the thermal
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springs follow the same general direction. From the
ridges and chasms which diverge from the mountains,
enormous masses of steam issue at intervals, hissing and
roaring ; and when the escape occurs at the mouth of a
cavern, the resonance of the cave often raises the sound
to the loudness of thunder. Lower down, in the more
porous strata, we have smoking mud pools, where a repul-
sive blue-black aluminous paste is boiled, rising at times
in huge bubbles, which, on bursting, scatter their slimy
spray to a height of fifteen or twenty feet. From the base
of the hills upwards extend the glaciers, and above these
are the snow-fields which crown the summits. From the
arches and fissures of the glaciers, vast masses of water
issue, falling at times in cascades over walls of ice, and
spreading for miles over the country before they find
definite outlet. Extensive morassesare thus formed. In-
tercepted by the cracks and fissures of the land, a portion
of the water finds its way to the heated rocks beneath ;
and here, meeting with the volcanic gases which traverse
these underground regions, both travel on together, to
issue, at the first convenient opportunity, either as:an
eruption of steam or a boiling spring.

(143) The most famous of these springs is the Great
Geyser. It consists of a tube, seventy-four feet deep, and
ten feet in diameter. The tube is surmounted by a basin,
which measures from north to south fifty-two feet across,
and from east to west sixty feet. The interior of the tube
and basin is coated with a beautiful smooth siliceous plas-
ter, so hard as to resist the blows of a hammer; and the
first question is, How was this wonderful tube constructed
—how was this perfect plaster laid on? Chemical analy-
sis shows that the water holds silica in solution, and it
-might therefore be conjectured that the water had de-
posited this silica against the sides of the tube and basin.
But such is not the case; the water deposits no sediment ;
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no matter how long it may be kept, no solid substance is
separated from it. I have here a specimen which has been
bottled up and preserved for years, as clear as crystal, with-
out showing the slightest tendency to form a precipitate.
To answer the question in this way would moreover assume
that the shaft was formed by some foreign agency, the water
merely lining it. Thé geyser-basin, however, rests upon the
summit of a mound about forty feet high, and it is evident,
from mere inspection, that the mound has been deposited
by the geyser. But in building up this mound the spring
must have formed the tube which perforates the mound,
and hence the conclusion that the geyser is the architect
of its own tube.

(144) -If we place a quantity of the geyser water in an
evaporating basin, the following takes place : In the centre
of the basin the liquid deposits nothing, but at the sides,
where it is drawn up by capillary attraction, and thus
subjected to speedy evaporation, we find silica deposited.
Round the edge a ring of silica is laid on, and not until
the evaporation has continued a considerable time do we
find the slightest turbidity in the middle of the water.
This experiment is the microscopic representant of what
occurs in Iceland. Imagine the case of a simple thermal
siliceous spring, whose waters trickle down a gentle incline ;
the water thus exposed evaporates, and silica is deposited.
This deposit gradually elevates the side over which the
water passes, until, finally, the latter has to take another
course. The same takes place here, the ground is elevated
as before, and the spring has to move forward. Thus it is
compelled to travel round and round, depositing its silica
and deepening the shaft in which it dwells, until finally,
in the course of ages, the simple spring has produced that
‘wonderful apparatus which has so long puzzled and aston-
ished both the tourist and the philosopher.
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(145) Previousto an eruptiofl, both the tube and basin
are filled with hot water: detonations which shake the
ground are heard at intervals, and each is succeeded hy a
violent agitation of the water in the basin. The water
column is lifted up, forms an eminence in the middle of
the basin, and an overflow is the consequence. These-
detonations are evidently due to the production of steam
in the ducts which feed the geyser tube, which steam, escap-
ing into the cooler water of the tube, is there suddenly
condensed, and produces the explosions. Professor Bunsen
succeeded in determining the temperature of the geyser
tube, from top to bottom, a few minutes before a great
eruption ; and these observations revealed the extraordinary
fact, that at no part of the tube did the water reach its
boiling point. In the annexed sketch (fig. 37) I have
given, on one side, the temperatures actually observed, and
on the other side the temperatures at which water would
boil, taking into account both the pressure of the atmo-
sphere and of the superincumbent column of water. The
nearest approach to the boiling point is at A, thirty feet
from the bottom : but even here the water is 2° Centigrade,
or more than 31° Fahr., below the temperature at which it
could boil. How then is it possible that an eruption could
occur under such circumstances ?

(146) Fix your attention upon the water at the point 4,
where the temperature is within 2° C. of the boiling point.
Call to mind the lifting of the column when the detona-
tions are heard. Let us suppose that by the entrance of
steam from the ducts near the bottom of the tube, the
geyser column is elevated six feet, a height quite within
the limits of actual observation ; the water at A is thereby
transferred to B. Its boiling point at a is 123-8°, and its
actual temperature 121-8°; but at Bits boiling point is only
120:8°; hence, when transferred from A to 'B, the heat
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which it possesses is in excess of that necessary to make it
boil. This excess of heat is instantly applied to the gene-
ration of steam : the column is lifted higher, and the water
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below is further relieved. More steam is generated ; from
the middle downwards the mass suddenly bursts into
ebullition : the water above, mixed with steam-clouds, is
projected into the atmosphere, and we have the geyser
eruption in all its grandeur.

(147) By its contact with the air the water is cooled,
falls back into the basin, partially refills the tube, in whicb
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1t gradually rises, and finally fills the basin as before.
Detonations are heard at intervals, and risings of the water
in the basin. These are so many futile attempts at an '
eruption, for not until the water in the tube comes suffi-
ciently near its boiling temperature to make the lifting of
the column effective, can we have a true eruption.

(148) To the celebrated Bunsen we owe this beautiful
theory, and now let us try to justify it by experiment.
Here is a tube of galvanised iron, six feet long, 4 B (fig. 38),
surmounted by a basin, ¢ . It is heated by a fire under-
neath; and, to imitate as far as possible the condition of
the geyser, the tube is encircled by a second fire, ¥, at a
height of two feet from the bottom. Doubtless the high
temperature of the water, at the corresponding part of the
geyser tube, is due to a local action of the heated rocks.
The tube is filled with water, which gradually becomes
heated ; and regularly, every five minutes, the liquid is
ejected into the atmosphere.
 (149) There is another famous spring in Iceland called
the Strokkur, which is usually forced to explode by stop-
ping its mouth with clods. We can imitate the action
of this spring by stopping the mouth of our tube A B
with a cork. And now the heating progresses. The
steam below will finally attain sufficient tension to eject
the cork, and the water, suddenly relieved from the pres-
sure, will burst forth in the atmosphere. The ceiling of
this reom is nearly thirty feet from the floor, but the
emption has reached the ceiling, from which the water
now drips plentifully. In fig. 39 is given a section of the
Strokkur.

(150) By stopping our model geyser-tube with corks,
through which glass tubes of various lengths and diameters
pass, the action of many of the other eruptive springs may
be accurately imitated. We can readily, for example,
produce an intermittent action; discharges of water and
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impetuous steam-gushes follow each other in quick succes-
sion, the water being squirted in jets fifteen or twenty feet
high. These experimentsprove that the

geyser tube itself is the sufficient cause Fia. 39.

of the eruptions, and we are relieved
from the necessity of imagining under-
ground caverns filled with water and
steam, which were formerly regarded
as necessary to the production of these
wonderful phenomena.

(151) A moment’s reflection will
suggest to you that there must be a
limit to the operations of the geyser.
When the tube has reached such an
altitude that the water in the depths
below, owing to the increased pressure,
cannot attain its boiling point, the
eruptions of mnecessity cease. The
spring, however, continues to deposit
its silica, and often forms a Laug, or
cistern. Some of those in Iceland are forty feet deep. Their
beanty, according to Bunsen, is indescribable ; over the sur-
face curls a light vapour, the water is of the purest azure,
and tints with its own hue the fantastic incrustations on the
cistern walls ; while, at the bottom, is often seen the mouth
of the once mighty geyser. There are also in Iceland traces
of vast, but now extinct, geyser operations. Mounds are
observed, whose shafts are filled with rubbish, the water
having forced a passage underneath and retired to other
scenes of action. We have, in fact, the geyser in its youth,
manhood, old age, and death, here presented to us. In its
youth, as a simple thermal spring; in its manhood, as the
eruptive column ; in its old age, as the tranquil Laug; while
its death is recorded by the rmined shaft and forsaken
mound, which testify the fact of its once active existence.

K
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CHAPTER V.

APPLICATION OF THE DYNAMICAL THEORY TO THE PHENOMENA OF SPECIFIC
AND LATENT HEAT—DEFINITION OF ENERGY : POTENTIAL AND DYNAMIC
ENERGY—ENERGY OF MOLECULAR FORCES-—EXPERIMENTAL ILLUSTRA-
TIONS OF SPECIFIC AND LATENT HEAT—MECHANICAL VALUES OF THE
ACTS OF COMBINATION, CONDENSATION, AND CONGELATION IN THE CASE
OF WATER—SOLID CARBONIC ACID—THE SPHEROIDAL STATEI OF LIQUIDS
—FLOATING OF A SPHEROID ON ITS OWN VAPOUR—FREEZING OF WATER
AND MERCURY IN A RED-HOT CRUCIBLE.

(152) WHENEVER a difficult expedition is under-

taken in the Alps, the experienced moun-
taineer begins the day at a slow pace, so that when
the real hour of trial arrives he may find himself hard-
ened instead of exhausted by his previous work. We, to-
day, are about to enter on a difficult enterprise. Let us
commence it in the same spirit; not with a flush of en-
thusiasm, which labeur will extinguish, but with patient
and determined hearts, which will not recoil should a
difficulty arise.

(153) This lead weight, you observe, is attached to a
string which passes over a pulleyat the top of the room. We
know that the earth and the weight are mutually attractive;
the weight now rests upon the earth, and exerts a cer-
tain pressure upon its surface. The earth and the weight
here touch each other; their mutual attractions are as far
as possible satisfied, and motion, by their mutual approach,
is no longer possible. As far as the attraction of gravity
is concerned, the possibility of producing motion ceases
as soon as the two attracting bodies are actually in contact.
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(154) I draw up this weight. It is now suspended at 2
height of sixteen feet above the floor, where it remains
just as motionless as when it rested on the floor ; but, by
introducing a space between the floor and it, I entirely
change the condition of the weight. By raising it, I have
conferred upon it a motion-producing power. There is
now an action possible to the weight whiech was not pos-
sible when it rested upon the earth ; 4t can fall, and, in
its descent, can turn a machine, or perform other work.
Let us employ the useful and appropriate term energy
to denote the power of performing work ; we might then
fairly use the term possible energy, to express the power
of motion, which our drawn-up weight possesses, but
which has not yet been exercised by falling ; or we might
“eall it ¢ potential energy,” as some eminent men haive
already done. This potential energy is derived, in the
case before us, from the pull of gravity, which pull,
. however, has not yet resulted in motion. But I now let
the string go; the weight falls, and reaches the earth’s
surface with a velocity of thirty-two feet a second. At
every moment of its descent it was pulled down by gravity,
and its final moving force is the summation of the pulls.
While in the act of falling, the energy of the weight is
active. It may be called actual energy, in antithesis to
possible ; or it may be called dynamic energy, in antithe-
sis to potential, or we might call the energy with which
the weight descends moving force. The great thing, now,
is to be able to distinguish energy in store from energy in
action. Once for all, then, let us take the terms of Mr.
Rankine, and call the energy in store ¢ potential,’ and the
energy in action ¢actual”* If, after this, I should use

* Helmholtz, in his admirable memoir on ‘Die Erhaltung der Kraft-
(1847), divided all energy into femsion and wis viva. (Spannkrifte und
Lebendige Krifte.)

x 2
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the terms °¢possible energy, or ¢dynamic energy,  or
¢ moving force,” you will have no difficulty in affixing the
exact idea to these terms.

(155) Our weight started from a height of sixteen feet ;
let us fix our attention upon it, after it has accomplished
the first foot of its fall. The total pull, if I may use the
term, to be expended on it, has been then diminished by
the amount cxpended in its passing through the first foot.
At the height of fifteen feet it has one foot less of potential
energy than it possessed at the height of sixteen feet,
but at the height of fifteen feet it has an equivalent
amount of dynamic or actual energy, which, if reversed
in direction, would raise it again‘ to its primitive height.
Hence, as ‘potential energy disappears, actual energy
comes into play. Zhroughout the wniverse, the sum of
these two energies is constant. To create or annihilate
energy is as impossible as to create or annihilate matter;
and all the phenomena of the material universe consist .
in transformations of energy alone. The principle here
enunciated is called the law of the conservation of
energy.

(156) It isas yettoo early to refer tn organic processes,
but could we have observed the molecular condition of my
arm as I drew up that weight, it would have been seen that
in accomplishing this mechanical act, an equivalent amount
of some other form of energy was consumed. That energ‘y;
we shall afterwards learn, is heat. If the weight were
raised by a steam-engine, a portien of heat would also dis-
appear, exactly equivalent te the work done. The weight is
about a pound, and to raise it sixteen feet would consume
as much heat as would raise the temperature of a cubic
foot of air about 1° F. Conversely, this quantity of heat
would be generated by the falling of the weight from a
height of sixteen feet.

(157) It is easy to see that, if the force of gravity‘
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were immensely greater than it is, an immensely greater
amount of heat would have to be expended in raising the
weight. The greater the attraction, the greater would
be the amount of heat necessary to overzome it ; but con-
versely, the greater would be the amount of heat which a
falling body would then develope by its collision with the
earth. E
(158) We must turn these conceptions, regarding
sensible masses, to account, in forming conceptions Te-
garding insensible masses. As an intellectual act, it is
quite as easy to conceive the separation of two mutually
attracting atoms, as to conceive the separation of the earth
and weight. We have already had occasion to refer to the
intensity of molecular forces, and here we must return to
the subject. Closely locked together as they are, the atoms
of bodies, though we cannot suppose them to be in contact,
exert enormous attractions. It would require an almost
incredible amount of ordinary mechanical force to widen
the distances intervening between the atoms of any solid
or liquid, so as to increase its volume in any sensible
degree. It would also require a force of great magnitude
to squeeze the particles of a liquid or solid together, so as
‘to make the body sensibly less in size. I have vainly
tried to augment permanently the density of a soft metal
by pressure. Water, which yields so freely to the hand
plunged in it, was for a long time regarded as absolutely
incompressible. Great force was brought to bear upon it ;
but sooner than shrink, it oozed through the pores of
the metal vessel which contained it, and spread like a dew
on the surface.* By refined and powerful means we can

% T have to thank my friend, Mr. Spedding, for the following extract in
reference to this experiment :—

¢ Now it is certain that rarer bodies (such as air) allow a considerable
degree of contraction, as has been stated ; but that tangible bodies (such as
water) suffer compression with much greater difficulty and to a less extent.
How far they do suffer it, I have investigated, in the following experiment:
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now compress water, but the force necessary to accomplish
this is very great. When, therefore, we wish to overcome
molecular forces, we must attack them by their peers.
Heat accomplishes what mechanical energy, as generally
wielded, is incompetent to perform. Bodies, when heated,
expand, and to effect this expansion their molecular:
attractions must be overcome ; and where the attractions
to be surmounted are so vast, we may infer that the
quantity of heat necessary to overpower them will be

commensurate.
(159) And now I must ask your entire attention.

Suppose a certain amount of heat to.be imparted to
this lump of lead, how is that heat d1<posed of within
the substance? "It is applied to two distinet purposes
—it performs two different kinds of work.' One portion
of it excites that species of motion which augments the
temperature of the lead, and which is sensible to the
thermometer ; but another portion of it goes to force

T had a hoilow globe of lead made capable of holding about two pints,.and”
sufficiently thick to bear considerable force; having made a hole in it, I
filled it with water, and then stopped up the hole with melted lead, so that
the globe became quite solid. I then flattened the two opposite sides of the
globe with a heavy hammer, by which the water was necessarily contracted
into less space, a sphere being the figure of largest capacity; and when
the hammering had no more effect in making the water shrink, I made use
of a mill or press; till the water, impatient of further pressure, exuded
through the solid lead like a fine dew. I then computed the space lost by
the compression, and concluded that this was the extent of compression
which the water had suffered, but only when constrained by great violence.’
(Bacon's ¢ Novum Organum,’ published in 1620 : vol.iv. p. 209 of the trans-
lation.) Note by R. Leslie Ellis, vol. i. p. 324 :—¢ This is perhaps the most
remarkable of Bacon’s experiments, and it is singular that it was so little
spoken of by subsequent writers. Nearly fifty years after the production of
the “Novum Organum,” an account of a similar experiment was published
by Megalotti, who was secretary of the Accademia del Cimento at Florence;
and it has since been familiarly known as the Florentine experiment.

It is to be remembered that Leibnitz (Nouveaux Essais), in mentioning
the Florentine experiment, says that the globe was of gold (p. 229, Erd-
mann), whereas the Florentine academicians expressly say why they pre-
ferred silver to either gold or lead.
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the atoms of lead into new positions, and this portion 4s
lost as heat. The pushing asunder of the atoms of the
lead in this case, in opposition to their mutual attractions,
is exactly analogous to the raising of our weight in op-
position to the force of gravity, a loss of heat, in both
cases, being the result. Let me try to make the comparison
between the two actions still more strict. Suppose that
a definite amount of force is to be expended upon our
weight, and that this force is divided into two portions,
one .of which is devoted to the actual raising of the weight,

while the other is employed to cause the weight, as it
ascends, to oscillate like a pendulum, and to oscillate,
moreover, with gradually augmented width and rapidity :

we have, then, the analogue of that which occurs when
heat is imparted to the lead. The atoms are pushed apart,

but, during their recession, they vibrate with gradually
augmented intensity. Thus,the heat communicated to the
lead, resolves itself, in part,into atomic potential energy,
and in part into actual energy, which may be regarded as
a-kind of atomic music, the musical partalone being com-
petent to act upon our thermometers or to affect our nerves.

(160) In this case, then, the heat not only imparts
actual energy to the vibrating atoms, but also accom-
plishes what we may call interior work ;* it performs
work within the body heated, by forcing its particles to
take up new positions. When the body cools, the forces
which were overcome in the process of heating come into
play ; the heat which was consumed in the recession of the
atoms being restored upon their approach.

(161) Chemists have determined the relative weights of
the atoms of different substances. Calling the weight of
a hydl'ogen atom 1, the weight of an oxygen atom is 16.
Hence, to make up a pound weight of hydrogen, sixteen
times the number of atoms contained in a pound of oxygen

* See the excellent memoirs of Clausius in the Philosophical Magazine, -
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would be mnecessary. The number of atoms required to
make up a pound is, evidently, inversely proportional - to
the atomic weight. We here approach a very delicate and
important point. The experiments of Dulong and Pétit,
and of MM. Regnault and Neumann, render it extremely
probable that all elementary atoms, great or small, light"
or heavy, when at the same temperature, possess the

same amount of the energy we call heat, the lighter

atoms making good by velocity what they want in mass.

Thus, each atom of hydrogen has the same moving energy

as an atom of oxygen, at the same temperature. But,

inasmuch as a pound weight of bydrogen contains sixteen

times the number of atoms, it must also contain sixzteen

times the amount of heat possessed by a pound of oxygen,

at the same temperature. '

(162) From this it follows, that to raise a pound of
hydrogen a certain number of degrees in temperature—
say from 50° to 60°—would require sixteen times the
amount of heat, needed by a pound of oxygen, under the
same circumstances. Conversely, a pound of hydrogen,
in falling through 10° would yield sixteen times the
amount of heat yielded by a pound of oxygen in falling
through the same number of degrees. The atomic weight
of nitrogen being 14, the same reasoning leads to the con-
clusion, that a pound of hydrogen contains fourteen times
the amount of heat contained by a pound of nitrogen.
This conclusion, as we shall immediately learn, is verified
by experiment.

(163) In oxygen and hydrogen we have no sensible
¢interior work’ to be performed ; there are no molecular
attractions of sensible magnitude to be overcome. But
in solid and liquid bodies, besides the differences due to
the number of atoms present in the unit of weight, we
have also differences, due to the consumption of heat in
interior work. Hence, it is clear that the absolute amounts



cHAP, V. SPECIFIC HEAT OF SOLIDS AXD LIQUIDS. 137

of heat, which -different bodies possess, are not at all de-
clared by their temperatures. To raise a pound of water,
for example, one degree, would require thirty times the
amount of heat necessary to raise a pound of mercury one
degree. Conversely, the pound of water, in falling through
one degree, would yield thirty times the amount of heat
yielded by the pound of Iﬁercury.

(164) Let me illustrate, by a simple experiment, the
differences which exist between- bodies, as to the quantity
of heat which they contain. Here is a cake of bees-wax,
six inches in diameter and half an inch thick. Here also
is a vessel containing oil, which is now at a temperature
of 180° C. In the hot oil are o
immersed a number of balls of ~
different metals—iron, lead,
bismuth, tin, and’ copper At
present they all possess the
same temperature, namely, that
of the oil. I lift them out of
the oil, and place them upon
‘this cake of wax ¢ p (fig. 40),
which is supported by the ring
of a retort-stand; they melt
the wax underneath, and sink
in it. But they are sinking
with different velocities. The iron and the copper are
working themselves much more vigorously into the fusible
mass than the othérs; the tin comes next, while the lead
and the bismuth lag entirely behind. And now the iron
has gone clean through ; the copper follows; the bottom
of the tin ball just protrudes from the lower surface of the
cake, but it cannot go farther ; while the lead and bismuth
have made but little way, being unable to sink to much
more than half the depth of the wax.

(165) If, then, equal weights of different. substances

Fra. 40.
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were all heated, say to 100°, and it the exact amount of heat
which each of them gives out in cooling from 100° to
0° were determined, we should find very different amounts
of heat for the different substances. Eminent men have
solved this problem, by observing the #¢me which a body
requires to cool. Of course, the greater the amount of heat
possessed or generated by its atoms, the longer would the
body take to cool. The relative quantities of heat yielded
up by -different bodies have also been determined by
pluniging them, when heated, into cold water, and observ-
ing the gain of heat on the one hand and the loss on the
other. The problem has also heen solved, by observing
the quantities of ice.which different bodies can liquefy,
in falling from 100° C. to 0°, or from 212° Fahr. to 32°
These different methods have given concordant results.
According to the celebrated- French experimenter Reg-
nault, the following numbers express the relative amounts
of heat given out by a unit of weight of each of the sub-
stances named in the table, in cooling from 98° C. to
15° C.

Aluminium 0-2143 Nickel 0-1086
Antimony 0:0508 Osmium .. 00311
Arsenic 00814 Palladium Y 00593
Bismuth . 0:0308 Phosphorus (solid) 01887
Boron 0-2352 s» {amorphous) 0-1700
Bromine . 0-1129 Platinum 0-0329
Cadmium 0-0567 Potassium 01696
Carbon 02414 Rhodium 0-0580
Cobalt 0-1067 Selenium 0-0827
Copper 0-0952 Silicon 0°1774
Diamond 01469 Silver 0-0570
Gold 00324 Sodium 02934
Todine 0:0541 Sulphur (native) 0-1776
Iridium 0-0326 »» (recently melted) .0°2026
Iron 0-1138 Tellurium . 0-0474
Lead 0-0814 Thallium 00336
Lithium . 0-9408 Tin . 0:0562
Magnesium 0-2499 Tungsten 0-0334
Manganese 01217 Water 1-0080

Mercury . {0333 Zine 0:0955



CHAP. V. MECHANICAL VALUE OF SPECIFIC HEAT. 159

A moment’s inspection of this table explains the reason
why the iron and copper balls melted through the wax; it
was in consequence of their high specific heat, while the
lead and bismuth balls were incompetent to do so; it will
also be seen that tin here occupies the position which our
experiment with the cake of wax assigns to it; water,
we see, yields more heat than any other substance in
the list. |

(166) Each of these numbers denotes what has been
hitherto called the ¢specific heat,” or the ¢capacity for
heat,” of the substance to which it is attached. As stated
on a former occasion, those who considered heat to be a
fluid, explained these differences by saying that some sub-
stances had a greater store of this fluid than others. We
may, without harm, continue to use the term ‘ specific
heat’ or ¢capacity, for heat,” now that we know the true
nature of the actions denoted by the term. It is a note-
worthy fact, that as the specific heat increases, the atomic
wetght diminishes, and vice versa ; so that the product of
the atomic weight and specific heat is, in almost all cases,
a sensibly constant quantity. This illustrates a remark
already made, that the lighter atoms make good by velocity
what they want in mass.

(167) The magnitude of the forces engaged in this
atomic motion, and interior work, as measured by any
ordinary mechanical standard, is emormous. A pound
of iron, on being heated from 0°°C. to 100° C., expands
by about zith of the volume which it possesses at 0°.
Its augmentation of volume would certainly escape the
most acute eye; still, to give its atoms the motion cor-
responding to this augmentation of temperature, and to
shift them through the small space indicated, an amount
of heat is requisite which would raise about eight tons
one foot- high. The force of gravity almost vanishes
in comparison with these molecular forces; the pull of
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the earth upon the pound weight, as a mass, is as
nothing compared with the mutual pull of its own mole-
cules. Water furnishes a still subtler example. Water
expands on both sides of 4° C. or 39° F.; at 4° C. it has
its maximum density. Suppose a pound of water to be
heated from 31° C. to 41° C.—that is, one degree—its
volume at both temperatures is the same ; there has been
no foreing asunder whatever of the atomic centres, and
still, though the volume is unchanged, an amount of heat
has been imparted to the water, sufficient, if mechanically
applied, to raise a weight of 1,390 lbs. a foot high. The
interior work, done here by the heat, is simply that of
causing the atoms of water to rotate. It separates their
attracting poles by a tangential movement, but leaves their
centres at the same distance asqﬁ»der, first and last. The
conceptions here dealt with may not be easy to those un-
accustomed to such studies, but they can be realised, with
perfect clearness, by all who have the patience to dwell
upon them for a sufficient length of time. |

(168) We thus see that there are descriptions of interior
work, different from that of pushing the atoms more widely
apart. An enormous quantity of interior work may be
accomplished, while the atomic centres, instead of being
pushed apart, approach each other. Polar forces—forces
emanating from distant atomic points, and acting in dis-
tinet directions, give to crystals their symmetry; and the
overcoming of these forces, while it necessitates a consump-
tion of heat, may also be accompanied by a diminution
of volume. This is illustrated by the deportment of both
ice and bismuth in liquefying.

(16)) The most important experiments on the speecific
heat of elastic fluids we owe to M. Regnault. He deter-
mined thequantities of heat necessaryto raise equal weights
of gases and vapours, and also the quantities necessary to
raise equal volumes of them, through the same number of
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degrees. Calling the specific heat of water 1, here are
some of the results of this invaluable investigation—

SimprE Gases.

'Speciﬁc heats

-
Equal weights Equal volumeg

Air 0-237

Oxygen 0-218 0-240
Nitrogen 0-244 0-237
Hydrogen 3-409 0-236
Chlorine 0-121 0-296
Bromine 0-055 0-304

(170) We have already arrived at the conclusion that,
for equal weights, hydrogen would be found to possess
sixteen times the amount-of heat possessed by oxygen,
and fourteen times that, of nitrogen, because the hydrogen
contains sixteen times the number of atoms in the omne
case, and fourteen times the number in the other. We
here find this conclusion verified experimentally., Equal
volumes, moreover, of all these gases contain the same
number of atoms, and hence we should infer that the
specific heats of equal volumes ought to be equal. They
are very nearly so for oxygen, nitrogen, and hydrogen ;
but chlorine and bromine differ considerably from the
other elementary gases. Now bromine is a vapour, and
chlorine a gas, easily.liquefied by pressure ; hence, in both
these cases, the mutual attraction of the atoms, which is
insensible in oxygen, nitrogen, and hydrogen, requires a
portion of heat to overcome it. The specific heats of
chlorine and bromine at equal volumes are, therefore,
higher.

(171) Certain simple gases unite to form compound
ones, without any change of volume. Thus, one volume of
chlorine combines with one volume of hydrogen, to form
two volumes of hydrochloric acid. In other cases the act
of combination is accompanied by a diminution of volume ;
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thus, two volumes of nitrogen combine with one of oxygen
to form two volumes of the protoxide of nitrogen. By the
act of combination, three volumes have, in this case, been
condensed to two. M. Regnault finds that the compound
gase; formed without condensation have, at equal volumes,
the same specific heat as oxygen, nitrogen, and hydrogen;
while with those which change the volume this is not the

case. o

CoxpoUND (GASES—WITHOUT CONDENSATION,

Specific heats
A

i)qual weights Equal vplume;

Nitric oxide . 0;232 0-241
Carbonie oxide 0245 0-237
Hydrochloric aeid . 0185 0.235

The specific heat of equal volumes of these compound
gases is the same as that of the three simple gases already
mentioned.

(17 2) CoMPOUND GASES—3 VOLUMES CONDENSED TO 2.

Speciﬁcgleats 2
. Eﬂqual weights Equal volum?s
Carbonice acid 0-217 0-331
Nitrous oxide 0-226 0-345
Aqueous vapour 0480 0-299
Sulphurous acid 0154 0341
Sulphide of hydrogen 0243 0-286
Bisulphide of carbon 0-157 0412

(173) Here we find the specific heats of equal volumes
neither equal to those of the elemenarty gases, nor equal
to each other. It is worth bearing in mind that the specific
heat of water is about double that of aqueous vapour, and
also double that of ice.

(174) Comparing equal weights, the specific heat of
water being 1, that of air is 0-287. Hence, a pound of
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water, in losing one degree of temperature, would warm
about 4'2 Ibs. of air one degree. But water is 770 times
heavier than air ; hence, comparing equal volumes, a cubic
foot of water, in losing one J&legree of temperature, would
raise 770 x 4:2=3,234 cubic feet of air one degree.

(175) The vast influence which the ocean must exert,as
a moderator of climate, here suggests itself. The heat of
summer is stored up in the ocean, and slowly given -out
during the winter. Hence one cause of the absence of
extremes in an island climate. The summer of the island
can never attain the fervid heat of the continental summer,
nor can the winter of the island be so severe as the conti-
nental winter. In various parts of the Continent fruits
grow which our summers cannot ripen ; but in these same
parts our evergreens are unknown; they cannot live through
the winter cold. Winter in Iceland is, as a generaf rule,
milder than in Lombardy.

(176) We have hitherto confined our attention to the
heat consumed in the molecular changes of solid and liquid
bodies, while these bodies continue solid and liquid. We
shall now direct our attention to the phenomena which
accompany changes of the stite of aggregation. When
sufficiently heated, a solid becomes a liquid ; and when
sufficiently heated, a liquid assumes the form of gas. Let
us take the case of ice, and trace it through the entire
cycle. The block of ice before you has now a temperature of
10° C. below zero. Let us warm it ; a thermometer fixed in
it rises to 0°, and at this point the ice begins to melt; the
thermometric column, which rose previously, s now ar-
rested in its march, and becomes perfectly stationary. The
warmth is still applied, but there is no augmentation of
temperature ; and, not until the last film of ice has been
removed from the bulb of the thermometer, does the mer-
cury resume its motion. It is now again ascending; it
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reaches 30°, 60°, 100°: here steam-bubbles appear in thev
liquid ; it boils, and from this point, onwards, the the'r-s
mometer remains stationary at 100°.

(177) But during the melting of the ice, and during
the evaporation of the water, heat is incessantly commu-~
nicated ; to simply liquefy the ice, as much heat is im-
parted as would raise the same weight of water 79:4° C., or
794 times that weight one degree in temperature; and
to convert a pound of water at 100°C. into a pound of
steam, at the same temperature, 537-2 times as much heat
is required as would rise a pound of water one degree
in temperature. The former number, 79-4° C. (or 143° F.),
represents what has been hitherto called the latent heat:
of water ; and the latter number, 537+2°'C. (or 967° F.), re-
presents the latent heat of steam. It was manifest to those
who first used these terms, that throughout the entire time
of melting, and throughout the entire time of boiling, heaf
was communicated ; but inasmuch as this heat was not
revealed by the thermometer, the fiction was invented that-
it was rendered latent. The fluid of heat was supposed to
hide itself, in some unknown way, in the interstitial spaces
of the water and the steam. According to our present
theory, the heat expended in melting is consumed in con-
ferring potential energy upon the atoms. It is, virtually,
the lifting of a weight. So,likewise, as regards steam, the
heat is consumed in pulling the liquid molecules asunder,
conferring upon them a still greater amount of potential
energy. When the heat is withdrawn, the vapour con-
denses, the molecules again clash with a dynamic energy
equal to that which was employed to separate them, and
the precise quantity of heat then consumed reappears.

(178) Theact of liquefaction consists of interior work—
of work expended in moving the atoms into new positions.
The act of vaporisation is also, for the most part, interior
work ; to which however must be added the exterior work
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of forcing back the atmosphere, when the liquid becomes
vapour.

(179) We are indebted to an eminent man to whom I
have already often referred, for the first accurate deter-
minations of the calorific powet of fuel. ¢Rumford esti-
mated the calorific power of a body by the number of parts,
by weight, of water, which one part, by weight, of the body
would, on perfect combustion, raise one degree in tempera-
ture. Thus, one pound of charcoal, in combining with
22 Ibs. of oxygen, to form carbonic acid, evolves heat suffi-
cient to raise the temperature of about 8,000 lbs. of water
1° C. Similarly, one pound of hydrogen, in combining
with eight pounds of oxygen, to form water, generates an
amount of heat sufficient to raise 34,000 Ibs. of water 1°C.
The calorific powers, therefore, of carbon and hydrogen
are as 8 : 34.”* The recent refined researches of Favre
and Silbermann entirely confirm the determinations of
Rumford.

(180) Let us, then, fix our attention upon this wonder-
ful substance, water, and trace it through the various stages
of its existence. First, we have its constituents as free
atoms of oxygen and hydrogen, which attract each other
and clash together. The mechanical value of this atomic
act is easily determined. The heating of 1 lb. of water
1° C. is equivalent to 1,390 foot-pounds ; hence the heating
034,000 1bs. of water 1° C. is equivalent to 34,000 x 1,390
foot-pounds. We thus find that the concussion of our 1 Ib.
of hydrogen with 8 Ibs. of oxygen is equal, in mechanical
value, to the raising of forty-seven million pounds one
foot high. It was no overstatement which affirmed that
the force of gravity, as exerted near the earth, is almost
a vanishing quantity, in comparison with these mole-
cular forces. The distances which separate the atoms
before combination are so small as to be utterly immea-

* Percy’s Metallurgy, p. 563.
L
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surable; still, it is in passing over these distances that. the
atoms acquire a velocity, sufficient to cause‘them to clash
with the tremendous energy indicated above.

| (181) After combination, the substance is in a state of
vapour, which sinks to 100° C., and afterwards condenses
to water. In the first instance, the atoms fall together to
form the compound ; in the next instant t]ie ‘molecules
of the compound fall together to form a liquid. .The
mechanical value of this act.is also -easily .calculated;
9 1bs. of steam, in falling to water, generate an amount
of heat sufficient to raise 537-2 x 9=4,835 lbs. of water
1° C., or 967 x 9= 8,703 lbs. 1° F. Multiplying the
former number by 1,390, or the latter by 772, we have,
in round numbers, a product of 6,720,000 foot-pounds, as
the mechanical value of the mere act of condensation.* y
The next great fall is from the state of liquid to that
of ice, and the mechanical value of this act is equal to
993,564 foot-pounds. Thus, our 9 lbs. of water, at its
origin and during its progress; falls down three great preci-
pices: the first fall is equivalent, in energy, to the descent
of a ton weight down a precipice 22,320 feet high the
second fall is equal to that of a ton down a precipice 2,900
feet high ; and the third is equal to the fall of a ton down
a precipice 433 feet high. I have seen the wild stone-
avalanches of the Alps, which smoke and thunder down
the declivities, with a vehemence almost sufficient to stun
the observer. I have also seen snow-flakes descending so
softly, as not to hurt the fragile spangles of which they
were composed ; yet to produce, from aqueous vapour, a
auantity, which a child could carry, of that tender material,

* In Rumford’s experiments the heat of condensation was included in his
estimate of calorific power; deducting the above number from that found
for the chemical union of the hydrogen and oxygen, forty millions of foot-
pounds would still remain as the mechanical value of the act of combina-
tion.
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demands an exertion of energy competent to gather up the
shattered blocks of the largest stone-avalanche I have ever
seen, and pitch- them to twice the height from which they
fell.‘ |

" (182) A few experimental illustrations of the calorific
effects which accompany the change of aggregation will
not be out of place here. I place the thermo-electric
pile with its back upon the table, and on its naked face
a thin silver ‘basin, B (fig. 41), which contains a
quantity” of water slightly warmed; the mneedle of the
galvanometer, moves to 90°, and remains permanently
deflected at+*70°. I now put a little powdered nitre, not
more than will cover a threepenny-piece, in the basin,
and allow it to dissolve. The nitre was previously placed
before the fire, so that not only was the liquid warm,
but also the solid powder. Observe the effect of their

Fira. 41.

mixture. The nitre dissolves in the water; and to pro-
duce this change, all the heat which both the water and
the nitre possess, in excess of the temperature of this room,
is consumed, and, indeed, a great deal more. The needle,
you see, not only sinks to zero, but moves strongly up at
the other side, showing that the face of the pile-is now
powelfully chilled.

(183) Pouring out the chilled liquid, and replacing it
with warm water, I introduce a pinch of common salt.
The needle was at 70° when the salt was put in; it is

L2
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now sinking, it reaches zero, and moves up on the side
which indicates cold. But the action is not at all so
strong as in the case of saltpetre. As regards latent heat,
then, we have differences similar to those which we have
already illustrated as regards specific heat. Putting:a
little sugar, instead of salt, in the water, the amount of
heat absorbed is sensible; the liquid is chllled but the
amount of chilling is much less than in either of the
former cases. Thus, when you sweeten your hot tea, you
cool it in the most philosophi.cgsl manner ; when you put
salt in your soup, you do the same; and if you were con-
cerned with the act of cooling alone, and careless of the
flavour of your soup, you might hasten its refrigeration by
adding to it saltpetre.

(184) On a former occasion a mixture of pounded ice
and salt was employed to obtain intense cold. Both the
salt and the ice, when they are thus mixed together, change
their state of aggregation, and, as a consequence, the tem-
perature of the mixture sinks many degrees below the
freezing point of water. Here is a nest of watch-glasses
wrapped in tin-foil, and immersed in a mixture of ice and
salt. Into each watch-glass was poured a little water,
in which the next glass rested. They are now all frozen
together to a solid cylinder, by the cold of this mixture of
ice and salt.

(185) I will now reverse the process, and endeavour
to show you the heat developed, in passing from the liquid
to the solid state. But first let me show you that heat is
rendered latent, when sulphate of soda is dissolved. Test-
ing the substance as the nitre was tested, you see that as
the crystals dissolve the pile is chilled. And now for
the complementary experiment. This large glass vessel,
B (fig. 42), with its long neck, is filled with a solution
of sulphate of soda. Yesterday, my assistant dissolved the
substance in a pan over our laboratory fire, and filled this
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bottle with the solution. He then covered the top care-
fully with a piece of bladder, and

placed the bottle behind this L

table, where it has remained un-
disturbed throughout the night.
The liquid is, at the present
moment, supersaturated with sul-
phate of soda. VVhen the# water
was ho{;, it melted more thar‘ll it
could melt when ceold ; but now e
the temperature has sunk much
lower than that which corre-
sponds to the point of saturation.
This state of things is secured
by keeping the solution perfectly
still,and permitting nothingtofall
into it. Water, kept thus still,
may be cooled many degrees below its freezing point.
Some of you may have noticed the water in your jugs,
after a cold winter night, suddenly freeze, on being
poured out in the morning. In cold climates this is
not uncommon. The particles of sulphate of soda, in
this solution, are on the brink of a precipice, and may
be pushed over it, by simply dropping a small crystal of
the substance, not larger than a grain of sand, into the
solution. Observe what takes place—the bottle now con-
tains a clear liquid; I drop the bit of crystal in, it does
not sink ; the molecules have closed round it, to form a
solid, in which it is now embedded. The passage of the
atoms from a state of freedom to a state of bondage goes
on quite gradually ; you see the solidification extending
down the neck of the bottle. The naked face of the
thermo-electric pile rests against the convex surface of
the bottle, and the needle of the galvanometer points
to zero. The process of crystallisation hasnot yet reached
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the liquid in front of the pile, but you see it approaching.
The salt is now solidified opposite the pile; and mark the
effect. The atoms, in falling to the solid form, develope
heat ; this heat communicates itself to the glass envelope,
which, in its turn, warms the pile, and the needle flies to
90°. The quantity of heat thus rendered sensible by
solidification is exactly equal to that which was rendered
latent by liquefaction. ,

(186) We have, in these experiments, dealt with the
latent heat of liquids; let me now direct your attention to
a few experiments illustrative of what has been called the
latent heat of vapours—in other words, the heat consumed
in conferring potential energy, when a body passes from
the liquid to the gaseous state. As before, the pile is
laid upon its back, with its naked face upwards; on this
face is placed the silver basin already used, and which
now contains a small quantity of a volatile liquid, pur-
posely warmed. The needle moves, indicating heat. But
scarcely has it attained 90°, when it turns promptly, de-
scends to 0°, and flies up with violence on the side of
cold. The liquid here used is sulphuric ether; it is very
volatile, and the speed of its evaporation.is such, that it
consumes rapidly the heat at first communicated to it,and
then abstracts heat from the face of the piles I remove
the ether, and supply its place by alcohol, slightly warm ;
the needle, as before, ascends on the side of heat. By a
pair of small bellows we can promote the evaporation of the
alcohol ; you see the needle descending, and now it is up at
90° on the side of cold. Water is not nearly so volatile as
aleohol ; still, with this arrangement, the absorption of heat
by the evaporation of water may be shown. We use some-
times unglazed pottery for holding water, which admits of a
slight percolation of the liquid, and thus causes a dewiness
on the external surface. From that surface evaporation
goes on, and the heat necessary for this molecular work,
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being drawn in great part from the water within, keeps it
cool. Butter-coolers are made on the same principle.
(187) The extent,to which refrigeration may be carried
by the evaporation of water is illustrated by the fact that
water may be frozen, through the simple abstraction of
heat by its own vapour. 'Tkhe instrument which effects
this is called a cryophorus, or ice-carrier, which was
invented by Dr. Wollaston. It is made in this way—
a little water is put into one of these bulbs, 4 (fig. 43);
the other bulb, B, while softened by heat, had a tube
drawn out from it, with a minute aperture at the end.
The water was boiled in 4, and steam was produced, until
it had chased all the air away through the small aperture
in the distant bulb. When the bulbs, and connecting tube,

Fic. 43.

were filled with pure steam, the small orifice was sealed
with a blowpipe. Here, then, we have water and its
vapour, with scarcely a trace of air. You hear how the
liquid rings, exactly as it did in the -case of the water-
hammer.

(188) I turn all the liquid into one bulb, A, which is
dipped into an empty glass, to protect it from air currents.
The empty bulb, B, is plunged into a freezing mixture ;
thus, the vapour which escapes from the liquid in the bulb
A, is condensed, by the cold, to water in B. This condensa-
tion permits of the formation of new quantities of vapour.
As the evaporation continues, the water which supplies the
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vapour becomes more and more chilled. In a quarter of
an hour, or twenty minutes, it will be converted into a cake
of ice. Here, in fact, is the opalescent solid, formed in &
second instrument, which was set in action about balf an
hour ago. The whole process of refrigeration consists in
the uncompensated transfer of atomic motion from the one
bulb to the other. '

(189) But the most striking example of the consumption
of heat, in changing the state of aggregation, is furnished
by a substance which is imprisoned in this strong iron
bottle. - This bottle contains carbonic acid, liquefied by
enormous pressure. The substance, you know, is a gas
under ordinary circumstances. This glass jar is full of the
gas,which, though it manifestsits nature by extinguishing a
taper, is not to be distinguished, by the eye, from common
air. When the cock attached to the iron bottle is turned,
the pressure upon the acid is relieved ; the liquid boils—
flashes, as it were, suddenly into gas, which rushes from
the orifice with impetuous force. You can trace this cur-
rent_through the air; mixed with it you see a white sub-
stance, which is blown to a distance of eight or ten feet.
What is this white substance ? It is carbonic acid snow.
The cold produced, in passing from the liquid to the
gaseous state, is so intense, that a portion of the carbonic
acid is actually frozen to a solid, which mingles, in small
flakes, with the issuing stream of gas. This snow may be
collected in a suitable vessel. Here is a cylindrical box,
with two hollow handles, through which the gas isallowed
to issue. Right and left you see the turbid ecurrent,
but a large portion of the frozen mass is retained in the
box. On being opened, you see it filled with this perfectly
white solid.

(190) The solid disappears very gradually ; its conver-
sion into vapour is slow, because it can only slowly collect,
from surrounding substances, the heat necessary to vaporise
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it.  You can handle it freely, but not press it too much,
lest it should burn you. It is cold “enough to burn the
hand. When a piece of it is plunged into water, and held
there, you see bubbles rising through the water—these are
pure carbonic acid gas. It possesses all the properties of
the substance as commonly prepared. I put a bit of the
acid into my mouth, taking care not to inhale, while it is
there. Breathing against this candle, my breath extin-
guishes the flame. How it is possible to keep so cold a~
substance in the mouth without injury will be immediately
explained. A piece of iron, of equal coldness, would do
serious damage.

(191) Water will not melt this snow, but sulphuric
ether will; and on pouring a quantity of this ether on
the snow, a pasty mass is obtained, which has an enor-
mous power of refrigeration. Here are some thick and
irregular masses of glass—the feet, in fact, of drinking-
glasses. I place a portion of the solid acid on them, and
wet it with ether ; you hear the glasses crack; they have
been shattered by the contraction produced by the intense
cold.

(192} In this basin is spread a little paper, and over the
paper is poured a pound or two of mercury ; on the mercury
is placed some solid carbonic acid, and over the acid is
poured a little ether. Mercury, you know, requires a very
low temperature to freeze it; but here it is frozen. It
is now before you as a solid mass ; the solid can be ham-
mered, and also cut with a knife. To enable me to lift the
mercury out of the basin, a wire is frozen into it; by
the wire I raise the mercury, and piunge it into a glass
Jar containing water. Itliquefies, and showers downwards
through the water ; but every fillet of mercury freezes the
water with which it comes into contact, and thus, round
each fillet is formed a tube of ice, through which you can
see the liquid metal descending. These experiments might
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be multiplied almost in@eﬁnitely; bnt enough has beent
dohe to illustrate the chilling effect of vaporisation. “
-(193) I have now to direct your attention to at.lother‘ |
‘and very singular class of phenomena, connected with thei}
production of vapour. On the table is a broad porcelain‘
basin, B (fig. 44), filled with hot water, and over this lamp is
a light silver basin, heated to redness. If the silver basin
be placed on the water, as at s, what will occur? You
| might naturally reply, that
B Wi the basin will impart its
' heat instantly to the water,
and be cooled down to the
temperature of the latter.
But nothing of this kind.
- oceurs. The silver for a

time developes a sufficient
amount of vapour under-
neath it, to lift it entirely out of contact with the water ; or,
in the language of the hypothesis developed on a former
occasion, it is lifted by the discharge of molecular projectiles
against its under surface. This will go on, until the tem-
‘perature of the basin sinks, and it is no longer able to
produce vapour of sufficient tension to support it. Then
it comes into contact with the water, and the ordinary
hissing of a hot metal, together with the cloud whick
forms overhead, declares the fact.

(194) Let us now reverse the experiment, and instead
of placing the basin in water, place water in the basin—
first of all, however, heating the latter to redness by a
lamp. You hear no noise of ebullition, no hissing of
the water, as it falls into the hot basin; the drop rolls
about on its own vapour—that is to say, it is sustained by
the recoil of the molecular projectiles, discharged from
its under surface. I withdraw the lamp, and allow the
basin to cool, until it is no longer able to produce vapour
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strong enough ‘to support the drop. The liquid then
touches the metal ; the instant it does so, violent ebullition
sets in, and the cloud, which you now observe, -forms above
the basin. -
(195) You cannot, from your present position, see this
flattened spheroid rolling about in the hot basin; but it may
be shown to you, and, if we are fortunate, you will see some-
thing very beautiful. There is, underneath the drop, an
incessant development of vapour, which, as incessantly,
escapes from it laterally. If the drop rest upon a flattish
surface, so that the lateral escape is very difficult, the
vapour will burst up through the middle of the drop. But

Fig. 45.

matters are here so arranged, that the vapour shall issue
laterally; and it sometimes happens that the escape is
rhythmic ; the vapour issues in regular pulses, and then
we have our drop of water moulded to a most beautiful
rosette. It is there mow-—a round mass of liquid, two
inches in diameter, with a beautifully crimped border.
Throwing the beam of the electric lamp upon this drop,
0o as to illuminate it, and holding this lens over it, I
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hops to cast its image on the ceiling, or on the screen,
It is now perfectly defined, forming a figure (fig. 45)
eighteen inches in diameter, with the vapour breaking, as
if in music, from its edge. If a little ink be added, so as
to darken the liquid, the definition of its outline is aug-
mented, but the pearly lustre of its surface is lost. . I
withdraw ‘the heat; the undulation continues for some
time, diminishing gradually : the border finally becomes
unindented. The drop is now perfectly motionless—a
liquid spheroid ; and now it suddenly spreads upon the
surface, for contact has been established, and the ¢sphe-
roidal condition ’is at an end. ‘.

(196) When the silver basin is placed, with its bottom
upwards, in front of the electric lamp, by means of a lens in

front, the rounded outline of the basin may be brought to a
focus on the screen ; I dip this bit of sponge in alcohol and
squeeze it over the cold basin, so that the drops fall upon
the surface of the metal: you see their magnified images
upon the screen, and you observe that when they strike the
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inverted basin they spread out and trickle down along it.
Let us now heat the basin by placing a lanrp underneath it.
Observe what occurs: when the sponge is squeezed the drops
descend as before, but, when they come in contact with the
pasin, they no longer spread, but roll over the surface as
liquid spheres (fig. 46). See how they bound and dance,
as if they had fallen upon elastic springs ; and so, in fact,
they have. Every drop, as it strikes the hot surface, and
rolls along it, developes vapour which lifts it out of con-
tact, thus destroying all cohesion between the surface and
the drop, and enabling the latter to preserve its spherical
or spheroidal form.,

(197) The arrangement now before you was suggested by

Fie. 47.

Professor Poggendorff, and shows, in a very ingenious man-
ner, the interruption of contact between the spheroidal
drop and its supporting surface. From this silver basin, B
(fig. 47), intended to hold the drop, a wire, w, is carried
round yonder magnetic needle; the other end of the
galvanometer wire is attached to one end of this bat-
tery, A. From the opposite pole of the little battery a
wire, w’, is carried to the moveable arm, @ b, of this retort-
stand, 8. I heat the basin, pour in the water, and lower
the wire till the end of it dips into the spheroidal mass :
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you see no motion of the galvanometer needle ; still, the
only gap in the entire circuit is that which now exists
underneath the drop. If the drop were in contact, the
current would pass. This is proved by withdrawing the
lamp; the spheroidal state will soon end ; the liquid Wﬂl‘
touch the bottom. It now does so, and the needle in-
stantly flies aside. :
(198) You can actually see the interval between 'the
drop and the hot surface upon which it rests. A private
experiment may be made in this way : Let a flattish basin,
B (fig. 48), be turned upside down, and let the bottom of

Fic. 48.
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it be slightly indented, so as to be able to bear a drop; heat
the basin with a spirit lamp, and place upon it a drop of ink,
d, with which a little alcohol has been mixed. Stretcha
platinum wire, a b, vertically behind the drop, and render
the wire incandescent, by sending a current of electricity
thlough it. Bring your eye to a level with the bottom of
the drop, and you will be able to see the red-hot Wire,:
through the intervgl between the drop and the surface :
which supportsit. Let me show you thisinterval. I place
a heated basin, B (fig. 49), as before, with its bottom '
upward, in front of the electric lamp; and bring care- .'
fully down upon it a drop, d, dependent from a pipette.
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When it seems to rest upon the surface, and when the
lens is brought to its proper position in front, you see be-
tween the drop and the silver, a bright line of light, indi-
cating that the beam has passed, underneath the drop, to
the screen.

(199) The spheroidal condition was first observed by
Leidenfrost, and fifty other illustrations of it might be
given. Liquids can be made to roll on liquids. If this
red-hot copper ball be plunged into a vessel of hot water,
a loud sputtering is produced, due to the escape of the
vapour generated ; still, the contact of the liquid and solid
1s not established : but we will let the ball remain until it
cools, the liquid at length touches it, and then the ebullition
1s so violent as to project the water from the vessel on all
sides.

(200) M. Boutigny has lent new interest to this subject
by expanding the fieid of illustration, and appljing it to
the explanation of many extraordinary effects. If the
hand be wet, it may be passed through a stream of molten
metal without ‘injury. I have seen M. Boutigny pass his
wet hand through a stream of molten iron, and toss with
his fingers the fused metal from a crucible : a blacksmith
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will lick a white-hot iron without fear of burning hi
tongue. The tongue is effectually preserved from contact
with the iron, by the vapour developed; and it wasto the
vapour, of the carbonic acid, which shielded me from its
contact, that I owed'my safety, when the substance was put
into my mouth. To the same protective influence, many
escapes from the fiery ordeal of ancient times have beenattri-
buted, by M. Boutigny. It may be added that the explana-
tion of the spheroidal condition, given by M. Boutigny,
has not been accepted by scientific men. The foregoing
experiments reduce its cause to ocular: demonstration.
(201) Boiler explosions have also been ascribed to the
water in the boiler assuming the spheroidal state ; the
sudden, development of steam, by subsequent contact with
the heated metal, causing the explosion. We are more
ignorant of these things than we ought to be. Experi-
mental science has brought a series of true causes to light,
which may produce these terrible- catastrophes, but prac-
tical science has not yet determined the extent to which

Fia. 50.

they actually come into operation. The effect of a sudden
generation of steam has been illustrated by an experiment
which may be made in your presence. Here is a cop-
per vessel; v (fig. 50), with a neck stopped with a cork,
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through which half an-inch of fine glass tubing passes.
When the vessel is heated, a little water poured into it
assumes the spheroidal state. The vessel is then corked,
the small quantity of steam developed, while the water
remains spheroidal, escaping through the glass tube.
On removing the vessel from the lamp, and waiting for
a minute or two, the water comes into contact with the
copper. When it does so, the cork is driven, as if by
the explosion of gunpowder, to a considerable height into
the air.

(202) The spheroidal condition enables us to perform
the extraordinary experiment of freezing a liquid in a red-
hot vessel. M. Boutigny, by means of sulphurous acid,
first froze water in a red-hot crucible ; and Mr. Faraday,
by means of solid carbonic acid, subsequently froze mercury.
The latter result may be reproduced here; but first let
us operate with water. This hollow sphere of brass is
formed of two hemispheres, soldered together : it is filled
with water. Into the sphere is screwed a wire, which is
to serve as a handle. Heating a platinum crucible to
glowing redness, I place in it some lumps of solid car-
bonic acid. When ether is poured on the acid, neither
of them comes into contact with the hot crucible; they'
are protected from contact by the elastic cushion of vapour
which surrounds them. Lowering the sphere of water
down upon the mass, I carefully pile fragments of car-
bonic acid over it, adding also a little ether. The pasty
substance, within the red-hot crucible, remains intensely
cold. A crack is now audible, and you are thereby assured
that the experiment‘has succeeded. The freezing water
has burst the brass sphere along the line of solder. Raising
the sphere, and peeling off the sevéred hemispheres, we
rescue this solid ball of ice from the red-hot crucible.

(203) To freeze mercury, a conical copper spoon, con-~
taining the liquid metal, is dipped into the crucible, and

M
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surrounded as before with the carbonic acid and ether.
The ether in the crucible has taken fire, which was not
intended. The experiment ought to be so made, that
the carbonic acid gas—the choke-damp of mines-—shall
preserve the ether fromignition. But the mercury freezes
notwithstanding the flame, the presence of which indeed
adds to the impressiveness of the result. ;
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CHAPTER VI.

CONVECTION OF HEATED AIR—WINDS—THE UPPER AND LOWER ‘TRADES —
EFFECT OF THE EARTH'S ROTATION ON THE DIRECTION OF WIND—IN¥LU-
ENCE OF AQUEOUS VAPOUR UPON CLIMATE—EUROPE THE CONDENSER OF
THE WESTERN ATLANTIC—RAINFALL IN IRELAND—THE GULF STREAM——
FORMATION OF SNOW-—FORMATION OF ICE FROM SNOW-—GLACIERS—
PHENOMENA OF GLACIER MOTION—REGELATION—MOULDING OF ICE BY
PRESSURE—ANCIENT GLACIERS,

(204) | PROPOSE devoting an hour to-day to the con-

sideration of some of the thermal phenomena
which occur, on a large scale, in Nature. And first,
with regard to winds, Observe those sunbuwrners, in-
tended to illuminate this room, when the daylight is
intercepted, or gone. Not to give light alone were they
‘placed there, but, in part, to promote véentilation. The
air, heated by the gas flames, expands, and issues in a
strong vertical current into the atmosphere. The air of
the room is thereby incessantly drawn upon, and a fresh
supply must be introduced to make good the loss. Our
chimney draughts are so many vertical winds, due to the
heating of the air by our fires.

(205) When a piece of brown paper isignited, the
flame ascends; and when the flame is blown out, the
smouldering edges warm the air, and produce currents
which carry the smoke upward. I dip the smoking paper
into a large glass vessel, and stop the neck to prevent
the escape of the smoke; the smoke ascends with the
light hot air in the middle, spreads out laterally
above, is cooled, and falls like a cascade of cloud along

a2
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the sides of the vessel. When a poker or a heavy iron
spatula, heated to dull redness, is held in the air, you
cannot see the currents ascending from it. But they reveal
themselves by their action on a strong light. Placing the
poker or spatula so that its shadow is thrown upon a
white screen, waving lines of light and shade mark the
streaming upwards of the heated air. If a fragment. of
sulphur, contained in an iron spoon, be heated until it
ignites, and then plunged into a jar of oxygen, the com-
bustion becomes brilliant and energetic, and the air of the
jar is thrown into intense commotion. The fumes of the
sulphur enable you to track the storms, which the heat-
ing of the air produces within the jar. I use the word
¢ storms ’ advisedly, for the hurricanes which desolate the
earth are nothing more than large illustrations of the
effect produced in the glass jar.

(206) From the heat of the sun our winds are all de-
rived. We live at the bottom of an aérial ocean,ina
remarkable degree permeable to the solar rays, and but
little disturbed by their direct action. But those rays,
when they fall upon the earth, heat its surface, and, when
they fall upon the ocean, they provoke evaporation. The
air in contact with the surface shares its heat, is expanded,
and ascends into the upper regions of the atmosphere, while
the vapour from the ocean also ascends, because of its
lightness, carrying, no doubt, air along with it. Where
the rays fall vertically on the earth, that is to say, between
the tropics, the heating of the surface is greatest. Here
aérial currents ascend and flow laterally, north and south,
towards the poles, the heavier air of the polar regions
streaming in to supply the place vacated by the light and
warm air. Thus, we have incessant circulation. A few -
days ago, in the hot room of a Turkish bath, I held a
lighted taper in the open doorway, midway between top
and bottom. The flame rose vertically from the taper.
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When placed at the bottom, the lame was blown violently
inwards ; when placed at the top, it was blown violently
outwards. Here we had two currents, or winds, sliding
over each other, and moving in opposite directions. Thus,
also, as regards our hemisphere, a current from the
equator sets in towards the north, and flows in the higher
regions of the atmosphere, while to supply its place
another flows towards the equator in the lower regions
of the atmosphere. These are the upper and the lower
Trade Winds.

(207) Were the earth motionless, these two currents
would run directly north and south, but the earth rotates
from west to east on its axis, once in twenty-four hours.
In virtue of this rotation, the air at the equator is carried
round with a velocity of 1,000 miles an hour. You have
observed what takes place when a person incautiously
steps out of a carriage in motion. He shares the motion
of the carriage, and when his feet touch the earth he is
thrown forward in the direction of the motion. This is
what renders leaping from a railway carriage, when the
train is at full speed, almost always fatal. As we with-
draw from the equator, the velocity due to the earth’s
rotation diminishes, and it becomes nothing at the poles, It
is proportional to the radius of the parallel of latitude, and
diminishes as these circles diminishin size. Imagine, then,
an individual suddenly transferred from the equator to a
place where the velocity, due to rotation, is only 900 miles
an hour; on touching the earth he would be thrown
forward in an easterly direction, with a velocity of 100
miles an hour, this being the difference between the equa-
torial velocity with which he started, and the velocity of
the earth’s surface in his new locality.

(208) Similar considerations apply to the transfer of air
from the equatorial to the northern regions, and vice versa.
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At the equator the air possesses the velocity of the earth’s
surface there, and, on quitting this position, it not only has
its tendency northwards to obey, but also an eastward
tendency, and it must take’a resultant direction. The
farther it goes north, the more it is deflected from its
original course; the more it turns towards the east, and
tends to become what we should call a westerly wind,
The opposite holds good for the current proceeding from
the north ; this passes from places of slow motion to places
of quick motion: it is met by the earth ; hence, the wind
which started as a north wind becomes a north-east wind,
and, as it approaches the equator, it becomes more and
more easterly.

(209) It is not by reasoning alone that we arrive at a
knowledge of the existence of the upper atmospheric cur-
rent, though reasoning is sufficient to show that compensa-
tion must take place somehow,—that a wind cannot blow
in any direction without an equal displacement of air
taking place, in the opposite direction. But clouds are
sometimes seen in the tropics, high in the atmosphere, and
moving in a direction opposed to that of the constant wind
below. Could we discharge a light body with sufficient
force to cause it to penetrate the lower current, and reach
the higher, the direction of that body’s motion would give
us that of the wind above. Human strength cannot per-
form this experiment, but it has nevertheless been made.
Ashes have been shot through the lower current by volca-
noes, and, from the places where they have subsequently
fallen, the direction of the wind which carried them has
been inferred. Professor Dove, in his ¢ Witterungs Ver-
hiltnisse .von Berlin,’ cites the following instance: ¢On
the night of April 30th, explosions like those of heavy
artillery were heard at Barbadoes, so that the garrison at
Fort.St. Anne remained all night. under arms. On May 1,
at daybreak, the eastern portion of the horizon appeared
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clear, while the rest of the firmament was covered by a
black cloud, which soon extended to the east, quenched
the light there, and at length produced a darkness so dense
that the windows in the rooms could not be discerned. A
shower of ashes descended, under which the tree branches
bent and broke. Whence came these ashes? From the
direction of the wind, we should infer that they came from
the Peak of the Azores; they came, however, from the
volecano Morne Garou in St. Vincent, which lies about 100
miles west of Barbadoes. The ashes had been cast into
the current of the upper trade. A second example of the
same kind occurred on January 20, 1835. On the 24th
and 25th the sun was darkened in Jamaica by a shower of
fine ashes, which had been discharged from the mountain
Coseguina, distant 800 miles. The people learned in this
way that the explosions previously heard were not those of
artillery. These ashes could only have been carried by
‘the upper current, as-Jamaica lies north-east from the
mountain. The same eruption gives also a beautiful proof
that the ascending air-current divides itself above, for
ashes fell upon the ship Conway, in the Pacific, at a dis-
tance of 700 miles south-west of Coseguina.

(210) ¢ Even on the highest summits of the Andes,’ con-
tinues Dove, ‘no traveller has as yet reached the upper trade.
From this some notion may be formed of the force of the
explosions ; they were indeed tremendous in both instances.
The roaring of Coseguina was heard at San Salvador, a
distance of 1,000 miles. Union, a seaport on the west coast
of Conchagua, was in absolute darkness for forty-three
hours ; as light began to dawn, it was observed that the
sea-shore had advanced 800 feet upon the ocean, through
the mass of ashes which had fallen. The eruption of
Morne Garou forms the last link of a-chain of vast vol-
canic actions. In June and July, 1811, near St. Miguel,
one of the Azores, the island Sabrina rose, accompanied by
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smoke and flame, from the bottom of a sea 150 feet deep,
and attained a height of 300 feet, and a circumference of
a mile. The small Antilles were afterwards shaken, and
subsequently the valleys of the Mississippi, Arkansas, and
Ohio. But the elastic forces found no vent ; they sought
one, then, on the north coast of Columbia. March 26
began as a day of extraordinary heat in Caraccas ; the air
was clear and the firmament cloudless. It was Green
Thursday, and a regiment of troops of the line stood under
arms in the barracks of the quarter San Carlos, ready to
join in the procession. The people streamed to the
churches. A loud subterranean thunder was heard, and
immediately afterwards came an earthquake shock so
violent, that the church of Alta Gracia, 150 feet in height,
borne by pillars fifteen feet thick, formed a heap of
rubbish not more than six feet high. In the evening the
almost full moon looked down with mild lustre upon the
ruins of the town, under which lay the crushed bodies of
upwards of 10,000 of its inhabitants. But even here there
was no exit granted to the elastic forces underneath.
Finally, on April 27, they succeeded in opening - once
more the crater of Morne Garou, which had beer closed
for a century ; and the earth, for a distance equal to that
from Vesuvius to Paris, rang with the thunder-shout of the
liberated prisoner.”

(211) On this terrestrial globe, I trace with my hand
two meridians. At the equator of the globe they are a foot
apart, which would correspond to about 1,000 miles on the
earth’s surface. But these meridians, as they proceed north-
ward, gradually approach each other, and meet at the north
pole. Itis manifest that the air which rises between these
meridians, in the equatorial regions, must, if it went direct
to the pole, squeeze itself into an ever-narrowing bed. Were
the earth a cylinder, instead of a sphere, we might have a
circulation from the middle of the cylinder quite toeach end,
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and a return current from each end to the middle. But this,
in the case of the earth, is impossible, simply because the
space around the poles is unable to embrace the air from
the equator. The cooled equatorial air sinks, and the
return current sets in, before the poles are attained, and
this occurs more or less irregularly. The two currents,
moreover, instead of flowing one over the other, often flow
‘beside each other. They constitute rivers of air, with
incessantly shifting beds.

(212) These are the great winds of our atmosphere,
which, however, are materially modified by the irregular
distribution of land and water. Winds of minor impor-
tance also occur, through the local a&tion of heat, cold,
and evaporation. There are winds produced by local action
in the Alps, which sometimes rush with sudden and de-
structive violence down the gulleys of the mountains :
gentler down-flows of gratefully cold air are produced by
the presence of glaciers upon the heights. We have also
land breezes and sea breezes, due to the varying tempera-
ture of the sea-board soil, by day and night. The morning
sun, heating the land, produces vertical displacement, and
the air from the sea moves landward. In the evening the
land is more chilled superficially, by radiation, than the
sea, and the conditions are reversed ; the heavy air of the
land now flows seaward.

(213) Thus, then, a portion of the heat of the tropics
is sent, by an aérial messenger, towards the poles, a more
equable distribution of terrestrial warmth being thus
secured. But in its flight northward the air is accom-
panied by another substance—by the vapour of water,
which, you know, is perfectly transparent. Imagine the
ocean of the tropics, giving forth its vapour, which pro-
motes by its lightness the ascent of the associated air.
Both expand, as they ascend: at a height of* 16,000 feet
the air and vapour occupy twice the volume which they
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embraced at the sea level. To secure this space they
‘must, by their elastic force, push away the air in all
directions round them ; they must perform work ; and’
this work cannot be performed, save at the expense of
the warmth with which they were, in the first instance,
charged. -
(214) The vapour, thus chilled, is no longer competent
to retain the gaseous form. It is precipitated, as cloud:
the cloud descends, as rain ; and in the region of calms,or
directly under the sun, where the air is first drained of its
aqueous load, the descent of rain is enormous. The sun
does not remain always vertically over the same parallel
of latitude—he is sometimes north of the equator, some-
times south of it, the two tropics limiting his excursion.
When he is south of the equator, the earth’s surface, north
of it, is no longer in the region of calms, but in one
across which the aérial current from the north flows
towards the region of calms. This moving airis but
slightly charged with vapour, and, as it travels from north
to south, it becomes ever warmer ; it constitutes a dry wind,
and its capacity to retain vapour is continually augmenting.
It is plain, from these considerations, that each place
between .the tropics must have its dry season and rainy
season ; dry, when the sun is at the opposite side of the
equator, and wet, when the sun is overhead.

(215) Gradually, however, as the upper stream, Wthh
rises from the equator, and flows towards the poles, be-
comés chilled and dense, it sinks towards the earth; at
the Peak of Teneriffe it has already sunk below the sum-
mit of the mountain. With the contrary wind blowing at
the base, the traveller often finds the wind from the equator
blowing strongly over the top. Farther north the equatorial
wind sinks lower still, and, finally, quite reaches the surface .
of the earth. Europe, for the most part, is overflowed by
this equatorial current. Here, in London, for eight or nine
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months in the year, south-westerly winds prevail. But
mark what an influence this must have upon our climate.
The moisture of the equatorial ocean comes to us, endowed
with potential energy; with its molecules separate, and
therefore competent. to clash and develope heat by their
collision ; it comes, if you prefer the language, charged with
latent heat. In our atmosphere condensation takes place,
and the heat generated is a main source of warmth to our
climate. Were it not for the rotation of the earth, we
should have over us the hot dry blasts of Africa; but
owing to this rotation, the wind which starts northward
from the Gulf of Mexico is deflected to Europe. Europe
is, therefore, the recipient of those stores of latent heat
which were amassed in the western Atlantic. The British
Isles come in for the greatest share of this moisture and
heat, and this circumstance adds itself to that already
divelt upon—the high specific heat of water—to preserve
our climate from extremes. It is this condition of things
which makes our fields so green, and which also gives the
bloom to our maidens’ cheeks.

(216) Another property of this wonderful substance, to-
which is probably due its main influence as a meteorolo-
gical agent, shall be examined on a future occasion.®

(217) As we travel eastward in Europe, the amount of
aqueous precipitation grows less and less; theair becomes
more and more drained of its moisture. Even between
the east and west coasts of our own islands, the difference
is sensible; local circumstances, also, have a powerful
influence on the amount of precipitation. Dr. Lloyd finds
the mean yearly temperature of the western coast of Ireland
to be about two degrees Fahr. higher than that of the
eastern coast at the same elevation, and in the same parallel
of latitude. The total amount of rain which fell in the year

* See Chapter XTI, .
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1851, at various stations in the island
following table—_

Station
Portarlington
Killough
Dublin
Athy
Donaghadee
Courtown
Kilrush
Armagh
Killybegs
Dunmore
Portrush
Burinerana
Markree
Castletownsend
Westport
Cahirciveen
With reference to this table, Dr. L
(218) ¢1. That there is great dive
amount of rain at the different statio
cepting four) are but a few feet above
greatest rain (at Cahirciveen) being n
great as the least (at Portarlington).
(219) ¢2. That the stations of leas
land or on the eastern coast, while thi
rains are at or near the western coast.
(220) ¢ 3. That the amount of rain
on the proximity of a mountain ch
always considerable in such neighbo
station lie to the north-east of the sa
¢ Thus, Portarlington lies to the
bloom ; Killough to the north-east off
Dublin, north-east of the Wicklow ra
the other hand, the stations of great
Castletownsend, Westport, &e., are ir

mountains, but on a different side.” *

* The greatest rainfall Tecorded by Sir Ji
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middle of the cell, and as the warm water enters, it speedily
turns upwards (fig. 52) and spreads out at the top, almost as
oil would do, under the same circumstances.

(222) When a vessel, containing water, is heated at
the bottom, the warmth communicated is diffused by

Fic. 52.

convection. Here is a vessel, containing cochineal; the
fragments of which, being not much heavier than the
water, freely follow the direction of its currents. The
pieces of cochineal break loose from the heated bottom,
ascending along the middle of the jar, and descending
again. by the sides. In the Geyser of Iceland this con-
vection occurs on a grand scale. A fragment of paper
thrown upon the centre of the water which fills the pipe,
18 instantly drawn towards the side, and there sucked down
by the descending current. ‘

(223) Partly to this cause, and partly, perhaps, to the
action of winds, currents establish themselvesin the ocean,
and powerfully influence climate, by the heat which they
distribute. The most remarkable of these currents, and
by far the most important for us, is the Gulf Stream,
which sweeps across the Atlantic, from the equatorial
regions, through the Gulf of Mexico, whence it derives
its name. As it quits the Straits of Florida it has a tem-
perature of 83° Fahr., thence it follows the coast of
America as far as Cape Fear, whence it starts across the
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Atlantic, taking a north-easterly course, and, finally, wash-
ing the coast of Ireland, and the north-western shores of
Europe generally.

(223 a) As might be expected, the influence of this
body of warm water makes itself most evident during
our winter. It then entirely abolishes the difference of
temperature, due to the difference of latitude of north and
south Britain ; if we walk from the CH®nnel to the Shetland
Isles, in January, we encounter everywhere the same tem-
perature. The isothermal line runs, then, north and south.
The presence of this water renders the climate of western
Europe totally different from that of the opposite coast of
America. The river Hudson, for example, in the latitude
of Rome, is frozen for three months in the year. Starting
from Boston in January, and proceeding round St. John’s,
and thence to Iceland, we meet everywhere the same tem-
perature. The harbour of Hammerfest derives great value
from the fact, that it is clear of ice all the year round.
This is due to the Gulf Stream, which sweeps round the
North Cape, and so modifies the climate there, that at
some places, by proceeding northward, you enter a warmer
region. The contrast between northern Europe and the
east coast of America caused Halley to surmise, that the
north pole of the earth had shifted ; that it was formerly
sitnate somewhere near Behring’s Straits, and that the
intense cold, observed in these regions, is really the cold
of the ancient pole, which had not been entirely sub-
dued since the axis changed its direction. But now we
know that the Gulf Stream, and the diffusion of heat by
winds and vapours, are the real causes of European mild-
ness. On the western coast of America, between the Rocky
Mountains and the ocean, we find a European climate.

(224) Europe, then, is the condenser of the Atlantic ;
and the mountains are the chief condensers in Euroepe.
On them, moreover, when they are sufficiently high, the
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condensed vapour descends, not in a liquid, but a solid
form. Let us look at this water in its birthplace, and
follow it through its subsequent course. ~Clouds float in the
air, and hence has arisen the surmise that they are com-
posed of vesicles or bladders of water, thus forming shells

instead of spheres. Itis certain, however, that if the par-
ticles of water be sufficiently small they will float foran in-

definite period withdht being vesicular. It is also certain

that water-particles at high elevations possess on or after

precipitation, the power of building themselves into crystal-

line forms; they thus bring forces into play which we have

hitherto been accustomed to regard as molecular, and

which could not be ascribed to the aggregates necessary to

form vesicles.

(225) Snow, perfectly formed, is not an irregular aggre-
gate of ice-particles; in a calm atmosphere, the molecules
arrange themselves, so as to form the most exquisite
figures. You have seen those six-petalled flowers which
show themselves within a block of ice, when a beam of
heat is sent through it. The ‘snow-crystals, formed in a
calm atmosphere,are built upon the same type ; the mole-
cules arrange themselves to form hexagonal stars. From
a central nucleus shoot six spicul®, every two of which are
separated by an angle of 60° From these central ribs
smaller spicule shoot right and left, with unerring fidelity
to the angle 60°, and from these again other smaller ones
diverge at the same angle. The six-leaved blossoms
assume the most wonderful varieties of form ; their tra-
cery is of the finest frozen gauze; and round about
their corners other rosettes of smaller dimensions often
cling. Beauty is superposed upon beauty, as if Nature,
once committed to her task, took delight in showing, even
within the narrowest limits, the wealth of her resources.*

¥ See fig. 53, in which are copied some of the beautiful drawings of Mr.
Glaisher,
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(226) These frozen blossoms constitute our mountain
snows ; they load the Alpine heights, where their frail
architecture is soon destroyed by the weather. Every
winter they fall, and every summer they disappear, but
this rhythmic action does not perfectly compensate itself.
Below a certain line, warmth is predominant, and the
quantity which falls every winter is entirely swept away ;
above this line, cold is predominant ; the quantity which
falls is in excess of the quantity melted, and an annual
residue remains. In winter the snows reach to the plains ;
in summer they retreat to the snow-line—to that parti-
cular line where the snow-fall of every year is exactly
balanced by the consumption, and above which is the
region of eternal snows. But,if a residue remains annually
above the snow-line, the mountains must be loaded with
a burden which increases every year. Supposing, at a
particular point above the line referred to, a layer of three
feet a year to be added annually to the mass; this deposit,
accumulating even through the brief period of the Christian
era, would produce an elevation of 5,580 feet. And did
such accumulations continue throughout geologic, instead
of historic ages, we cannot estimate the height to which the
snows would pile themselves, It is manifest that no ac-
cumulation of this kind takes place ; the quantity of snow
on the mountains is not augmenting in this way. By
some means or other the sun is prevented from lifting the
ocean out of its basins, and piling its waters permanently
upon the hills.

(227) How then is this annually augmenting load taken
off the shoulders of the mountains? The snows sometimes
detach themselves, and rush down the slopes in avalanches,
melting to water in the warmer air below. But the violent
rush of the avalanche is not their only motion ; they also
creep, by almost insensible degrees, down the slopes. As
layer, moreover, heaps itself upon layer, the deeper portions

N
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of the mass become squeezed and consolidated ; the air,
first entrapped in the meshes of the snow, is forced out,
and the compressed mass approximates more and more to
the character of ice. You know how the granules of a
snowball will adhere; and you know how hard you can
make the ball if mischievously inclined. The snowball
is incipient ice; augment the pressure, and you actually
convert it into ice. But even after it has attained a com-
pactness which would éntitle it to be called ice, it is still
capable of yielding more or less, as the snow yields, to
pressure. When, therefore, a sufficient depth of the sub-
stance collects upon the earth’s surface, the lower portions
are squeezed out by the pressure of the upper ones, and if
the snow rests upon a slope, it will yield principally in the
direction of the slope, and move downwards.

(228) This motion is incessantly going on along' the
slopes of every snow-laden mountain; in the Himalayas,
in the Andes, in the Alps; but in addition to this motion;
which depends upon the power of the substance itself to
yield to pressure, there is also a sliding motion, over the
inclined bed. The consolidated snow moves bodily over
the mountain slope, grinding off the asperities of the rocks,
and polishing their hard surfaces. The under surface of
the mighty polisher is also scarred and furrowed by the
rocks over which it has passed ; but as the compacted snow
descends, it enters a warmer region, is more copiously
melted, and sometimes, before the base of its slope is
reached, it is wholly cut off by fusion. Sometimes, hows
ever, large and deep valleys receive the gelid masses thus
sent down ; in these valleys it is further consolidated, and
through them it moves, at a slow but measurable pace,
imitating in all its motions those of a river. -The ice is
thus carried far beyond the limits of perpetual snow, until,
at length, the consumption below equals the supply above,
and at this point the glacier ceases. From the snow-line

N 2
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downwards in summer, we have 4¢e; above the snow-line,
both summer and winter, we have, on the surface, snow.
The portion below the snow-line is called a glacier, that
above the snow-line is called the névé. The névé, then,
is the feeder of the glacier.

(229) Several valleys, thus filled, may unite in asingle
valley, the tributary glaciers welding themselves together
to form a trunk glacier. Both the main valley, and its
tributaries, are often sinuous, and the tributaries must
change their direction, to form the trunk. The width of
the valley, also, often changes : the glacier is forced through
narrow gorges, widening after it has passed them; the
centre of the glacier moves more quickly than the sides,
and the surface more quickly than the bottom. The point
of swiftest motion follows the same law as that observed in
the flow of rivers, changing from one side of the centre to
the other, as the flexure of the valley changes. Most of
the great glaciers in the Alps have, in summer, a central
velocity of two feet a day. There are points on the
Mer-de-Glace, opposite the Montanvert, which have a
daily motion of thirty inches in summer, and, in winter,
have been found to move at half this rate.

(230) The power of accommodating itself to the channel
through which it moves, has led eminent men to assume
that ice is viscous; and the phenomena at first sight
seem to enforce this assumption. The glacier widens,
bends, and narrows, and its centre moves more quickly
than its sides ; a viscous mass would undoubtedly do the
same. But the most delicate experiments-on the capacity
of ice to yield to strain, to stretch outlike treacle, honey,
or tar, have failed to detect this stretching power. Is
there, then, any other physical quality to which the power
of accommodation, possessed by glacier ice, may be re-
ferred ?

(2 31) Let us approach this subject gradually. We know
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that vapour is continually escaping from. the free surface
of a liquid ; that the particles at the surface attain their
gaseous liberty sooner than the particles within the liquid ;
it is natural to expect a similar state of things with regard
to ice; that when the temperature of a mass of ice is
uniformly augmented, the first particles to attain liquid
liberty will be those at the surface; for here they are
entirely free, on one side, from the controlling action of
the surrounding particles. Supposing, then, two pieces of
ice, raised throughout to 32°, and melting, at this tempera-
ture, at their surfaces ; what may be expected to take place
if we place the liquefying surfaces close together? We
thereby virtually transfer these surfaces to the centre of
the ice, where the motion of each molecule is controlled,
all round, by its neighbours. As might reasonably be
expected, the liberty of liquidity, at each point where the
surfaces touch each other, is arrested, and the two pieces
freeze together at these points. Let us make the experi-
ment : Here are two masses just cut asunder with a saw;
I place their flat surfaces together ; a second’s contact will
suffice ; they are now frozen together, and by taking hold
of one of them I thus lift them both.

(232) This is the effect to which attention was first
directed by Mr. Faraday, in June 1850, and which is now
known under the name of Regelation.*. On a hot summer’s
day, I have gone into a shop in the Strand, where fragments
of ice were exposed in a basin in the window; and, with
the shopman’s permission, have laid hold of the topmost
piece of ice, and, by means of it, have lifted the whole of
the pieces bodily out of the dish. Though the thermo-
meter at the time stood at 80°, the pieces of ice had frozen
together at their points of junction. Even under hot water
this effect takes place. The basin before me contains water

* A term suggested by Dr. Hooker to Mr. Huxley and myself, on the
publication of our first paper upon glaciers.



182 HEAT A. MODE OF MOTION. CHAP. VL

as hot as my hand' can bear; I plunge into it these two
pieces of ice, and hold them together for a moment : they.
are now frozen together, notwithstanding the presence of
the heated liquid. A pretty experiment of Mr. Faraday’s

consists in placing a number of small fragments of ice in

a dish of water deep enough to float them. When one

piece touches the other, even at a single point, regelation

instantly sets in. Thus, a train of pieces may be caused to

touch each other, and, after they have once so touched,

you may take the terminal piece of the train and, by

means of it, draw all the others after it. When we seck

to bend two pieces, thus united at their point of junction,

the frozen points suddenly separate by fracture, but, at

the same moment, other points come into contact, and

regelation sets in between them. Thus a wheel of ice

might be caused to roll on an ice surface, the contacts

being incessantly ruptured, with a crackling noise, and

others as quickly established by regelation. In virtue-of

this property of regelation, ice is able to reproduce many

of the phenomena which are usually ascribed to viscous

bodies.

(233) Here, for example, is a straight bar of ice: by
passing it successively through a series of moulds, each
more curved than the last, it is finally turned out as a
semi-ring. The straight bar, on being squeezed into the
curved mould, breaks; but by continuing the pressure,
new surfaces come into contact, and the continuity of
the mass is restored. A handful of those small ice frag-
ments, when squeezed together, freeze at their points of
contact, and form one aggregate. The making of a snow-
ball, as remarked by Mr. Faraday, illustrates the same
principle. In order that this freezing shall take place, the
suow ought to be at 32° and moist. When below 32°
and dry, on being squeezed it behaves like salt. The
crossing of snow-bridges, in the upper regions of the



CHAP. VI. MOULDING OF ICE BY PRESSURE. 183

Swiss glaciers, is often rendered possible solely by the
regelation of the snow granules. The climber treads down
the mass carefully, and causes its granules to regelate: he
thus obtains an amount of rigidity which, without the act
of regelation, would be quite unattainable. To those un-
accustomed to such work, the crossing of snow bridges,
spanning, as they often do, fissures 100 feet, and more, in
depth, must appear quite appalling.

(234) When these ice fragments are still further
squeezed, they are brought into closer proximity. The
hand, however, is incompetent to squeeze them very closely
together. Placing them in a boxwood mould, formed into
a shallow cylinder, and inserting a flat piece of boxwood
overhead, I introduce both between the plates of a small
hydraulic press, and squeeze the mass forcibly into the
mould. The substance is converted by the pressure into
a coherent cake of ice. We can place it in a lenticular
cavity and again squeeze it. It is crushed by the pressure,
of course, but-new contacts are established, and now the
imass is turned into a lens of ice. Let us now transfer
the lens to- this hemispherical cavity, u (fig. 54), bring
down upon it a hemispherical protuberance, P, which is
not quite able to fill the cavity, and squeeze the mass:
the ice, which a moment ago was a lens, is now pressed
into the space between the two spherical surfaces: on re-
moving the protuberance, you see the interior surface of
a cup of glassy ice. When detached from the mould,
it is a heraispherical cup, which may be filled with cold
wine, without the escape of a drop. I scrape, with a
chisel, a quantity of ice from a block, and, placing the
spongy. mass within a spherical cavity, ¢ (fig. 55),
squeeze it and add to it, till, finally, by bringing down
upon it another spherical cavity, D, it is enclosed as a
sphere between both. As the press is worked, the substance
becomes more and more compact. I add more material,
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and again squeeze; by every such act the mass is made%;;
harder, and now you have a snowball before you such as
you never saw before. It is a sphere of hard translucent

ice, . In this way broken ice can be rendered compact

Fra. 54.

by pressure, and in virtue of the property of regelation
which cements its touching surfaces, the substance may
be made to take any shape we please. Were the expen:

ment worth the trouble, a rope of ice might be formed
from this block, and afterwards coiled into a knot. No-~
thing, of course, can be easier than to produce statuettes
of ice from suitable moulds.

(235) It is easy to understand, how a substance so en=
dowed can be squeezed through the gorges of the Alps—
can bend so as to accommodate itself to the flexures of the
Alpine valleys, and can permit of a differential motion of its
parts, without, at the same time, possessing a sensible trace
of viscosity. The hypothesis of viscosity, first started by
Rendu, and worked out with such ability by Principal
Forbes, accounts, certainly, for half the facts. Where pres-
sure comes into play, the deportment of ice is, apparently;
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that of a viscous body ; where tension comes into play, the
analogy with a viscous body ceases.*

(236) I have thus briefly sketched the phenomena of ex-
isting glaciers, as far as they are related to our present sub-
ject; but-the scientific explorer of mountain regions soon:
meets with appearances, which carry his mind back to a
state of things very different from that of the present day.
The unmistakable traces which they have left behind them
show that vast glaciers once existed, in places from which
they have for ages disappeared. Go, for example, to the
glacier of the Aar in the Bernese Alps, and observe its
present performances; look to the rocks upon its flanks
as they are at this moment, rounded, polished, and scarred
by the moving ice. And, having by patient and varied
exercise educated your eye and judgment, in these matters,
walk down the glacier towards its end, keeping always.
in view the evidences of glacial action. After quitting
the ice, continue your walk down the valley towards
the Grimsel : you see everywhere the same unmistakable
record. The rocks which rise from the bed of the valley
are rounded like hogs’ backs; these ave the ¢ roches mou-
tonnés’ of Charpentier and Agassiz; you observe upon
them the larger flutings of the ice, and also the smaller
scars, scratched by pebbles, which the glacier held as a kind
of emery on its under surface. All the rocks of the Grimsel
have been thus planed down. Walk down the valley of
Hasli and examine the mountain sides right and left ; with-
out the key, which I now suppose you to possess, you would
be in a land of enigmas; but with this key all is plain—
you see everywhere the well-known scars and flutings and
furrowings. In the bottom of the valley you have the
rocks filed down, in some places, to dome-shaped masses,
and, in others, polished so smoothly that to pass over them,

* For further information regarding glacier phenomena, I must refer
the reader to the ‘ Glaciers of the Alps,” Murray, London.
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even when the inclination is moderate, steps must be hewn,
All the way down to Meyringen, and beyond it, if you
wish to pursue the enquiry, these evidences abound. For.
a preliminary lesson in recognising the traces of ancient
olaciers, no better ground than this can be chosen.

(237) Similar evidences are found in the valley of the
Rhone; you may track them through the valley for eighty
miles, and lose them at length in the Lake of Geneva. But
on the flanks of the Jura,at the opposite side of the Canton
de Vaud, the evidences reappear. All along these lime-
stone slopes are strewn the granite boulders of Mont
Blanc. Right and left, also, from the great Rhone valley,
the lateral valleys show that they were once filled with ice..
On the Italian side of the Alps the remains are, if possible,
more stupendous than those on the northern side. Grand
as the present glaciers seem to those who explore them
to their full extent, they are mere pigmies in comparison
with their predecessors. ;

(238) Not in Switzerland alone—not alone in proximity
with existing glaciers—are these well-known vestiges of
the ancient ice discernible ; on the hills of Cumberland they
are almost as clear as among the Alps. Where the bare
rock has been exposed for ages to the action of weather,
the finer marks have, in most cases, disappeared ; and the
mammillated forms of the rocks are the only evidences.
But the removal of the soil which has protected them
often discloses rock surfaces, scarred as sharply, and po-
lished as cleanly, as those which are now being scratched
and polished by the glaciers of the Alps. Round about
Scawfell, the traces of ancient ice a,pplaar, both in roches
moutonnés and blocs perchés; and there are ample facts
to shown that Borrodale was once occupied by glacier ice.
In North Wales, also, the ancient glaciers have placed
their stamp so firmly upon the rocks, that the ages which
have since elapsed have failed to obliterate even their



CHAP. VI. ANCIENT GLACIERS OF GREAT BRITAIN. 187

superficial markings. All round Snowdon these evidences
abound. On the south-west coast of Ireland rise the Reeks
of Macgillicuddy, which tilt upwards, and catch upon their
cold crests the moist winds of the Atlantic; precipitation
is copious, and rain at Killarney seems the order of Nature.
In this moist region every crag is covered with rich vege-
tation ; but the vapours, which now descend as mild and
fertilising rain, once fell as snow, which formed the material
for noble glaciers. The Black Valley was once filled by
ice, which planed down the sides of the Purple Mountain, as
it moved towards the Upper Lake. The ground occupied by
this lake was entirely covered by the ancient ice, and every
island that now emerges from its surfaceis a glacier-dome.
‘The fantastic names, which many of the rocks have received,
are suggested by the shapes into which they have been
sculptured by the mightymoulding plane which once passed
over them. North America is also thus glaciated. But
the most notable observation, in connection with this
subject, is one recently made by Dr. Hooker during a
visit to Syria; he has found that the celebrated cedars of
Lebanon grow upon ancient glacier moraines.

(239) To determine the condition, which permitted of
the formation of those vast masses of ice, has long been
a problem with philosophers, and a consideration of the
solutions which have been offered, from time to time, will
not be uninstructive. I have no new hypothesis to offer,
but it seems possible to give a truer direction and more
definite aim to our enquiries than they can at present
boast of. The aim of all the writers on this subject, with
whom I am acquainted, has been the attainment of cold.
Some eminent men have thought, and some still think,
that the reduction of temperature, during the glacier
epoch, was due to a temporai*y diminution of solar radia-
tion ; others have thought that, in its motion through
space, our system may have traversed regions of low
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temperature, and that, during its passage through these
regions, the ancient glaciers were produced. Others have
sought to lower the temperature, by a redistribution of
land and water. If I understand the writings of the:
eminent men who have propounded and advocated the
above hypotheses, all of them seem to have overlooked
the fact, that the enormous extension of glaciers in by-
gone ages demonstrates, just as rigidly, the operation of
heat as the action of cold.

(240) Cold alone will not produce glaciers. You may
have the bitterest north-east winds here in London through-
out the winter, without a single flake of snow. Cold must
have the fitting object to operate upon, and this object—
the aqueous vapour of the air—is the direct product of
heat. Let us put this glacier question in another form 3
the latent heat of aqueous vapour, at the temperature of
its production in the tropics, is about 1,000° Fahr., for the
latent heat augments, as the temperature of evaporation
descends. A pound of water, then, vaporised at the equator,
has absorbed 1,000 times the quantity of heat which would
raise a pound of the liquid one degree in temperature.
But the quantity of heat which would raise a pound of
water one degree, would raise a pound of cast iron ten de-
grees : hence, simply to convert a pound of the water of the
equatorial ccean into vapour, a quantity of heat would be
required sufficient to impart to a pound of cast iron 10,000
degrees of temperature. But the fusing-point of cast iron
is 2,000° Fahr. ; therefore, for every pound of vapour pro-
duced, a quantity of heat has been expended by the sun,
sufficient to raise 5 lbs. of cast iron to its melting point.
Imagine, then, every one of those ancient glaciers with its
mass ofice quintupled ; and imagine the place of the mass
so augmented, to be taken by an equal weight of cast iron
raised to the white heat of fusion, we shall then have the
exact expression of the solar action, involved in the pro-
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duction of the ancient glaciers. Substitute the hot iron for
the cold ice—our speculations would instantly be directed
to account for the heat of the glacial epoch, and a com-
plete reversal of some of the hypotheses above quoted
would probably ensue.

(241) It is perfectly manifest, that by weakening the
sun’s action, either through a defect of emission, or by the
steeping of the entire solar system in space of a low temn-~
perature, we should be cutting off the glaciers at their
source. Vast masses of mountain ice indicate, infallibly,

‘the existence of commensurate masses of atmospheric
Vépour, and a proportionately vast action on the part of
the sun. In a distilling apparatus, if you required to
augment the quantity distilled, you would not surely
‘attempt to obtain the low temperature, necessary to con-
densation, by taking the fire from wunder your boiler;
but this, if I understand them aright, is what has been
done by those philosophers who have sought to produce
the ancient glaciers by diminishing the sun’s heat. It is
quite manifest that the thing most needed to produce the
glaciers is an tmproved condenser; we cannot afford to
lose an iota of solar action; we need, if anything, more
vapour, but we need a condenser so powerful, that this
vapour, instead of falling in liquid showers to the earth,
shall be so far reduced in temperature as to descend in
snow. The problem, I think, is thus narrowed to the
precise issue on which its solution depends.

NoTe.

In moulding ice, it is advisable to first wet the mould with hot water.
This facilitates the removal of the compressed substance. The ice-cup,
referred to in § 284, may be from 2} to 3 inches in external diameter, but
the thickness of the cup ought not to exceed a quarter of an inch. A
conical plug is inserted into my own moulds, the tapping of which soon de-
taches the ice.
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CHAPTER VII.

CONDUCTION A TRANSMISSION OF MOTION—GOOD CONDUCTORS AND BAD
CONDUCTORS—CONDUCTIVITY OF THE METALS FOR HEAT. RELATION
BETWEEN THE CONDUCTIVITY OF HEAT AND THAT OF ELECTRICITY—
INFLUENCE OF TEMPERATURE ON THE CONDUCTION OF ELECTRICITY—
INFLUENCE OF MOLECULAR CONSTITUTION ON THE CONDUCTION OF
HEAT—RELATION OF SPECIFIC HEAT TO CONDUCTION—PHiLOSOPHY OF
CLOTHES . RUMFORD’S,EXPERIMENTS—INFLCENCE OF MECHANICAL TEX-
TURE ON CONDUCTION—INCRUSTATIONS OF BOILERS-— THE SAFSETY
LAMP—CONDUCTIVITY OF LIQUIDS AND GASES: EXPERIMENTS OF RUM-
FORD AND DESPRETZ—COOLING EFFECT OF HYDROGEN GAS-—EXPERI- .
MENTS OF MAGNUS ON THE CONDUCTIVITY OF GASES.

(242) T THINK we are now safficiently conversant with
our subject, to distinguish between the sensible
motions produced by heat and heat itself. Heat is not
the clash of winds; it is not the quiver of a flame, nor the
ebullition of water, nor the rising of a thermometric co:
lumn, nor the motion which animates steam as it rushes
from a boiler, in which it has been compressed. All thesé
are mechanical motions, into which that of heat may bé
converted ; but heat itself is wmolecular motion. The
molecules of bodies, when closely grouped, cannot, how=
ever, oscillate, without communicating motion from oné
to the other. To this propagation of the motion of heat
from molecule to -molecule, we must now devote our
attention. )
Here is a poker, the temperature of which is scarcely
perceptible : I feel it to be a hard and heavy body, but it
neither warms nor chills me; it has been before the firey
and the motion of its molecules, at the present moment,
chances to be the same as that of the molecules of my |
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nerves ; there is neither communication nor withdrawal,
and hence the temperature of the poker, on the one hand,
and my sensations, on the other, remains unchanged. But
‘when the end of the poker is thrust into the fire it is heated ;
the molecules, in contact with the fire, are thrown into
a state of more intense oscillation; the swinging atoms
strike their neighbours, these again theirs, and thus, the
molecular music rings along the bar. The motion, in this
instance, is communicated from atom to atom of the
poker, and finally appears at its most distant end. If I
now lay hold of the poker, its motion is communicated to
my nerves, and produces pain; the bar is what we call
hot, and my hand, in popular language, is burned. Con-
vection we have already defined to be the transfer of heat,
by sensible masses of matter, from place to place; but
this molecular transfer, which consists in each atom taking
up the motion of its neighbours, and sending it on to
others, is called the conduction of heat.

(243) Let me exemplify this property of conduction, in
a homely way. In this basin, filled with warm water, is
placed a cylinder of iron, an inch in diameter, and two

F1c. 56.

inches in height ; this cylinder is to be my source of heat.
Laying the thermo-electric pile, o (fig. 56), thus flat, with
its naked face turned upwards, I place upon that face a
cylinder of copper, ¢, which now possesses the temperature
of this room. We observe no deflection of the galva-
nometer. 1 now place the warm cylinder, ¢, having - first
dried it, upon the cool cylinder, which is supported by the
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pile. The upper cylinder is not at more than blood-heat ;
but you see, almost before this remark is uttered, the
needle flies aside, indicating that the heat has reached
the face of the pile. Thus, the molecular motion, im-
parted to the iron cylinder by the warm water, has been
communicated to the copper one, through which it has
been transmitted, in a few seconds, to the face of the
pile. o

(244 ) Different bodies possess different powers of trans-
mitting molecular motion ; in other words, of condueting :
heat. Copper, which we have just used, possesses this
power in a very eminent degree. Let us now remove the
copper, allow the needle to return to 0°,and then lay upon
the face of the pile a cylinder of glass. On the cylinder
of glass I place theiron cylinder, which has been re-heated
‘in the warm water. There is, as yet, no motion of the
needle, and you would have to wait a long time to see it
move. We have already waited thrice the time whieh the
copper required to transmit the heat, and you see the
needle continues motionless. Placing cylinders of wood,
chalk, stone, and fire-clay, in succession, on the pile, and
heating their upper ends in the same manner, we find that
in the time which we can devote to an experiment, not one
of these substances is competent to transmit the heat to the
pile. The molecules of these substances aré so hampered
or entangled, that they are incompetent to pass the motion
freely from one to another. These bodies are all bad con-
ductors of heat. Onthe other hand, when cylinders of zinc;
iron, lead, bismuth, &ec., are placed in succession on the
pile, each of them, as you see, has the power of trans-
mitting the motion of heat rapidly through its mass. In
comparison with the wood, stone, chalk, glass, and clay;
they are all good conductors of heat.

(245) As a general rule, not, however, without its ex~
ceptions, metals are the best conductors of heat, But
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metals differ notably among themselves, as regards their
powers of conduction. A comparison of copper and iron
will illustrate this point. Behind me are two bars, A B,
A ¢ (fig. 54), placed end to end, with balls of wood,

Fre. 57.

A

attached by wax at equal distances from the place of junc-
tion. Under the junction is placed a spirit-lamp, which
heats the ends of the bars: the heat will be propagated
right and left through both. The bar A B is iron, the bar
A ¢ is copper ; the heat travels to a greater distance along
the copper, which is the better conductor, and therefore
liberates a greater number of its balls.

(246) One of the first attempts to determine, with ac~
curacy, the conductivity of different bodies for heat, was
that suggested by Franklin, and carried out by Ingenhausz.
He coated a number of bars of various substances with
wazx, and, immersing the ends of the bars in hot oil, he ob-
served the distance to which the wax was melted, on each
of the bars. The good conductors melted the wax to the
greatest distance; and the melting distarce furnished a
measure of the conductivity of the bar.

(247) The second method was that pointed out by
Fourier, and followed out experimentally by Despretz.
A B (fig. 58) represents a bar of metal, with holes drilled
in it, intended to contain small thermometers. At the
end of the bar was placed a lamp, as a source of heat ; the
heat was propagated through the bar, reaching the ther-
mometer o first, b next, ¢ next, and so on. For a certain
time, the thermometers continued to rise, but afterwards

0
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the state of the bar became stationary, each thermom?ter
making a constant temperature. The better the cond1.1c-
tion, the smaller the difference between any two successive .
thermometers. The decrement, or fall of heat, if I may

Fre. 58.

use the term, frem the het end towards the cold, is
greater in bad eonductors than in good ones, and, from
the decrement of temperature shown by the thermometers,
we can deduce, and express by a number, the conductivity
of .the bar., This same method was followed by MM.
Wiedemann and Franz, in a very important investigation,
but, instead of using thermometers, they employed a
suitable modification of the thermo-electrie pile. Of the
numerous and highly interesting results of this investi-
gation, the following is a résumé :—

Conductivity
Name of Substance For rE_Ieat For E_lgctricity
Silver 3 100 100
Copper - 74 73
Gold 53 59
Brass 24 22
Tin 15 23
Iron 12 13
Lead 9 11
Platinum 8 10
German Silver 6 6
Bismuth 2 2

(248) This table shows, that, as regards their conduc-
tive powers, metals differ very widely from each other,
Calling, for example, the conductive power of silver 100,
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that of German silver is only 6. You may illustrate this
difference, in a very simple way, by plunging two spoons,
one of German silver, and the other of pure silver, into
the same vessel of hot water. After a little time, you find
the free end of the silver spoon much hotter than that of
its neighbour ; and if bits of phosphorus be placed on the
ends of the spoons, that on the silver will fuse and ignite,
in a very short time, while the heat transmitted through
the other spoon will never reach an intensity sufficient to
ignite the phosphorus. '

(249) Nothing is more interesting to the natural philo-
sopher than the tracing out of connections and relations
between the various agencies of nature. We know that
they are interdependent, we know that they are mutually
convertible, but, as yet, we know very little as to the
precise form of the conversion. We have every reason
to conclude, that heat and electricity are both modes of
motion ; we know, experimentally, that from electricity
we can obtain heat, and from heat, as in the case of our
thermo-electric pile, we can obtain electricity. But
although we have, or think we have, tolerably elear ideas
of the character of the motion of heat, our ideas are very
crude as to the precise nature of the change which this
motion must undergo, in order to appear as electricity—
in fact, we know, as yet, nothing about it.

(250) The above table, however, exhibits one impor-
tant connection between heat and electricity. Besides the
numbers expressing conductivity for heat, MM. Wiede-
mann and Franz have placed the numbers expressing the
conductivity of the same metals for electricity. They run
side by side: the good conductor of heat is the good
conductor of electricity, and the bad conductor of heat is
the bad conductor of electricity.®* Thus, we may infer

* Principal Forbes had previously noticed this. See Phil. Mag. 1834,
vol. iv. p. 27.
02
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that the same physical quality which interferes with the
transmission of heat, interferes, in a proportionate degree,
with the transmission of electricity. This common sus-
ceptibility of both forces indicates a relation, on which
future investigations will no doubt throw light.

(251) It is a proved fact, that the amount of heat de-
veloped in a wire, by a eurrent of’ electricity of a certain
strength, is directly proportional to the resistance of the
wire.* We may in this case imagine the arrangement
of the atoms to be such as to cause the electric current to
knock against them, impart its motion to them, and thus
render the wire hot. In the case of a good eonductor, on
the contrary, the current may be pictured as gliding freely
among the atoms, without disturbing them in any great
degree. Suspended before you are three pieces of plati-
num wire, each four or five inches long, joined to three
pieces of silver wire, of the same length and thickness.
I will now send the self-same current, from a battery
of twenty of Grove’s cells, through this compound wire.
You see three spaces white-hot, and dark spaces between
them. The white-hot portions of the wire are platinum,
and the dark portions are silver. The electric current
breaks impetuously upon the molecules of the platinum,
while it glides, with little resistance, among the atoms of
silver, thus producing, in the two metals, different calo-
rific effects.t

(252) It is easy to show that the motion of heat
interferes with that of electricity. You are acquainted
with the platinum lamp, which stands in front of this
table. It consists, simply, of a little coil of platinum
wire, suitably attached to a brass stand. We can send a
current t}irough that coil, and cause it to glow. Into the

* Joule, Phil. Mag. 1841, vol. xix, p. 263.
T May not the condensed ether which surrounds the atoms be the
vehicle of electric currents ?
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circuit are also introduced two additional feet of thin
platinum wire, and on establishing the connection, the
same current passes through this wire, and through the
coil. Both are raised to redness—both are in a state of
intense molecular motion. What I wish now to prove is,
that this motion of heat, which the electricity has gene-
rated, in these two feet of wire, and i virtue of which
the wire glows, offers a hindrance to the passage of the
carrent. The electricity has raised up a foe in its own
path. If we cool this wire, we open a wider door for the
passage of the electricity. But, if more electricity passes,
it will announce itself at the platinum lamp; it will
raise that red heat to whiteness, and the change in the
intensity of the light will be visible to you all.

F1a. 59.

(253) Thus, then, I plunge the red-hot wire into a
beaker of water w (fig. 59): the lamp immediately becomes
almost too bright to look at. When the wire is raised out
of the water, and the heat is allowed once more to develope
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itself, the current is instantly impeded, and the lamp be-
cornes less bright. I again dip the wire into the cold
water, deeper and deeper : observe how the light becomes
intensified—deeper still, so as to queneh the entire two
feet of wire ; the augmented current raises the lamp to its
maximum brightness, and now it suddenly goes out. The
eircuit is broken, for the coil has aetually been fused by
the additional flow of electricity.

(253a) And here we may bestow a passing glance at
a subject, the complete treatment of which belongs to
another department of physies. You know that the elec-
tric current which heated the wire in our last experi-
ment is maintained by the chemical action going on in
the voltaic battery. In the battery we have, among other
things, the combination of zinc with oxygen, a true com-
bustion, though, like that of our own bodies, it is carried
on among liquids. Here, as in all other cases, the con-
sumption of a definite amount of zinc generates the same
invariable amount of heat. Supposing, then, I connect
the two poles of this battery by a stout ‘copper wire,
which is an excellent eonduetor, the eurrent will flow and
the zinc¢ will be consumed, and no sensible heat will be
developed outside the battery itself. Let the current con-
tinue until a pound of zinc has been consumed. A certain
measurable amount of heat is generated, and the whole of
this heat is confined to the battery. Let us now connect
the poles of the battery by a thin platinum wire. It
becomes he