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PREFATORY NOTICE.

Tre following little Work is intended to occupy a place
somewhat intermediate between the simpler elementary
treatises on Physical Science, and the more elaborate works
of a professedly philosophical character. With the former,
it has this in common— that the author has aimed at
adapting it to those who have no preliminary knowledge
of the subject: and to carry on his readers, step by step,
from the known to the unknown, without requiring from
them more than an accurate acquaintance with the ground
over which they have already passed. To the latter, the
Author ventures to hope it may be compared in this—that
the highest principles of the science are introduced, and
exhibited in their connexion with each other, and with the
phenomena they govern. He has thus endeavoured to give
his little work the character of a philosophical treatise;
whilst, by the number of examples and illustrations which
he has introduced, he has aimed at preventing what might
have otherwise been its dry and abstruse appearance.

The only preliminary knowledge required for the compre-
hension of the whole of this treatise, is an acquaintance with
ordinary arithmetic, and with the rudiments of Geometry.
The mere beginner is recommended not to attempt to read
the work straight through ; but to omit chapters V., VIL,
IX., and XII., until an accurate acquaintance has been
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formed with the rest; and not to proceed to the Astronomy,
until a full acquaintance has been gained with the Mechanics.

The Author is well aware, that some parts of this Treatise
may be deemed verbose and diffuse ; and that the numerical
illustrations may be thought to be too frequently introduced.
To this he would simply reply, that some experience as a
Teacher has convinced him of the necessity of explanations
much more ample, and of illustrations much more complete,
'than those ordinarily given in elementary works ; and that
he has endeavoured to commit to paper the instructions
which, when delivered verbally, were successful in impressing
the minds of his pupils. V

In conclusion he would state that, although a large part
of the contents of this Treatise is the common property of
all writers on the subject, many statements and illustrations
may claim some degree of novelty. He thinks it right to
add, that he is under particular obligation to the works of
Professor Moseley, of King’s College, London, for the
assistance which he has derived from them in the first
division of this volume; and to the Treatises of Sir J.
Herschel, and Prof. Nichol, for a large part of the materials
of the Astronomical portions of it. Of the numerous
discoveries which have been made since the publication of
the former edition, he has introduced a notice of the most
important; and ventures to hope that the Treatise may
continue to enjoy the good opinion of those who have
adopted 1t as their Manual of instruction.

University Hall, LoNpoN, DECEMBER, 1853.
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CHAPTER L
CY MATTER AND ITS PROPERTiES.

1. TaE universe in which we are placed, and the changes
which are continually taking place in it, offer to the inquiring
mind of Man unlimited scope for the exercise of the faculties with
which he has been endowed. And, by the wise ordination of the
Creator, the minds of different men are so constituted, that they
have a natural taste for different vbjects of pursuit; so that there
is scarcely a subject of inquiry, in the eager pursuit of which
there are not many engaged. Thus one devotes himsclf to
observing the appearances and the motions of those heavenly
bodies, whose constant but regular changes have, from the
remotest ages, been sources of wondering interest; and the
observations thus collected serve as the basis, on which the phi-
Josopher is enabled to found a beautiful system of reasoning that
cxplains all their complex movements (although these seem
more irregular, the more closely they are observed,) upon a few
simple principles. Another considers the changes which have
taken place in the mass of our own globe: he seeks for
observations respecting these changes,—whether they result from
the action of heat, as in the case of volcanoes and earthquakes,—
—or from that of water, as when new islands are formed at the
mouths of rivers by the sediment brought down in their streams,
—or from the agency of living beings, as when islands of large
extent are raised above the surface of the ocean by the labours
of innumerable coral-polypes; and from these he reasons as to
the causes of those past changes in the condition of the earth’s
surface, which, there is abundant reason to know, must have been
very numerous and important. Another directs hisattention te

J tuc fi ving inbiabitantsof our globe, sceksto become acquainted with.
B



2 MATTER AND ITS PROPERTIES.

theiralmost countless forms, and examines their internal structure;
or he observes their mode of life, watches their habits, and studies
the changes which they are continually undergoing ; and from
the information thus obtained, he endeavours to asccrtain the
principles which have governed their construction, or (in other
words) to find out the plan upon which the Creator has been
pleased to form and arrange their parts, so as to produce the
wonderful variety which we behold, whilst each is adapted with
equal perfectness to the objects it has to fulfil.

2, In all these studies, and in many more that might be enu-
merated, we are occupied with matter under some of its forms.
By matter we understand the material of which the universe 18
built up; and with this we become acquainted through our
senses, which inform us of its properties ; and as we find these
to vary in different cases, we say that there are different forms
of matter. We know just as much of any form, or state of
matter, as our senses can communicate to us ; and no more. A
person deficient in onme or more of the senses, is shut out from
any exact knowledge of the properties, of which those senses in-
form us. Thaus a blind man, who has been blind from birth, can
form no proper-idea of colour, nor a deaf man of sound. There
are some bodies, of whose existence we are informed by nume-
rous senses ; whilst others are known to us through one only.
Thus we receive information respecting the properties of a piece
of cinnamon by the sight, the touch, the taste, and the smell ;
whilst those of apiece of flint are known to us only through the
sight and the touch : we are aware of the existence of the planets
and stars (which do not impress us with any perceptible warmth)
only by the sense of sight ; and there are many gases which are per-
fectly transparent, and do not possess colour, so that they cannot be
distinguished by the eye, yet are at once recognized by the smell.
Hence our knowledge of the peculiarities of different kinds of
matter is limited by the nature of our senses; but the informa-
tion which these communicate to us respecting it is so abundant, as
to serve all the purposes for which we can require such knowledge.
1t is wonderful how many ideas may be obtained respecting vhe
world around, even by the sense of touch alone. © Instances have
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oecurred of children who were at the same time blind and deaf, and
who possessed but little smell or taste; who yet,under the instruc-
tion of intelligent persons, have gained a large amount of informa-
tion, and have been able even to comprehend the meaning of
language.

8. This is the less surprising, however, when it is remembered
that our first knowledge of matter is derived from the touck.
It is through this sense that we gain the idea of that property
which is common to every form of matter, and which gives us,
in fact, our notion of it,—namely, its resistance. The child
strikes its head against the table; it feels a hard blow, because
the table is a solid body, and the resistance it makes is complete.
We press backwards our hands against the water in swimming ;
and feel an amount of resistance which is sufficient to urge for-
wards our body. We run quickly in a dress which presents a
large surface to the air; and we feel that its resistance makes
our movement less rapid. This resistance, then, is common to
all bodies,—whether solid, liquid, or aeriform ;* but it is greater
in the solid than in the liquid, and greater in the liquid than in
air or gas. The cause is this. It is the fundamental property
of matter, that no two particles, whatever may be their nature,
«<an occupy the same space at the same time ; we cannot, there-
fore, cause one particle or one body to occupy the place of an-
other, without moving or displacing it. Now in solid bodies,
the particles are so firmly held together, that we cannot move
one alone without separating it from the rest; and an impulse
given to one, if it be sufficiently strong, will move the whole
mass. In liquids and gases, on the contrary, the particles have -
a free movement upon one another; so that we can displace any
part, leaving the rest as it was; and we cannot move the whole
by a force applied to a part only.

-4. These truths are made evident by simple illustrations. -
If we desire to make a hole in a piece of hard iron, we cannot
do it by driving an awl into it; for the awl merely pushes the -
particles to one side and the other, to make its own way ; and
the particles of iron hold together so firmly that they cannot be

* Having the condition of air or gas.
32
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thus displaced. In order to perforate the iron, we must employ
an instrument,—the drill,—which shall cut or separate from the
rest the particles that occupy the situation in which we desire
our hole to be. Thus we see that the iron is a very hard or
golid body. On the other hand, when we dip the finger into a
basin of water, we have no difficulty in displacing its particles ;
for they roll over one another so readily, that those previously
filling the space which the hand is made to occupy, are pushed
to one side and the other to make room for it. This is still
more readily accomplished in the case of aeriform bodies, whose
particles hold to each other so very loosely, that their displace-
ment is accomplished without any difficulty. Thus we can move
a stick rapidly backwards and forwards in air, without being
much restrained by its resistance ; although, through the whole
movement, the particles of air are being continually pushed
aside, as the stick advances to take their place. But in water
this movement is much more difficult, since the particles are not
so readily made to move upon one another. And between
liquids and the hardest bodies, there are many intermediate
states. Thus mud or dough may not be liquid enough to flow,
or to spread itsel]f out from a mass along a flat surface ; and yet
it shall not be solid enough to hold together when one portion
is pulled from the rest, or to offer firm resistance to a blunt
stick, or to the hand pushed into it. It may be still more solid,
so that its parts shall adhere enough for the mass to hold to-
gether pretty firmly, when an attempt is made to separate them
by pulling them asunder; yet it shail still be easily penetrated by
a sharp stick, or by any instrument that has not a large surface
for it to resist. Or it may be more fluid, so that a mass may
spread itself out into a flat surface, or rur, though slowly ; yet
its resistance to any substance moving through it, shall be much
greater than that offered by water or any other ordinary liquid.

5. Though the term fluid is commonly regarded as having
the same meaning with liguid, the scientific use of the two is
different ; and it is important to regard the distinction. ‘The
term fluid includes all those bodies of which the particles move
rcadily upon one another,—in other words, all those which are
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not solid. But there is this important distinction among fluid
bodics ; that in some, the particles have still a certain tendency
to hold together, so that they always occupy the same space,
however much the form of that space may vary; whilst in
others, the particles have so little tendency to remain attached,
that they always have a disposition to separate a§ far as they
are permitted to do, and thus occupy the whole of any space
within which they are confined. A given weight of water, for
instance, will occupy exactly the same quantity of space, what-
ever may be the form or size of the vessel which holds it; and
if we take away a portion, the remainder has no tendency to
increase in bulk, to occupy the room of that which has been
removed. But a given weight of air may be made to spread
itself equally through the whole of a vessel of any size; and
if a portion be taken away, the remainder will spread itsclf
still more, so that still every part of the space shall contain
the same amount of it. Again, if we fill a bladder or bag quite
full of water, and strike it, we can make no more impression
upon it by a blow (that is, supposing the walls of the bag not
to be capable of extending themselves) than we could upon a
solid body ; butif filled with air of any kind, the bladder or bag
will yield to the blow, returning again, however, to its original
form and size as soon as the pressure is removed.* Hence we
see that there is in reality as great a distinction between these
- two classes of bodies, as there is between fluids and solids: and
they are scientifically divided into elastic fluids, namely, aeriform
bodies, gases, and vapours, and non-elastic fluids or liquids.

6. Now with regard to solid bodies, we may first notice a
circumstance familiar to all—that they posscss different degrees
of hardness. Thus, as * hard as flint,” is a common proverb.
The diamnond is probably the hardest of all substances, for it
cannot be cut or scratched by any other ; so that the lapidary is
obliged to use diamond powder, in the same manner as he use
emery in other cases (§. 179.), for eutting and polishing this gem.
Glass, agate, and various precious stones, are other instances of
very hard substances, of which the particles are so firmly united

* This property is known as elasticily.—See Chap. II.
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to each other, that we cannot displace them by any mecharical
force, without altogether detaching them. But lead and wood
are also solid substances; and yet they may both be pierced
with sharp-pointed instruments, which shall push away their
particles to one side and the other, without separating them from
the mass. There are different degrees of solidity, therefore, as
there are different degrees of fluidity. This is seen in another
way. The hardest substances cannot be diminished in bulk by
any amount of pressure that can be applicd to them ; but many
of the softer metals can be made much harder by hammering ;
so that the same weight shall be contained in a less space.
‘Wood is far more compreseible than any other solid substance ;
for, by a sufficient amount of force, a piece of light wood may
be made to occupy less than half its ordinary bulk, so that it
shall sink in water. This is due, however, to the fact, that
wood has a texture very different from that of solids in general,
being composed of 2 number of tubes of different sizes,* which
in green wood are filled with fluid, but in dry wood contain only
air: so that there is nothing to prevent the sides of these from
being forced together by pressure.

7. Liquids are but very little compressible, although their
particles seem to be at a greater distance from each other than
those of solids. Indeed it was fora long time uncertain whether
they could be compressed at all. The question has been de-
cided, however, by the very accurate experiments of the Danish
philosopher, (Ersted. His apparatus was so constructed as to
measure accurately a change in the bulk of the fluid experi-
mented on, that should be no more than one-millionth of the
whole. With this he ascertained that, by every addition of
pressure, the bulk of the water is diminished in a very minute
degree ; the proportion being such, that an additional weight of
15 Ibs. upon every square inch of the surface pressed on, will
diminish the bulk of the water by about 46 millionths of the

whole. Otherliquids are also found to be compressible in various
~ proportions, some more and some less than this; mercury
(quicksilver), which is the heaviest fluid known, being the least.

% See Treatise on Vecrranie Prysiorogy, Chap. V.
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compressible; and ether, which is the lightest, being the
most so. :

8. Elastic or aeriform fluids, are extremely compressible ; and
the more they have been compressed, the greater is the additional
pressure necessary to diminish their bulk. Thus, a certain
weight of air has a very different bulk, according as it is near
the earth’s surface, or a mile or two above it. This is easily
understood, by considering that, if a high pile of horse-hair
mattresses were made by laying one upon another, those at the
bottom of the pile would be reduced in thickness by the weight
of those above. Now the weight of the column of air that.
presses upon each square inch of the surface of the earth, or of:
any body upon it, is about 151bs. ; and the particles of air at.
the bottom of the atmosphere, therefore, are pressed together by a.
force of that amount. But on the top of a high mountain, a
large part of the atmosphere is below, and a much emaller portion. ,
above; so that the pressure from above is not nearly so great,
2nd the same weight of air will here occupy a much larger space.
Now it hias been ascertained by a very simple experiment, that
common air (a8 well as all other gases) is compressed into half
its bulk whenever the pressure is doubled ; so that if a quantity
of air, which is compressed on the surface of the globe bya.
weight above it of 151bs. on every square inch, be pressed with
just as much more, it will be reduced to half its dimensions. If
it be compressed by three times its ordinary weight, it is reduced
to one-third of its usual bulk. The elasticity of air, or any other .
gas, is such that, when it has been compressed, it seeks (as it
were) to get free with a force equal to that which has been
applied to it ; so that, if we were to endeavour to condense a
Iarge bulk of air into a small vessel whose walls were not suf-
ficiently strong, it would be burst open; and in order to reduce
any quantity of air to a smaller bulk, we have first to overcome
the outward pressure which it is exerting. By means of a very
strong apparatus, (Ersted has succeeded in compressing air to
1-65th of its usual bulk; and it must then have exercised 65 .
times its usual pressure, so that the vessel to hold air thus con-
densed, must have been capable of resisting a force of (15 x 63) ,
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975 Ihs. on each square inch of its surface.  All other gases can
be compressed in the same proportion. The gas, for instance,
which serves to light our streets and houses may be so compressed,
that a quantity sufficient to burn for a whole night may be con-
tained within a vessel of the size of a large ordinary jar. In the
making of soda-water, again, a gas of a different kind is very
much compressed ; and when in this state, water may be made
to take in a large quantity of it; but when the pressure is re-
moved, by the loosening of the cork, the greater part of the gas
escapes rapidly from the water, causing the effervescence which
renders this beverage so refreshing.

9. Although the bulk of solids and liquids can be but little
changed by pressure, yet even the most incompressible are made
to contract in size by cold, and to expand by heat. This change,
however, is much greater in aeriform fluids thanin solids and
liquids ; and whilst the degree of change in the latter is different
for almost every substance, it is the same for all gases. These
expand or increase in bulk, to the amount of 1-480th of the
whole, for every degree of Fahrenheit's thermometer (the one in
ordinary use in this country). The most remarkable effect of
heat upon bodies, however, is its tendency to make them change
their form, from the solid to the liquid, and from the liquid to
the gaseous. The change of a solid into a liquid is usually
termed its melting, fusion, or liquefaction ; whilst the change
from the liquid to the gaseous state is called zaporization,—when
made rapidly, boiling,—or if made slowly, evaporation. Each
substance requires a peculiar amount of heat, for such change of
form ; and although this is sometimes the greatest that we can
employ, yet in other instances it is so little as to be below the
ordinary temperature of the air, or of our bodies, and is there-
fore commonly regarded by us as celd. Thus we ayre accus-
tomed to regard the liquid state as the natural condition of water ;
because it is only when there is a much less degrec of heat in the
air than usual, that water passes into the solid form by freezing.
But in the Arctic regions, and on the tops of high mountains,
even in the torrid zone, the frost is perpetual, and water is never
found but'in the state of ice, except when the summer’s sun
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slightly thaws the surface. Hence water cannot be said to differ
in this respect from bodies which are solid at our common tem-
perature, except that its melting point is lower than theirs,

10. There are very few liquids which may not become solid
by a sufficient degree of cold ; thus mercury, which retains its
liquid state under a degree of cold far more intense than that
which freezes water, is congealed at last into a solid mass, the
characters of which are in all respects analogous to those of the
metals in general. Hence mercury, though fluid at the ordinary
temperatures at which the other metals are solid, has, like them,
a true melting or fusing point; and there are parts of the globe,
where the cold of the ordinary winter is so extreme, that mer-
cury is kept by it in the solid form. Wo might imagine that a
person living all the year round in a temperature low enough to
keep mercury frozen (if such a case were possible), would think
the liquefaction or fusing of mercury as great a curiosity as we
are accustomed to regard its freezing. There are some liquids
which have hitherto resisted all attempts to change them to the
solid form ; but there is much argument from analogy for the
belief, that they all might be so changed, if we could produce a
sufficient degree of cold, or rather withdraw a sufficient amount
of heat. .

11. There is not nusually much change of bulk in the liquefac-
tion of bodies ; nor in their freezing or congelation. Generally
speaking, the bulk of a body in the liquid form is greater than
that of the same weight in the solid ; for the solid body goes on
expanding (or increasing in bulk), under the influence of heat,
until it is just about to become fluid, and then a further expan-
sion takes place. But there is a remarkable exception in the
case of water, which takes up more room in the solid state than
in the liquid ; so that an equal bulk of it is lighter. Itis a very
familiar fact, that water in freezing expands, so as to burst any
pige or vessel within which it may be at all closely confined ; and
it is to the same cause, that we owe the floating of ice upon water,
since its formation would otherwise take place at the bottom.

12. The expansion of liquids under the influence of heat
incrcases very rapidly as the temperature is raised; and is
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particularly great when the liquid is heated nearly to its boiling
point. The change of bulk is then very great and sudden ; for
all vapours have many times the bulk of the liquids from which
they rose. Thus a pint of water would produce 1694 pints of
steam at the ordinary pressure. Though the vaporization of
fluids takes place chiefly under the influence of heat, yet the
quantity of heat required to produce it is very different under
different degrees of pressure. Thus, if we take water at the
ordinary pressure as the standard, we should find that any addi-
tional pressure (such as would be produced if the vessel werc
kept tightly closed) would render an additional quantity of heat
necessary to convert it into steam; whilst, on the other hand,
the removal of the ordinary pressure of the air, will cause water
to boil at a much lower temperature, as happens on the top of
high mowntains, or as may be easily shown by the air-pump.
Under preasure of the most powerful kind, water has been heated
to such a degree, that the iron vessel which contained it was
red-hot throughout; and if the pressure had been withdrawn in
a very slight degree, the water would have immediately passed
into the condition of steam, which, by its very great elasticity at
. high temperatures, would have blown the vessel to pieces. On
the other hand, when the pressure of the air has been entirely
removed, water boils at a temperature not above that which it
naturally has on a hot day. This fact is one of great practical
importance ; for the boiling of many flnids which are injured by
too high a temperature, is now successfully conducted in vessels
from which the air has been partly exhausted; as in sugar-re-

fining, and the preparation of vegetable extracts.

13. Our knowledge of the combined influence of temperature
and pressure on the condition of certain bodies, has received
many important additions within the last few years. It was
formerly the custom to divide aeriform bodies into two classes,—
vapours, and gases: the former were regarded as liquids in an
aeriform state ; whilst to the latter this state was supposed to be
natural, it not being imagined that they could ever exist in the
liquid form. Many kinds of gas, however, are capable of being
rediced to the fluid form bv pressure only ; and others by cold
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and pressure combined ; and there is one,—carbonic acid gas,
(the fixed air of soda-water, champagpe, &c.)—which has even
been converted into the solid form. It is probable, then, that all
gases might be made to assume the liquid or even the solid con-
dition, if they could be subjected to the united influence of cold
and pressure to a sufficient degree ; and that they differ in nothing
from those aeriform fluids which are ordinarily termed vapours,
except in the very low temperature at which the liguids are
vaporiged.

14. Thuswehave strong reason to believe, that the solid, liquid,
and gaseous states may be common to all bodies ; and that the
reason why there is so great a variety in the conditions in which
we usually find them, is simply,—that every kind of substance
changes its state at certain fixed temperatures. So that whilst
some (as metals in general) are solid at ordinary temperatures,
they become liquid at higher, and gaseous at higher still ; others,
which are liquid at ordinary temperatures (as mercury and
water), may become solid at lower temperatures, and pass into
vapour at higher; and lastly, others (as carbenic acid) which
have a gaseous condition at ordinary temperatures, may be turned

. into liquids or even solids, by an increase of pressurc, or by a
diminution of heat.

15. We see, in these different conditions, the influence of two
different forces acting on the particles of matter;—a force which
draws or attracts them together, and a force which tends to
separate them. The former, which is termed the attrection of
cokesion, operates only at very small distances; so that, if the
particles be very widely separated, they have no cohesion what-
‘ever. On the other hand, the force which tends to separate
them is one by which the particles repel each other; and this
repulsive force seems to be Leat, or at any rate to be produced by
the action of heat. For, as we have just seen, heat causes the
particles of bodies to undergo a gradual separation from one
another, before their form is entirely changed. This is peculiarly
shown in the case of glass, and many of the metals, which become
very soft and easily moulded into any shape, before they actually
melt. The action of the cohesive force is best scen in solid
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bodies, of which the particles are so close together, that this
force can have its full influence. It is weakened in the liguid,
by the increase of the repulsive force, which has in some degree
separated the particles ; but still it is strong enough to prevent
the repulsive force from carrying these particles wide apart from
each other. In aeriform bodies, the repulsive force has been so
much increased, as to carry the particles beyond the influence of
each other's attraction, and, conscquently, they have no cohesion
whatever, but tend to separate as widely as they are allowed to do.

16. The knowledge of these principles, then, enables us to
understand the influence of heat and cold, and of diminished or
increased pressure, in changing the form of bodies. When a
solid body is heated, the repulsion of its particles is increased,—
they are separated from one another to such a degree, that their -
cohesive attraction is greatly weakened, so that they can move
freely upon one another ; but this is not destroyed, for it keeps
them from flying asunder. But when the temperature is raised
still further, the repulsive force is increased by the added heat,
and the particles become separated so widely, that their cohesion
is altogether destroyed; and the same effect, may be produced by
the simple removal of the external pressure, which has an obvious
influence in keeping together the particles of the liquid. On the
other hand, an increase of pressure applied to a gas, may, without
any withdrawal of heat, bring the particles so closely together,
that they come within the influence of each other’s cohesive
attraction, and thus they may be made to assume the fluid form ;
but the same effect is produced with a much less amount of pres-
sure, when the repulsion of the particles has been diminished by
lowering the temperature.

17.  'When the change from the liquid to the solid form occurs
slowly, and other circumstances are favourable, the particles
have a tendency to arrange themselves in certain very regular
modes; producing those forms, bounded by straight lines and
angles, which are termed crystals. These are most familiar to
us in the spangles of hoar-frost or the flakes of snow ; but water
is not the only substance that produces them in the act of con-
gealing. Thus, if we melt a mass of sulphur (brimstone), or of
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the metal bismutl, in an earthen pot or crucible, carcfully watch-
ing it whilst it slowcly cools, until a crust has formed on its sur-
face, and then pierce this crust, and allow the liquid portion
remaining within to flow out,—we shall find the cavity studded
with beautiful crystals, those of the bismuth being exact cubes,
and those of the sulphur being needle-shaped, with six sides.

18. Bat crystallization may be made to take place in a very
beautiful and regular mode, in many substances which could not be
thus made to exhibit it ; still the same principle governs it,—the
gradual change from the liquid to the solid state, which gives the
particles time to arrange themselves with regularity. This hap-
pens when substances that have been dissolved in water or other
liquids are set at liberty by the cooling or the evaporation of the
liquid. Thus, if we put a quantity of common salt into boiling
water, continually adding until it will take up no more, (this is
called a saturated solution,) and then allow it to cool, we shall
find a large part of the salt deposited in small crystals at the
bottom ; for water when cold cannot dissolve so much of the
salt as when warm, and cannot therefore retain what Aas been
dissolved. The same effect is produced by dissolving in cold
water as much salt as it can take up, and then letting the water
gradually evaporate or dry away ; as the salt does not go off. in
vapour, it must be left behind in the solid form, and this form is
crystalline. A very simple experiment enables any one to sce
crystallization in the very act of going on. Let a Florence
flask (such as olive oil is usually sold in) be nearly filled with
water, and let as much Glauber-salt be then added as the
water will dissolve when heated to boiling. If the flask be
corked whilst the water is ot, and be not disturbed in cooling,
the salt will remain dissolved ; but as soon as the cork is taken
out, crystallization will begin, and will rapidly spread through
the whole mass. If (as sometimes occurs) it should not at once
take place, it may be produced by shaking the flask, or by
dropping into it any small body that is capable of being wetted
by the fluid ; the best for the purpose seems to be a crystal of
the salt itself,

19. It generally Liappens, however, that crystallization which
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takes place very rapidly has a confused character ; whilst the
same substance, when more slowly consolidated, may present
large and very regular crystals. This difference is well seen in
the case of loaf-sugar and sugar-candy. The process of crys-
tallization is also favoured by the presence of any centre, or
nucleus, round which the particles may arrange themselves;
thus, in the manufacture of sugar-candy, verdigrise, blue vitriol,
and other crystalline substances, strings, wires, or strips of wood
are placed across the vessels holding the fluid, and may very
commonly be found in the centre of large groups of the crystals.
The best kind of nucleus consists of a crystal of the body itself,
which seems to attract other particles of the same kind; and it
is remarkable that it will choose (as it were) out of two sub-
stances dissolved in the fluid, the particles of its own kind.
Thus, if we dissolve in the same water Glauber-salt and nitre,
and then divide the fluid into two portions, suspending a crystal
of nitre in the one and a crystal of Glauber-salt in the other,
the nitre only will crystallize in the former part, and the Glauber-
salt in the latter. This tendency enables us to obtain very large,
regular crystals from smaller ones, by proper management. If
we take the largest and most regular that can be obtained by
the ordinary process, and place them in a saturated solution of
the same salt, a gradual deposite of new particles will take place
on their surfaces; but as this addition does not take place to the
surface that is in contact with the bottom of the vessel, the
crystal must be turned every day to preserve its regularity of
form. It has been remarked that if a solution, containing
crystals of different sizes, be exposed to changes of temperature,
the large crystals will grow at the expense of the small ones.
This takes place in the following manner : when the tempera-
ture of the liquid rises, it dissolves a portion of the salt, and
diminishes the size of all the crystals in a like proportion ; but
when the temperature falls, it must part with this addition,
and the newly deposited matter settles upon the large crystals in
much greater proportion than upon the small ; so that the matter
of which these last are composed is gmdu'\lly taken up and "’
deposited upon the larger.
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20. It has long been known that particular forms of crye-
tallization are peculiar to certain kinds of substances; and thess '
forms often enable the Mineralogist to distinguish them by the
eyealone. Some minerals occur in several different forms, but
these may be shown to have a certain connexion with each other.
As to the cause which governs this regular arrangement of par-
ticles, philosophers are still in doubt ; and it is undesirable to dis-
cuss, in this place, the speculations which they have put forth.
There can be no doubt, however, that it results from a certain
regular operation of the cohesive aitraction; since we find that
all bodies which slowly pass from the liquid to the solid form,
have a tendency to assume it. Many substances are found in
beautiful crystalime forms, which the chemist has not until
recently been able to imitate ; since he canmot either melt these
substances and allow them to crystallize in cooling, or dissolve
them in water and cause them to erystallize from the solution.
Of this kind is silex, the substanee of which flint is composed ; :
the large and beautiful crystals of silex, which are known under
the name of guartz, or rock-crystal, are inferior in hardness only
to diamond. Now silex cannot be crystallized in the ordinary
way ; for it obstinately resists being melted by itself, and it
cannot be dissolved in water in any but the minutest proportion.
But it may be dissolved in water containing a strong alkali,
with which it enters into combination ; and from this solution it
may be separated in a crystalline form, by the prolonged action
of a very feeble current of electricity. There are still many crys- -
tals, however, which cannot yet be imitated by art; amongst
these is the diamond, which is nothing else than crystallized
carbon,—the substance of which charcoal and coke are almost
entirely composed ; so that the term ¢ black diamonds” applied
to the latter, expresses its natureas correctly as it does its value.

21. The slow and undisturbed action of the cohesive force,
not only produces the regularity of the external forms of crys- :
tale, but also an internal structure which is equally regular.
This is evident from the fact, that they may be split in certain
directions, whilst they will resist almost any force applied to -
them in others ; this has been long known to diamond-cutters,
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but the fact has been more recently applied in the science of
Mineralogy, and has given to it an entirely new character, The
directions in which crystals are readily split, are termed the
planes of its cleavage. This tendency is very important in a
practical view ; for it is owing to it that crystalline substances,
however dense they may be, are so brittle ; and that substances
which are more or less perfectly crystalline are usually brittle in
proportion as they possess this structure. Thus, cast-iron is
very hard, presenting a strong resistance to any forces that
would separate its particles; but it is at the same time very
brittle, on account of its partly crystalline character. On the
other hand, wrought or malleable iron, which has had its cha-
racter completely changed by exposure to the air when melted,
and by being hammered when softened by heat, has a fibrous
texture ; and whilst it is more easily cut, or bored, or worn down
by continual rubbing, it is much less brittle. This difference in
the characters of these two well-known forms of iron has given
rise to much discussion, as to which kind was preferable for the
rails of rail-roads. Cast-iron, from its superior hardness, is less
rapidly worn down, but it is liable to be broken by any sudden
jar; whilst wrought-iron, being much more tough, can with-
stand such action better, but is more rapidly worn away. The
injury that would result, however, from the breaking of a rail
under a train in rapid motion, is so great, that wrought-iron
rails are now in almost universal use, in spite of their additional
costliness and more rapid wear.

22. The fibrous structure on which depends the toughness of
malleable or wrought iron, is liable to disappear under peculiar
circumstances ; and to give place to a crystalline structure, which
will (like that of cast-iron) be accompanied with great brittle-
ness.* This change depends upon a new internal arrangement
of the particles ; and may take place without any alteration in
the external form of the substance. Thus, a wrought-iron
furnace-bar, of whatever quality it may bave originally been, is
invariably converted, within a short time, into crystallized iron,
by the alternate heating and cooling to which it is exposed ; and

® Sec a Paper on this subjost by Mr. C. Hood, in the Philosophical Maga-
sine for August 1842,
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the effect may be still more speedily produced. by heating and
rapidry cooling (as by quenching a few times in water) any
piece. of wrought-iron. The same brittleness is produced by
continually hammering a bar of iron at a low temperature. 1f
1t de hammered at welding heat, the very contrary result is
ootained : but it is often found, in the manufacture of wrought-
1ron bars, that one portion has became quite brittle from being
hammered too long after it has partly cooled, whilst the rest
possesses the highest degree of toughness. The effect appears to
Gepend upon a peculiar state of vibration into which the particles
are thrown by the blows : and this vibration does not take placc
when the iron is softened by heat. If a small bar of good tough
iron be suspended, and struck continually with small hand-
hammers, so that a constant vibration is kept up, it becomes so
extremely brittle, after the experiment has been continued for
some considerable time, as to fall to pieces under the light blows
of the hand-hammer, presenting throughout its structure a highly
cryetalline appearance. Any continual jarring will produce the
same effect. A piston-rod has been known to undergo thischange,
in consequence of a ceaseless jarring to which it was subject,
from not being fixed tightly into the piston ; it broke short off,
close to the piston, and presented at its fracture a highly crys-
tafline appearance, whilst at a short distance it possessed the tough
fihrous character, which (there was good reason to believe) ori-
gwmally belonged to the whole rod. It is, probably, to this cause
that we are not unfrequently to attribute the breaking of the iron
axles of carriages, carts, railroad carriages, &c. That some such
change must have taken place in their interior structure seems
evident from the fact, that,in many instances, they have been used
for years with much heavier loads; and that they have at last
broken without any apparent cause, under lighter burdens and
less strain than they have formerly borne. In these cases, the
crystalline structure does not prevail equally through the whole
axle, but isfound in the highest degree in the part where the jar is
most felt by it. The causes of this change are not yet properly
understood. It takes place much more rapidlyin the axles of rail-
wey-carriages, than in those of common road-vehicles ; and there
[
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is reason to believe that the electricity and magnetism which are
produced in the working of the former have a share in the effect.
However this may be, the knowledge of the possibility of this
important change should cause great attention to the strength
of the axles, in order to avoid such lamentable accidents as
those which recently occurred from this cause on the Versaillee
and Birmingham Railways.

23. A crystalline arrangement may be shown to exist in
many substances, when the external form has no regularity, by
some means which shall remove the particles that surround the
crystals, without injuring them. The simplest of these means
is the action of a fluid in which the substance can be dissolved ;
for the attraction of the particles of the crystals for each other
seems to direct the mode in which the fluid acts upon the sub-
stance ; so that the irregularities are removed, and their forms
become apparent. Thus, if we take a mass of alum, of sufficient
size, having no regular external form, but made up within of a
confused mass of crystals of various shapes, and place this in
water, the fluid will act upon it at first in all directions alike ;
but as soon as the solution is nearly saturated, its dissolving
power is diminished, and it acts only in the directions where the
substance most readily yields to it. Under these circumstances,
its surface will become embossed with crystals, presenting an
immense variety of geometrical figures, stamped or carved, as it
were, upon its substance. Many other substances may be acted
upon in a similar way by fluids that will dissolve them ; thus,
beautiful crystalline forms may be produced upon metallic sur-
faces by the action of weak acids; and these may be applied to
ornamental purposes. An aspect of this kind, given to common
tin-plate, is known under the name of moirée métallique ; this at
one time excited much attention and admiration ; but the manu-
facture has been brought into disrepute, by the very cheapness
arising from the simplicity of the operation.

24. Having now considered the operation of attraction be-
tween particles of the same kind, in producing their cokesion to
each other, we have next to speak of the action of the same force
in producing the adhesion of particles of different kinds. In
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scientifc language, the former is said to be komogensous (from
two Greek words, signifying same Zind), whilst the latter is
said to be Zetorogeneous (other or different kinds). This kind of
attraction is scarcely less important than the former ; since, whilst
cchesive attraction gives to masses of particles their form and
density, and causes them to remain in the same condition as long
as they are undisturbed by any other influence, the attraction
which they have for the particles of other substances is the fre-
quent occasion of an entire change in their form and arrangement.
Thrs the homogeneous attraction of the particles of sugar, when
free to act by itself, causes them to arrange themselves in a
crystalline form; but when we bring that sugar into contact
with water, the heterogeneous attraction of the particles of sugar
and water is so strong, as to overcome the former; and the
particles of sugar are consequently separated from each other,
and diffused through the whole mass of the water. The first
stage of the process consists in the wefting of the surface by the
fluid ; this is caused by the feebler action of the same force.
Thus we can readily wet with water a surface of glass; and less
readily, a surface of polished iron ; but neither of these surfaces
can be wetted with mercury. No adkesion exists between mer-
cury and polished iron or glass; and it has not the least power
of dissolving either of these substances. @When mercury is
spread over the ordinary surface of the metal platinum, it does
not wet it; butit may be made to do so completely, by carefully
cleaning the surface. If, for a plate of platinum, we substitute
tin or lead, either metal will be immediately and completely
wetted by the mercury; and if the quantity of the fluid be
sufficient, it will dissolve the solid in a short time. It seems,
then, that the adhesion of the surfaces is the first operation of
heterogeneous attraction ; and that, where this occurs, there is
generally a power on the part of the fluid to dissolve the solid,
though sometimes in very small amount. The case of glass and
water is not an exception to this rule; for though we do nét
usually regard glass as at all solyble in water, yet we may show
it to be so, by placing very finely-powdered glass upon turmerie
c2
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paper,* and then moistening it ; the paper will reccive a brown
tinge from the alkali which glass contains.

25. The heterogeneous attraction of liquids for solids appears,
therefore, to be the cause why the coliesion of the latter may be
destroyed by a liquid, and their particles completely separated
and diffused through it. The act of solution is usually muci
facilitated and hastened by additional heat ; and this is at once
understood, when it is remembered that heat weakens the cone-
sion of the particles of the solid, so that the resistance to the
heterogcneous attraction of the fluid is much diminished. T
power of solution is obviously one of immense importance, as
well in the economy of nature, as in the arts of man. e
diffusion of salt through the waters of the ocean, the reauction
to the liquid form of the various substances which are required
by the chemist and the dyer, and the ordinary sweetening of our
tea and coffee, are familiar examples of its operation.

26. But there are other operations, scarcely less important,
which result from the simple adkesion of solids and fluids, with-
out any change of form. Of these, the most striking is that
which is ordinarily known as capillary attraction. If we dip a
glass tube of very small bore (hence terme:d
a capillary tube, from capilla a hair) into
a liquid that is capable of wetting it, we
shall see that the liquid rises in the tube
to a certain height above the surrounding
level ; and that it is drawn up against the
surface of the glass, both inside and out-
side the tube.. Here the heterogeneous
attraction between the glass and tne
liquid is sufficient to overcome, to a certain extent, not oniy
the cohesion of the latter, but the force of gravitation, whicn
tends to preserve the ordinary level. The smaller the tube.
(provided its diameter be mnot too small for the liquid to
rise into it,) the greater will be the height of the surface

TFre. 1.

* A paper dyed yellow with turmerie ; it is much used in Chemisiry as a tes:
for the presence of alkalies, which turn it brown,

/77




CAPILLARY ATTRACTION. 21

within it; and the lurger the tube, the more nearly will the
surface within be upon the level of the surface without. In
ail instances, the surface will be lower towards the centre of the
tube, so as to be concave. This is easily understood, when it is
remembered that the attraction of the glass for the liquid will
only operate upon the particles that are near the surface where
they touch; and, therefore, that the more distant the centre
of the tube from the circumference, the less attraction will be
exercised upon the central part of the column of liquid. The
operation of this principle is very beauti-
fully shown by a simple experiment. If
we take two pieces of flat glass of the
same size, and fix them in such a manner
that they shall be in contact along one
side, but shall be a little separated on the
other,—when they are placed with the
lower side in coloured water, the liquid
rises up between them, and ascends
higher in proportion as the glasses are nearer together, forming
a regular curve, which is known to mathematicians as the
lyperbola.

27. Thistendercy of liquids to ascend through tubes or spaces
of narrow dimensions, is extremely important in many of our
ordinary processes, as well as in the economy of nature. Thus,
it is by means of the capillary action of the soil, that water is
imbibed by it, and is carried to the roots of plants. The absorp-
tion of water by a piece of sponge, or by the towel with which
we dry ourselves, takes place on the same principle. Whero
the fluid, which is drawn up by capillary tubes, is removed as
fast as it is raiced, a continual movement will be the result. Thus,
when we place a fresh cotton-wick in a lamp, the oil is speedily
drawn up to its top, but it does mot run over; it then ccases to
move, until the lighting of the lamp exhausts the oil at the top
of the wick, and this is continually supplied by fresh absorption
below. The fibres of cotton may be replaced by a bundle of
small wires, which will answer the same purpose, so long as:
they are kept clean. The natural tubes of plants are well

Fig. 2.
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adapted to raise fluid by their capillary action; this may be
experimentally shown by dipping one end of a piece of the
ordinary cane into spirits of turpentine, which will rise to the
other end, so that the vapour will take fire there.

28. The action of endosmose,* which takes place with such
power through animal and vegetable membranes, and even
through porous mineral substances, seems capable of being ex-
plained on the same principles. It is essential to its perform-
ances, that the two fluids should have a strong tendency to mix ;
and that one of them should rise more readily through capillary
tubes than the other. Thus, when syrup is put into a bag of
animal membrane, and this is dipped in water, the latter passes
more readily than the syrup through the pores of the membrane,
and is thus carried to the inner side; when it comes in contact
with the syrup, it is drawn off by the attraction which that
liquid has for it; and as the portion thus drawn off is being
continually supplied from the water on the outer side, by the
capillary action of the membrane, a large quantity of water is
thus introduced into the bladder and mingled with the syrup.
There is a similar current, however, in the opposite direction,—
the syrup being conveyed through the pores of the membrane,
and being drawn off by admixture with the water on the outer
side; but this is weaker than the other, in proportion to the
thickness of the syrup, which impedes its passage through the
minute capillary tubes of the membrane. The rapidity of this
mutual permeation is greatly increased by the motion of one of
the liquids. Thus if a membranous tube, such as a piece of the
small intestine or of a large vein of an animal, be fixed by one
cxtremity to an opening at the bottom of a vessel filled with
water (Fig. 3), and have a stopcock attached at the other extre-
mity, and be then immersed in water acidulated with sulphurie
or hydrochloric acid, it will be some time before the acid will
penctrate to the interior of the tube, which is distended with
water; but if the stopcock be opened, and the water be allowed
to discharge itself, the presence of the acid will be immediately
.discovercd (by tincture of litmus, whose bluc will be changed

* Sce VEGETABLE PHysioLocy, § 117.

i
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to red,) in the liquid which flows out; showing that the acid
has been assisted in its
penetration of the walls of
the tube, by the current
traversing its interior.
Thus it is that soluble
substances introduced into
the stomachs of animals,
are almost immediately
taken into the current of
the blood, which moves
through the vessels so
thickly distributed on
their walls;* although the
same substances would re-
quire many hours to pe-
netrate the tissues, if the circulation were not going on in
them.

29. Another instance in which capillary action is made
serviceable, is in filtration. When we desire to separate fluids
from impurities which are diffused through them, or to ob-
tain the finely-divided particles of a solid which may be sus-
pended in fluids, we make use of a filter of some porous sub-
stance, through which the fluid is caused to pass, leaving the solid
particles behind. The action is much assisted, however, by any
pressure which shall give the liquid an increased tendency to
pass through the pores of the filter, which it may be otherwise
slow in doing, especially when the retained particles have a
tendency to clog the pores of the filter; such pressure may often
be conveniently obtained by the weight of a column of water.
Certain substances, even, that are completely dissolved in the
water, may be scparated from it by filtration. Thus, if a solu-
tion of common salt be made to filter through a long tube com-
pletely filled with sand, it runs out more or less completely
deprived of salt. This fact is of great intcrest and import-
ance, more especially as showing how a spring of fresh water

* See ANDIAL PHysIOLOGY, § 212,
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may be formed by the filtration of sez water through a bed
of sand, chalk, or other porous stratum. The filter may
net only be nsed to separate fluids from solids, but to scparate
fluids that mix imperfectly from one another. To do this, it is
only necessary to wet the filter in the first instance with the
fluid we wish to draw off; that alone will be transmitted by it,
the other remaining behind. In this mauner, spirits of turpentine
and water may be parted from each other.

30. The force which is capable of being produced by capil-
Jary attraction is much greater than would be generally supposed.
It may be estimated by the opposition which it is capable of
overcoming. Thus, a vessel of wire-gauze will hold a certain
depth of water, if the meshes are sufficiently small; for each
mesh will keep a drop of the fluid adhering to it by capillary
attraction, so long as the weight of the water above is not suffi-
cicnt to overcome this adhesion. For the same reason, a vessel
of this kind will float in water, so long as it is not made to
descend below a certain depth, depending on the size of the
mesh. When endosmose takes place under the most favourable
circumstances, it will raise a column of mercury to two or three
times the height at which it stands in the barometer, and may
thus sustain a weight of from 30 to 45 lbs. upon every square
inch of surface. If a dry plug of wood be tightly fitted into
one end of a stout tube of glass or porcelain, and a projecting
portion be allowed to dip into water, the wood will swell with
such force, by the entrance of the fluids into its pores, as to burst
the tube, though it may be capable of resisting a pressure of
more than 700 Ibs. on the square inch. It is the same power
which causes the stones of walls to be loosened by the growth
of creeping plants, such as ivy ; for the delicate fibrils of their
roots being inserted into minute chinks between the stones,
gradually become distended by capillary action, so as to separate
these from their attachments. This power is turned to useful
account in sowme parts of France and Germany, for scparating
large masses of stone from the solid rock, when this cleaves
readily in particular directions. Holes are bored in its substance,
into which wedges of dry wcod are tightly driven; and when
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these are exposed to moisture, they swell by capillary action
with such force as to split the solid mass. The same plan is
used for dividing a long piece thus obtained into shorter picces,
which are to be used as mill-stones.

31. A different set of phemomena occur when the liquid and
solid have little or no attraction for each other, or when the force
of adkesion is inferior to that of cokesion. A glass tube of small
bore, when dipped into mercury, will not raise its level in the least
degree, but will depress the column within it; and this in pro-
portion to the smallness of the tube. The surface of the mercury,
iustead of being concave (or hollow), is convex (or bulging) ; that
part nearest the side of the tube being lower than that in the
centre. This is well seen in a barometer, especially if its tube be
small. In a tube of 1-10th of an inch in diameter, the mercury
is kept down as much as 1-7th of an inch. It is consequently
necessary, in calculating the height of mountains, from the
place at which the mercury stands in the barometer, to make a
correction for this depression, by adding to the observed height
a small amount which shall express the influence of, the glass in
lowering its surfaice. This want of adhesion between the mer-
cury and the glass produces another result, which may in time
greatly injure the action of the barometer. The perfection of
this action requires that the space between the mercury and the
top of the tube should be completely void of air; but, owing
to the want of complete contact between the glass of the tube
and the mercury contained in it, and surrounding its lower
cnd, the air gradually steals in, dipping down below the end
of the tube, and slowly rising up through the column. This
is prevented, in the best barometers, by welding a ring of
platinum to the bottom of the tube; for, as mercury wets
platinum, no air can pass between them. The effect of plunging
into water a capillary tube, whose interior surface has been
covered with a thin coat of oil, so that the water will not wet
it, is exactly the same as that of plunging a glass tube into
mercury ; the fluid being depressed in the former case, as in the
Iatter.
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32, MHitherto the effects of heterogeneous attraction have been
considered only in reference to its most common form,—the
action of solids and liquids on each other. Bat they are by no
means confined to this. Solids may have a considerable attrac-
tion for each other; but this is best seen when one of them has
been changed from the fluid state, whilst in contact with the
other, so that the two surfaces are exactly adapted to each other.
Upon this principle depends the action of cements of all kinds,
—miortar for stones, glue for wood, resinous and other substances
for glass. 1Itisin part through the same adhesion, that solid
surfaces cannot be slid over one another without a certain amount
of resistance, even when the surfaces are very smooth. Other
things being equal, however, it is generally found that the loss
of force by this rubbing, or friction, is less when the two sur-
faces are composed of different substances, than when they are
of the same; thus the resistance of iron moving upon iron is
nearly double that of iron moving upon copper. Howerver inju-
rious this friction may become in the operation of machinery, it
is of great importance in our ordinary actions; of this we
ghall become well aware, if we compare the ease with which we
walk on a stone pavement, on which we can plant our feet firmly,
with the difficulty we have in walking across ice, on which, from
the absence of friction, our feet are continually slipping. If it
were not for friction, too, we should slide from our chairs, when
our bodies slope in any direction ; and the pens with which we
write would slip through our fingers. When otk surfaces
arc made very even, the friction is very much increased, so
that it is difficult to slide one over the other. This is parti-
cularly the case with two surfaces of the same kind, such as
plate-glass,  After the plates have received their final polish, it
is usual to place them in an upright position in the warehouse,
like books in the shelves of a library. In this position they not
unfrequently acquire, in the course of time, an adhesion which
renders it very difficult and sometimes impossible to separate
them. Instances have been recorded, in which three or four
pieces were thus absolutely incorporated with each other, so that
they might be treated in all respects as one piece, and even cut
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with the diamond as one, adhering almost as perfectly as if they
had been melted. 'When an exceedingly great mechanical
force was applied in the proper direction, they were caused to
slip one on another; and .when at last they came asunder, it
was found that they had not separated at their common sur-
faces, but that the thickness of the glass had yielded, so that
the surface of one carried off with it a thin layer of another.
In this and similar cases, such as the fixture of a ground-glass
stopper in the neck of a bottle, the particles of the two sur-
faces are brought so close together, as to cokere instead of simply
adrhering.

33. Solid bodies not unfrequently exercise the same kind of
attraction over gaseous particles, as over those of a solid or liquid
substance. This is shown by the floating on water of bodies which
are really heavier than itself, but which are buoyed up by a
layer of air that adheres to them. Thus with a little care we
may lay a fine sewing-needl¢ on the surface of water, in-such a
manner that it shall not sink ; but if the needle be too thick, its
weight will bear a larger proportion to the quantity of air that
surrounds it, so that it cannot be made to float. It seems that
iron surfaces have a peculiar adhesion to air, as the following
experiment shows, If we take some iron filings, and sift them
upon the surface of water in a tall glass jar, they will float upon
the top, until a stratum (or layer) of considerable thickness has
thus been laid upon the water. At length this stratum will
break up into masses which will sink ; and it will then be seen
that they had been previously buoyed up by the adhesion of
particles of air, which their accumulated weight will even carry
to the bottom with them. If we sift powdered magnesia upon
water in the same manner, its particles will sink almost imme-
diately ; for as they do not possess the same property of causing
air to adhere to them, they become wetted by the close contact
of the liquid ; and being heavier than water, there is nothing
whatever to buoy them up. There is a considerable adhesion,
also, between glass and air, which is shown in the making of
barometers. If we fill a clean glass tube with mercury, we shall
find a quantity of small glass bubbles adhering pertinaciously
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to its sides; many of these may Le swept away, by causing a
Jarge bubble to pass several times from top to bottom by inclin-
ing the tube towards each cnd alternately ; but it will still
remain coated throughout with a film, which can only be removed
by boiling the mercury in it. Even this, however, does not
produce that close contact between the mercury and the glass,
which is necessary for the complete exclusion of the air; since,
as already stated (§ 31), the air will creep in, if not prevented
by giving to the glass tube a termination of platinum, which is
wetted by the mercury.

34. This attraction of solid bodics for gases produces =evcr'\l
important results in the economy of Nature. There are many
insects, which, although they breathe air, are inhabitants of the
water; and they are enabled to surround themselves with a film
of air, by its adhesion to their hairy bodies, which they can
carry down with them for use at a considerable distance beneath
the surface. In the same manner, the diving spider® carrics
down successive quantities, by which it gradually fills its delicate
little bell with a quantity sufficient for its supply during the
whole winter ; the amount of adherent air is so considerable,
that the spider cannot descend by its own weight, but is obliged
to creep, with considerable muscular exertion, down any stems
or leaves that may conduct it from the surface of the water to
its destination. There is another most important practical result,
that arises from the attraction exercised over gases by many
porous substances, which will absorb and retain quantities of

gaseous matter equal to many times their own bulk. Thus -

newly-burned charcoal will absorh 90 times its bulk of ammonia
(the pungent gas contained in spirits of hartshorn), and 35 times
its bulk of carbonic acid (the foul air of wells, caverns, &e., also
produced by the breathing of animals, the burning of charcoal,
&c.). It will also take in watery vapour; the weight of the
charcoal being in some cases increased nearly ome-fifth by a
week’s exposure to air. Other porous substances possess the
same property, though usually in a less degree; and it is by the
exercise of this attraction by our soil, for the ammonia and car-

* Sce Treatisc on Zooro~y, § 759,

I
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bonic acid of the atmosphere, that a large proportion of the
nourishment obtained by plants is derived®. So large a quan-
tity of common air is sometimes condensed by powdered charcoal,
that a great amount of heat is given out by it, according to
principles which will be explained in the treatise on Heat; and
in one instance which has come under the author’s knowledge, a
cask of animal charcoal in powder had actually become red-hot
in the interior, from no other cause.

35. Various animal and vegetable substances have a con-
siderable power of attracting watery vapour; and of readily
yielding it again. The changes in their size and form which
are produced by such alterations, make them present tolerably
good indications of the amount of dampness in the atmosphere.
Thus every lady knows that it is more difficult to keep her hair
in curl in damp weather than in dry. The catgut strings of a
harp shorten with damp, and will not unfrequently break if they
be not slackened. Various instruments have been devised for
measuring the quantity of dampness in the air on this principle.

That which was long the most accurate in

I use was constructed to measure the altera-

tions in length produced by the dryness and

dampness of the atmosphere in a human
hair. The hair, prepared by steeping it in
pearl-ash and water, is held at each end by
a pair of small nippers, of which the lower
h one is attached to the frame of the instru-
ment, whilst the upper one hangs from a

thread or fine wire that winds round the
axis on which the index is placed. The
hair is kept on the stretch by means of a
( small weight suspcnded from the axis in the

contrary direction. When the atmosphere
is dry, the hair has a tendency to twist and
contract itself in length, so that the axis is
turned round by its strain; and when the
Fio. 4. air is damp, the hair lengthens, so that the

* Sce Treatise on VEGETABLE PHYSI10L0GY, Chapter VI.
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irdex is turned in a contrary direction by the weight, as far as
it is permitted. The index moves over a scale, on which are
marked the points of extreme dryness and dampness; which are
ascertained by placing the instrument first in air rendered as dry
as possible, and then in air loaded with moisture. The indica-
tions given by such an instrument (which is termed a Hygro-
meter or measurer of moisture) are much less correct, however,
than those of a Hygrometer invented
by Professor Daniell, which enables
us to ascertain the exact amount of
moisture contained in the air, by ob-
servation of the reduction of tempera-
ture required to cause its deposition
in the form of dew; for the greater
the quantity held in solution, the more
readily will it be condensed by cold,
and vice versd. This Hygrometer is
so constructed, that when the upper
bulb is moistened with ether, the
lower bulb will be cooled down. This
operation is continued, till a deposit
of dew is seen upon the blackened
glass of the lower bulb, the tempera-
ture of which, indicated by a ther-
mometer within, is the dew-point; and as the quantity, of mois-
ture required to saturate the air at any particular temperature
can be exactly ascertained, the amount actually present in the
atmosphere is thus made known.

36. Liquids, also, have an attraction for gases; and this is
shown every time that we pour water from one vessel to another.
Large quantities of air, strongly attached to the surface, are
carried down by the falling mass below the surface of the liquid
in the lower vessel ; but as they become elastic from the addi-
tional compression they undergo, they detach themselves from the
particles of water to which they adhered, and rise again in a stream
of bubbles. This process takes place on a large scale in natural
falls of water; the foam and dashing spray of which are produced

Fio. 8.
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by the escape of the air, rebounding from a considerable depth
to which it has been carried by the downward impulse, and in
its turn carrying with it a quantity of watery particles. There
are waterfalls at which advantage has been taken of this perpetual
supply, by receiving the air, whilst in a state of compression,
‘ into vessels, from which it is conveyed to blast-furnaces for the
smelting of metals. Were it not for this tendency of water to
" absorb air, no living being could continue to exist below its sur-
* face; for both aquatic plants and animals derive the air which
(like plants and animals living on land) they perpetually require,
from that contained in the liquid medium they inhabit. Thus
gold-fish, kept in a small quantity of water, gradually exhaust it,
by the action of their gills, of the air which it contains; and
unless they receive a fresh supply in some way or other, they
die. 'Where they are living in a pond which is continually
exposing a large surface to the air, and the water of which,
therefore, is continually absorbing a fresh supply, no further
attention on this point is required. But when they are confined
in a glass globe, such as is commonly employed for the purpose,
it is necessary that the water should be frequently changed.
The form of these vessels is the worst possible; since, the more
nearly they are filled with water, the smaller is the surface it
presents to the air ; and the less, therefore, is the renewal of the
air, as it is exhausted by the fish, through absorption from the
atmosphere.

37. 'We may easily prove the presence of air in ordinary
water, by placing some of the latter in a glass vessel under the
receiver of the air-pump. As soon as the pressure is partly
removed from the surface of the liquid, we shall see a large
quantity of minute bubbles in the water; the greater part of
these are attracted to the surface of the glass, to which they
adhere ; but in proportion as the pressure is removed, they
increase in size, and at last rise to the surface and make their
escape. If we apply the same means, however, to water which
has been recently boiled, we shall obtain no disengagement of
air-bubbles ; but if we allow the same water to remain exposed
to the air for a few hours, we shall find that it will contain
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nearly as much air as if none had been expelled from it by th
boiling. The process by which the air is driven off by heat is
stiii more easily watched, but we cannot always readily dis-
tinguish between bubbles of air and of steam. If we place a
glass vessel, containing spring water, over a lamp, we shall very
soon see a number of minute bubbles, at first adhering to its
sides and bottom, and then rising to the surface; these arc
formed by the air which the water contained, and which is made
to show itself thus, not by the removal of pressure from the
surface of the water (as in the last case), but by the increase of
its own elasticity. But as the water becomes hotter, other
bubbles are formed, which consist of watery vapour; and by
the time it is brought to the boiling point all the air is expelled.
It is to the loss of the air which it contains, that the flatness of
water that has been recently boiled is due.

38. Water is capable of dissolving much larger quantities of
many gases, than it can of common air. Thus, it may be made
to take up many times its own bulk of carbonic acid gas, pro-
vided a sufficient pressure be kept upon its surface. This is the
case with brisk, fermented liquors, which have been bottled
before the process of fermentation (by which this gas is given
off in large quantities) is complete; the gas afterwards pro-
duced remains dissolved through the liquid, until the pressure is
taken off by the opening of the bottle, when it comes forth with
effervescence, as in the case of champagne, porter, cider, &c.
In bottled soda-water, the carbonic acid is forced into the water
Ly great pressure, and escapes in the same manner when that
pressure is removed ; but in the common effervescing draughts,
the gas is given off at the time of the mixture of the acid and
the soda, by the action of one upon the other, By heating any
of these fluids, the whole carbonic acid they contain is set frec ;
and it is thus shown that the attraction of the carbonic acid for
the water is readily overcome.

39. But there are other gases for which water has a much
greater attraction,—taking them up with great eagerness, and
not casily parting with them. This is the case with ammonia,
and with muriatic acid gas. That these naturally exist in the
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state of gas or vapour, we may satisfy ourselves by a simple
experiment. If we hold the open mouth of a bottle containing
hartshorn near another containing spirit of salt, we shall see the
air between them filled with white fumes, which are produced
by the action of the vapour of one upon the vapour of the other,
forming, in a very finely-divided state, the substance which is
known as sal-ammoniac. Now hartshorn is little else than
water which has been caused to absorb a large quantity of
ammonia in the state of vapour; and spirit of salt is water
which has been caused to take up muriatic acid gas (which
is given off when we pour sulphuric acid—oil of vitriol-—
upon common table-salt) in the same manner. For a certain
quantity of these gases, water has so strong an attraction, that
when a tube or bottle filled with either of them is opened under
water, the liquid will rush up the tube as if it were perfectly
empty, absorbing the gas as it ascends. From this quantity,
no amount of heat, or withdrawal of pressure, can set it free;
but when the liquid has been caused to take up a large quantity
of the gas, a part of this readily passes off, when pressure is
withdrawn (by the removal of the stopper or cork), in the same
manner as carbonic acid from soda-water.

40. We have lastly to consider the heterogeneous attraction
of the particles of gases and vapours for each other; which
gives rise to several curious and important results. Aeriform
bodies are capable of mixing with each other with perfect
freedom ; since they have no cokesion nearly sufficient to resist
the force of adkesion. They are all, consequently, able to diffuse
themselves, without any limit or obstacle, through each other’s
masses ; and this in spite of the greatest differences in their
weight. Thus, if we confine a portion of hydrogen (a gas
which forms a large part of what we burn in gas-lights, lamps,
candles, &c.) in a strong phial, and a portion of oxygen (a gas
which forms one-fifth of the atmosphere) in another, and connect
the two by a narrow tube three or four feet long, placing the
hydrogen-phial at the highest end, we shall find, in a short time,
that a complete mixture will have taken place between the two,
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—as shown by the explosive power which the gas in both phials
will now have acquired, the hydrogen from mixture with the
oxygen, and the oxygen from mixture with the hydrogen. In
this case, the weights of equal bulks of the two gases are as 1
to 16; and the oxygen, which is the heavier, is thus drawn by
the attraction up to the very highest point in the upper vessel ;
whilst the hydrogen, which is only one-sixteenth part of its
weight, descends to the bottom of the lower phial : when pro-
perly considered, this change of place is as striking as if it took
place with two liquids, having the densities of water and mer-
cury. It is to this tendency in the particles of gases to mutual
adhesion, that the equal admixture of those composing atmo-
spheric air, is due. It has been found by experiment that there
is no marked difference in the proportions of oxygen and nitro-
gen, in air taken from the most different situations, such as the
tops of high mountains, the heart of the most crowded cities,
the surface of the ocean within the polar circle and at the equator;
yet there is about as much difference in their respective weights
as there is between oil and water. Again, the tendency of the
atmosphere to dissolve watery vapour is another instance of the
same attraction ;. it is never free from moisture, and sometimes
it is completely loaded with it.

41. The tendency of gases to mingle shows itself not only
when they are left quite free to do so, but also when a porous
partition exists between them. Thus, if we confine a portion of
common air in a membranous bag, such as that formed by the
stomach of a rabbit or other small animal, and suspend this in a
vessel filled with carbonic acid gas, the latter will penetrate the
bag, and will at last burst it. Here an endosmose and exosmose
occur, as in the case of liquids; but the tendency of the carbonic
acid to passin is greater than that of the air to pass out, so that
an increase in the contents of the bag necessarily takes place.
By the slow action of the same forces, hydrogen gas, confined in
a bell-jar which has a crack in its side, gradually makes its
escape, and is replaced by a certain quantity of air. If a portion
of common air be confined in a jar, by tying tightly over it a
piece of sheet India-rubber, and this be placed in a larger jar
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filled with hydrogen, the latter gas will pass through the India-
rubber partition faster than the air passes from the other side ;
and thus the partition will be made to bulge out, and will at
last burst. The amount of each gas that will tend thus to diffuse
itself through any other, has been determined by a very simple
experiment. If a tube, closed at ome end by a plug of dry
plaster-of- Paris, about half an inch long, be filled with any gas
lighter than air, and be placed over water, there will be a gradual
interchange between the outer air and the contained gas, through
the porous plug. The quantity of air which enters will be less
than that of the gas which passes out ; and the water into which
the tube dips at its lower end will consequently rise in it. When
the tube is filled with hydrogen gas, the rise of the water is
very rapid ; and it will fill, at last, a large proportion of the tube.
Now it has been ascertained that the quantity of air which will
replace any particular gas, is in the opposite or inverse propor-
tion to the square-root of the demsity of that gas, as compared
with air. Thus common air is nearly 16 times heavier than
hydrogen ; and the square-root of 16 being 4, the quantity of air
which will replace any given umount of hydrogen is inversely as
nearly 4 to 1, or in ordinary language as 1 to nearly 4,—that 1s,
something more than one-fourth. The remainder of the tube—
nearly three-fourths of its length—becomes filled with water,
which is drawn up to fill the vacuum or empty space thus left.
If, on the other hand, the tube be filled with a gas heavier than
air, the latter will enter more quicklythan the former will pass out ;
and the water will be pushed down instead of being drawn up*.

42. Not only does this force of heterogeneous attraction tend
to bring together particles of bodies which were previously in a
separate state, but it may, when very powerful, remove them
from the influence of a similar force which had caused them to
adhere less powerfully to other substances. Thus between water

* There is not the same regularity of result when animal membranes are em-
ployed instead of plaster-of-Paris ; thus carbonic acid will pass towards common arr,
or even coal-gas (which is much lighter), and will distend a bladder filled with it,
even to bursting ; although according to the rule just given, the air or coal-gns,
being much the lighter, should pass towards the denser carbonic acid, as in the
endosmose of fluide.
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and spirit-of-wine there is considerable attraction ; the two liquids
may be mixed in any proportions, and they cannot easily be
separated. DBetween spirit and resin of any kind, again, there
is a strong attraction, so that the latter is dissolved in the former.
But between resin and water there is very little attraction ; the
solid may have its surface just wetted with the liquid ; but it
cannot be dissolved in it in the least degree. Now if we add
water to a solution of resin in spirit, the tendency of the spirit
to adhere to the water, will be sufficiently strong to detach it

* from the resin, which was previously diffused through it by its
attractive force ; and the resin is thrown down or precipitated in
the solid form. In the same manner, if we shake well-burned
charcoal in water with which the gas named sulphuretted hydro-
gen (that which is principally concerned in giving the foetid
smell to rotten eggs, cess-pools, &c.,) is united, the charcoal will
«ompletely absorb the gas, detaching it from the liquid, and will
«deprive the latter of the very disagreeable qualities it previously
spossessed. In this manner, water which has in any way become
foul may be completely purified ; those of its impurities which
.cannot be removed by ordinary filtering, being completely with-
-drawn by charcoal.

43. Itisoften necessary to separate bodies which are more or
iless closely united by heterogeneous adhesion ; and various plana
.are adopted, according to the nature of the substances. Thus

if it were desired to purify water which is rendered turbid by
finely-divided particles of earth, chalk, &c. suspended in it, these
may be removed by simply filtering it through a solid substance
whose pores are too small to allow these particles to pass. Or
if it were desired to collect any substance precipitated from a
solution (as the resin from the spirit, in the case just mentioned)
the filter is here again employed,—the solid matter remaining
wupon it being here the product we seek, and not, as in the filtering
of impure water, the liquid which has passed through. Another
mode is very often employed to clear a fluid from minute particles
that injure its transparency. This is to shake it up with some
viscid substance that shall attach these particles, and remove
them from the liquid. The white of eggs is much used for this
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purpose, in clarifying wine, syrup, coffce, melted jelly, &e. ; and

in the old process of sugar-refining, bullocks’ blood was employed

in large quantity. DBut no filtering, or other such process, could

separate a liquid and a solid substance dissolved in it, as water

and salt; and here we call in the aid of heat, which causes the

particles that were previously adherent to repel one another.

Thus, we might separate salt and water by applying heat to the

solution, which would drive off the water in the state of vapour,

leaving the salt behind. This process is termed evaporation ;

and it will of course take place the faster, in proportion to the

heat applied. If we desire to collect and preserve the liquid, the
vapour is conducted into a vessel to which cold is applied, and
is there condensed, or brought back to the liquid form. This.
process is called distillation ; and it is practised on a very large-
scale in the separation of alcohol (spirit-of-wine) from water.

The alcohol is caused to pass off in vapour, by the application of -
Lieat, much more readily than water, its boiling point being low ;

and the latter, therefore, remains behind until nearly all the

spirit has been driven off. The same process is applied in con-

centrating sulphuric acid (oil-of-vitriol), which, as first made,

contains a large quantity of water; but in this instance tho

water is the most readily evaporated, and the strong sulphuric.-
acid remains behind.

Divisibility of Matter-.

44. There appears no limit to the degree of minuteness to
which various forms of matter may be subdivided. Various in-
teresting examples of this kind are presented to us by Nature,
being revealed for the most part by the aid of the microscope ;.
and others are furnished by Art. The former class will be first
considered.—We not unfrequently speak of things as being  as.
fine as a hair.” Now the human hair varies in thickness from
the 1-250th to the 1-600th part of an inch ; and it is a massive
cable in comparison with the fibres produced by other animals.
The thread of the silk-worm is many times finer, being from the
1-1700th to the 1-2000th of aninch. This, however, is nothing
to the slenderness of the spider’s thread, which has been found
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in some instances to be no more than 1-30,000th of an inch in

diameter. It is difficult even to imagine quantities so small;

and the best way to realize them to the mind is to consider that

30,000 such threads laid side by side would make a riband only

one inch broad. But this is by no means the entire wonder

of the spider’s thread. Each of

these slender cords is composed of

four or six twisted together ; and

every one of these is formed by

the pressing out of a viscid fluid

through a sort of teat or spinneret

at the hinder part of the animal,

the point of which, instead of

having a single orifice, is perfo-

rated by not less than 1000 very

minute apertures. The thread of

each spinneret must be formed,

therefore, by the union of not less

than 1000 fibrils ; and four or six

e of these threads go to form the

Spinnerets of the Spider, cord of 1-30,000th of an inch in

diameter, of which the spider's web is constructed. It has

been calculated that two drachms (120 grains) of such thread

would reach from Edinburgh to London. The fibres yielded by

the vegetable kingdom are not so fine as these ; yet their minute-

mess is most astonishing. Every fibre of flax is composed of

a bundle of other fibrils, which have been found to be about

1-2500th of an inch in diameter. Similar fibres, obtained from

the pine-apple plant, have been ascertained to be no more than

1-5000th or even 1-7000th of an inch in diameter ; these when

twisted into threads, and woven, are said to form cloth of very

beautiful silky texture. The glistening spiral fibrils which are

- drawn out when the leaf-stalk of a geranium or a strawberry

is snapped by drawing the ends apart, are not more than
1-12,000th of an inch in diameter.

45. Not only fibres, however, but rounded particles of

-extreme minuteness, are distinguishable by the microscope, in
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the structures of animals and plants. Thus the red blood of the
higher animals derives its colour from the presence of multitudes
of flattened discs (resembling pieces of money in shape), which
float in the fluid. These discs are round in the blood of quad-
rupeds ; but are oval in that of birds, reptiles and fishes. They
are largest in the blood of certain species of the frog tribe, in
which their length is as much as 1-337th of an inch. In the
common frog, however, it is no more than about 1-1000th of an
inch. Inman, their diameter varies from 1-3000th to 1-4000th
of an inch ; and it may be estimated that, in such a drop of blood
as would hang from the point of a needle, there would be a million
of such particles. In the musk-deer, their diameter is not more
than 1-12,000th of an inch ; these are the smallest blood-particles
at present known.

46. Yet there are animalcules possessing a complex internal
structure, having the power of imbibing and digesting food, of
moving with great rapidity, and (as it would seem from their
actions), of enjoying life during the brief span allotted to them,
which are far smaller than the minutest particles of blood. The
minutest kind of these are termed Monads; they present the
appearance of little points of jelly, in active movement; and no
distinct structure can be traced in them. When they are put
into water, however, in which a little indigo or carmine has been
Tubbed, coloured spots are soon distinguishable in their bodies,
arising from the filling of interior cavities with the minutest
particles of the colouring substance. Now the whole monad is
from 1-18,000th to 1-24,000th of an inch in diameter. In the
smaller ones as many as four, and in the larger ones as many as
8ix, of these spots could be seen, not occupying above half the
diameter of the animal; the diameter of each spot, therefore,
could not be more than 1-144,000th part of an inch. From the
roundness of these spots there must be several particles in each ;
if we only assume three, we obtain proof that there must be
particles of the colouring substance diffused through the water of
1o more than 1-432,000th part of an inch in diameter. Further,
in the larger animals of similar structure, it is seen that the
spots are separated by membraneous partitions of not greater
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thickness than one-twenticth of the diameter of the spot; and
this would make the thickness of the partitions no more than
1-2,880,000th of an inch, in the monads of smaller size. Again,
in the larger species, the active movements may be distinctly
seen to be due to the vibration of delicate hair-like. filaments,
termed cilia; though these cilia cannot be distinguished in the
smallest monads, yet, as the movements are evidently the same,
they must doubtless exist in them; and they cannot have a
greater diameter than 1-450,000th of an inch. If the same cal-
culations were extended to the young animals, or to species too
small to be discerned, except under the most favourable circam-
stances, the minuteness of the particles of whose existence we
should then have evidence would be found to be still more
inconceivable.

47. Again, there is found at Bilin in Germany, a deposit of
siliceous (flinty) character, which occupies a surface of great
cxtent (probably the site of an ancient lake,) and forms slaty
layers of fourteen feet in thickness. This bed supplies the
tripoli used by artisans in metal for polishing their work, and
also the fine sand employed to form moulds for casting small
articles in Berlin iron*. For these purposes its consumption in
Berlin alone is not less than from 50 to 60 cwt. yearly. Itis
almost entirely composed of the sheaths or coverings of a kind
of animalcule, which has the power of separating flinty matter
from the water in which it dwells, and of producing out of this
a sort of case analogous to the shell of a crab or lobster. The
length of one of these is about the 1-3500th of an inch ; and it is
lience calculated, that about 23 millions of them are contained
in a cubic line of the sand, and 41,000 millions in a cubic inch.
As a cubic inch weighs 220 grains, about 187 millions would be
contained in a grain weight of this sand.

48. The minuteness of these is yet surpassed by that of the
animalcules of the iron-ochre, a yellowish-brown substance found
in certain marshes. These are only about 1-12,000th of an inch
in diameter; so that a cubic line would thus contain 1000

* Tt is partly on the finencss of this sand, that the beauty and finish of these
articles depends.
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millions of them, and a cubic inch nearly two million millions.
Yet these animalcules must have each had a fabric composed of
a number of parts, whose size would be small in comparison to
that of its whole body. There seems, therefore, no limit what-
ever to the subdivision of material particles in the natural growth
of animal bodies.

49. The Vegetable world has not been found to afford any
examples of such wonderful minuteness. There is one instance,
liowever, which it may be well to mention, on account of its
frequent occurrence. The common puff-ball fungus, when it
bursts, sends out a kind of smoke, or very fine dust. This con-
sists of particles of extreme minuteness, each of which is capable
of producing a new plant; their diameter is about 1-20,000th
or 1-30,000th of an inch; and we can thus readily comprehend
what it is otherwise very difficult to understand,—the universal
diffusion of the germs of the fungi, so that they are ready to
spring up wherever there is a soil adapted to them, as we see in
the case of the various kinds of mould, blight, &c.*

50. The thickness of transparent films may be sometimes
determined by the colours they transmit. In this way, it has
been ascertained that the wings of certain insects are not more
than the 1-100,000th of an inch in thickness ; that is, a hundred
thousand such wings laid on one another would form a pile not
more than an inch in height. A thinness as excessive as this
may be given to glass, by blowing it into bubbles (like those of
soap and water), until they burst. In the same way it was
determined by Newton, that the part of a soap-bubble in which
colours are seen is less than 1-25,000th of an inch thick ; and
that, in the situation of the black spot which is seen just before
the bubble bursts, it is no more than the 4-millionth of an inch
in thickness. There are various other modes of proving, by cal-
culation, the extreme divisibility of the particles of matter ina fluid
form ; and some of these give results surpassing any that have been
mentioned. Thus, a grain of copper, being dissolved in nitric acid
(aqua-fortis), will give a blue colour to the fluid ; and if this be

* See VEGETABLE Puysiorogy, § 61—G4.



42 DIVISIBILITY OF MATTER.—GOLD-LEAF, &c.

mixed with three pints of water, the whole will be sensibly
coloured. Now three pints contain 104 cubic inches; and as a
line of an inch in length may be divided into at least 100 parts
distinguishable by the naked eye, a cube of an inch each way
may be divided into a million such parts; hence, every millionth
of a cubic inch of such a solution will contain no more than
1-104 milliontk of a grain of metallic copper. The presence of
copper in it might be proved by chemical tests, which would
separate it in the metallic state. In the same manner it may be
calculated that, if a grain of gold be dissolved in a mixture of
nitric and muriatic acids, and a piece of ivory or white satin be
dipped in it, the film of metal with which this is covered (which
may be brought back to the metallic state by placing the sub-
stance in hydrogen gas), is no more than 1-10 milliontk part in
thickness. Chemistry furnishes us with a great abundance of
such examples.

51. Even in ordinary mechanical processes, the division of
certain metals, especially gold, silver, and platinum, is carried
to an extent which we should by no means have guessed, but
which may be positively determined by a little simple calculation.
Thus, an ounce of gold would form a cube of something less
than half an inch each way (5-12ths); so that, when placed on
a table, it would cover less than a quarter of a square inch, and
would stand not quite half an inch high. Now, by continual
hammering, the gold-beater extends this cube until it covers a
surface of 146 square feet, or 21,024 square inches. It is thus
extended to more than 121,000 times its original surface ; and it
will consequently be only 1-121,000th part of its original thick-
ness, or about 1-290,000th of an inch. Fifteen hundred such
leaves placed upon one another would not equal in thickness a
tingle leaf of ordinary writing-paper.—In the ordinary process
of gilding, the gold is mixed up with quicksilver, forming a soft
amalgam ; this is spread over the surface to be gilded ; and the
mercury being then driven off by heat, a very thin film of gold
is left. Now, though it can be easily proved that this film is no
more than 1-233,000th of an inch in thickness, it forms a com-
plete surface, in which there are no pores or deficiencies ; as is
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slown by its power of protecting the brass, silver, &c. that it
may cover, from the action of aqua-fortis poured upon it.

52. In the manufacture of embroidery, it is necessary to
obtain very fine gilt silver threads. To accomplish this, a cylin-
drical bar of silver, weighing 360 ounces, is covered with about
2 ounces of gold. This gilt bar is then drawn into wire so fine,
that 3400 feet of it weigh less than an ounce. The wire is then
flattened by passing it between rollers under a severe pressure ;
by which process its length is increased, so that about 4000 feet
weigh an ounce. Ience, one foot will weigh 1-4000th of an
ounce. Now the original proportion of the gold to the silver
was 2 parts to 360, or 1 to 180 ; so that the quantity of gold on
a foot of the wire is only the 1-180th of 1-4000th of an ounce,
or 1-720,000th. Now if we divide this foot of wire into 12 parts
of an inch long, and then again divide an inch into 100 equal
parts, every one of which will be visible to the naked eye, we
shall obtain particles on which a quantity of gold exists equal
only to the 1-1200th part of 1-720,000th of an ounce, or 1-864
millionth. But we might proceed even further; for we might
magnify one of these particles in a mirroscope 500 times each
way, or 250,000 times in area ; so that we should be able to dis-
tinguish clearly portions of its surface, each of which shall seem
equal to the magnified particle, and yet be really no more than
1-250,000th part of it. Hence the quantity of gold (which is
seen by the microscope to be uniformly distributed over the
whole) covering such a portion of the surface, will weigh only
1-250,000th part of 1-864 millionth of an ounce, or 1-216 million-
millionth of an ounce,—an amount of which it is utterly impos-
sible to form a true conception. So completely does the film
of gold upon the wire retain all its properties, that, if a small
piece be cut off and placed in nitric acid, this fluid will dissolve
the silver within the coating, by attacking its unprotected ends,
and will leave the gold, forming a tube.

Indestructibility of Matter.
53. Few errors are more common, than the idea that there
<an be a waste or destruction of matter, or at least of some kinds
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of it. Such an idea would scem to be abundantly confirmed by
daily experience. We see the wood or the coal of our fires, the
wax or tallow of our candles, the oil of our lamps, gradualiy
burning away ; the materials seem entirely to vanish, and to
lcave little or no trace behind them. But they only change
their form. In all cases of ordinary combustion, two elements,
carbon* and hydrogen—of which most of our combustible sub-
stances are chiefly composed—unite with the oxygen of the
atmosphere, and give off light and heat in their union ; and as
the result of this union, it may be shown that water, and a gas
termed carbonic acid, are produced. Precisely the same change
is effected by the breathing of animals ; which process is a kind
of slow combustion, serving to keep up the heat of the body.
It is because carbonic acid gas (which is the gas that is often
found at the bottom of wells and pits that have been closed for
some time, and in brewers’ vats) is a poison to animals, that
the continuance of a number of persons in an ill-ventilated room
makes its air unwholesome ; the injurious change being further
aided by the combustion of lamps or candles.

54. Both of the substances which are thus given off to the
atmosphere are again taken from it by Plants; and are by them
made subservient to the purposes of the growth of Animals.
Vegetables have a wonderful power of decomposing the carbonic
acid of the air ;—that is, of separating it into its two elements,
of which they take the carbon, giving back the oxygen to the
atmosphere. In this manner the carbon is again reduced to the
solid state ; and it may either enter into the formation of wood,
or may become part of the wax and oil, &c. which many plants
produce in abundance. By the combustion of wood, either in its
ordinary state or that altered form which we know as coal, the
carbon is again given off to the atmosphere, again to be with-
drawn from it by the agency of another generation of plants;
and the same occurs with regard to vegetable oil and wax. But
Vegetables also employ the carbon which they withdraw from the
air, as one of the materials of the substances which they produce

* Carbon is nearly the same with very pure charcoal.  Hydrogen forms a cone
siderable part of coal-gas.

)
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for the benefit of the Animal creation; and these substances,
taken in as food, partly enter into the construction of the solid
framework of their bodies, but chiefly serve as the fuel for the
slow combustion, just now mentioned as adapted to keep up the
temperature of the system. Thus, of the carbon which is taken
from the atmosphere by plants, a large part is restored by the
breathing of animals, or by the uses to which man puts the
materials he obtains from them; and the remainder is given
back by the decay of the vegetable and animal fabrics not so em-
ployed. This decay is but another change of the same kind with
those already mentioned. There is no more absolute loss of
material in this case than in the others. -The elements of the
substances which we observe to disappear by slow or rapid
degrees, do but change their state by entering into new combina-
tions ; and they are separated from these in turn, that they may
become the elements of new fabrics, which again restore them to
the atmosphere by their own death. What has been said of the
carbonic acid given off in combustion may be said of the water
also; for this unites with the vapour that rises from the surface
of the sea, the lakes, and the rivers of our globe, to descend in
fertilizing showers on the ground, that would otherwise be
parched and arid ; and being taken up by the roots of plants, it
supplies the elements which, combined with the carbon obtained
by the atmosphere, make up the great bulk of the vegetable
fabric.

55. Thus we see that, in the most familiar of all cases,—in
which the idea of the destruction of the substance most strongly
occurs to our minds,—there is really no loss of material, but
only an alteration of its condition; and that this constantly-
occurring alteration is a part of the grand scheme of Providence.
For if there were not thus a constant renewal,—by the process
of combustion, decay, and animal respiration,—of the carbonic
acid in the air, it would be entirely withdrawn, in process of
time, by the growth of plants, and vegetation must cease for
want of a supply of materials. Or if, on the other hand, these
processes were to continue to impart carbonic acid to the air, and
there were no corresponding withdrawal of it by the growth of

'



46 INDESTRUCTIBILITY OF MATIER.

plants, the atmosphere would in time become unfit for the main-
tenance of the lives of animals.*

56. There are many instances in which there is a gradual
disappearance of solid material, by the wearing away of the
surface of & mass; and in which, therefore, it would seem as if
there was an actual loss of substance. Thus, according to the
old proverb, “ a continual dropping will wear away the hardest
rock.” There are many relics, preserved with religious venera-
tion, which, although composed of hard stone, exhibit deep
impressions produced by the kisses of the devotees, who have
been anxious thus to signify their faith and love. Thus, the
friction, even of the softest substances, leaves its mark upon the
hardest, when the act is often repeated. That of hard substances
upon each other operates much more rapidly; and a wear of
their surfaces takes place, especially if they are not rendered
smooth Ly oil or grease interposed between them; ns in the case
of a hard road, over which many carriages pass. The twear of our
clothes into holes is another example of the gradual disappear-
ance of material, from the same cause. In all these instances,
and many more, there is no loss of particles, but only a separa-
tion of some of those on the surface from the rest; thus, at
every contact of another substance, some few are carried off;
and the loss is the more rapid in proportion as the friction is
greater. The particles thus separated form the greatest part of
the dust which is continually floating about in the air, and is
deposited on bodies at rest.

* Sec, on the subject of this and the two preceding paragraphs, the Treatiso
on Veasrarre Puvsiwucey, chapters vi. and viii.
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CHAPTER 1II.

PROPERTIES OF MATTER NOT UNIVERSAL.—ELASTICITY, DPU{TT.
LITY, MALLEABILITY.—STRENGTH OF MATERIALS.

57. Tae property by which certain forms of matter admit of
being compressed, and return to their original condition after the
compressing force is removed, has been hitherto described only as
it is possessed by aeriform bodies (§ 8). These, indeed, are the
only bodies in nature which are perfectly elastic,—that is, which
exert a force in returning to their previous state, equal to that
which compressed or displaced them. This property is easily
shown to exist in air or in other gases, by means of a tube bent
at the bottom like the letter U, but having ome of the legs
greatly prolonged and open, whilst the short one is closed at the
top. If mercury be poured into the long leg, it will not rise in the
short leg to the same height; since there is a certain quantity of air
in it which has no means of escape. If more and more mer-
cury be poured into the long leg of the tube, its increasing weight
will compress the air pent up in the short leg ; so that, if the
column of mercury stand 30 inches higher on one side than on
the other, the air will be compressed into half its previous dimen-
sions. Now, if, under these circumstances, the tube be laid down
sideways upon a horizontal table, the whole compressing force of
the mercury will be taken off, since the column then rests entirely
on the sides of the tube ; and it will be found that the air will
then occupy precisely the same: space within the tube, as it did
when the quantity of mercury in the tube was such as to occupy
only the bend of the U,and when the height of the column was the
same on each side, so that no pressure was being exerted by it
or the air. By such a simple apparatus as this, the law of the
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corstant inverse proportion between the bulk of elastic fluids,
and the amount of pressure on them, is determined. For, not
only may one of the legs of the tube be so much prolonged, as
to admit a column of mercury of 2,3, or even 4 times 30 inches
in height, so as to add 2, 3, or 4 times the usual pressure,—but,
by inverting the tube, the pressure may be diminished in the
same proportion: and it will be found that the same law still holds
good ; the space occupied by the gas increasing just as the pres-
sare g diminished, and being diminished to exactly the same
amount as before, as soon as the original pressure is restored.
This is called the law of Marriotte, from the name of its discoverer.

58. The elasticity of liquids can only be shown to exist, by
their return to their original bulk after undergoing compression.
This they do as perfectly as aeriform bodies; but, as already
stated, the amount of compressibility is so small, that their
elasticity is but little called into operation.

59. Nearly all solid substances possess some degree of elas-
ticity. There are none whose particles are altogether incapable
of separation or displacement; and, in general, when the dis-
placement does not extend beyond a certain distance, each particle
tends to return to the place it before occupied in the mass of
which it forms a part, and with a force exactly proportional
to the distance through which it has been displaced. So far,
then, the elasticity is perfect, or nearly so. But if the dis-
placement be carried beyond a certain distance, there is no ten-
dency in the particles to regain their former positions; and they
remain passively in the new positions they have been made to
take up ; or take up some other positions different from those
which they had at first. It is in the /imi¢ to the operation of
elasticity that we find the greatest difference among various
bodies. Thus, a ball of steel or of ivory shall be as elastic up
to a certain point as a ball of India-rubber ; this may be proved
by letting the three drop down upon a hard surface,from the
same height, and then marking the heights to which they re-
bound. But the particles of the steel or ivory could not be dis-
placed from each other, as can those of the India-rubber, withoat
a total separation ; and thus, whilst the elasticity of the latter
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extends to almost any degree, that of the former 18 very limited.
'The elasticity of metals is most perfect when they are drawn out
into wires; and it may be shown in several modes. If a wire
be tightly stretched between two fixed points, and it be then
pulled ever so little aside frcm the straight line, it must undergo
a certain increase in length, the amount of which can be calcu-
lated from the angle to which the wire is drawn ; and if this is
done by means of a scale-pan suspended from the middle of the
wire, in which known weights are placed, it may be shown that.
the strain exerted on the wire is exactly proportional to its in-
crease in length.

60. Another proof of the perfect elasticity of metal wires, up
to a certain point, is to be found in the results of their Zorsion or
twisting. Let a wire be suspended by a fixed point at its upper
end, and carry at the bottom a light cross bar, the move-
ment of which may be exactly observed by a circular scale.
Now if the place of this bar, when it is hanging at perfect
rest, be accurately noted, and it be then made to turn, by a
force applied to it, in such a manner as to twist the wire a
whole revolution or a portion of it, the elasticity of the wirc
will cause the bar to resume its former position, after it has
oscillated forwards and backwards for some time. Moreover, if
a certain force move the bar through a given angle, twice the
force will cause it to move through twice the angle,—the torsion
of the wire being thus in direct proportion to the force applied,
and the elasticity produced by that torsion having a tendency to
untwist the wire to its original condition, as soon as the force is
withdrawn. Indeed, it will at first cause it to twist in the
opposite direction, just as a pendulum swings up on one side as
far as it descended on the other; and though it may be some
time before the bar entirely settles itself, it will at last come to
the line in which it originally pointed.

61. This elasticity of torsion, as it is termed, may be shown
to exist, not only in wires of steel, or in thin rods of wood, but
in those metals which seem most destitute of the property.
Thus, if we take a leaden wire, 1-15th of an inch in diameter,
and 10 feet long, and fix one end of it firmly to the ceiling,
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. whilst the other carries the cross-wire or index,—wlen the lattcr
has been twisted round twice and let go, it will be observed to
make almost four revolutions in the contrary direction, two being
produced by the untwisting of the wire, and two by its twisting
in the opposite way, in consequence of the continuance of the
movement it had acquired. The index will then be observed to
move round towards the side from which it commenced its revo-
Iutions, and will nearly attain the point from which it started ;
and it will continue to make a series of oscillations, backwards
and forwards, each less in amount than the last, until it finally
comes to rest in the position it had before it was at first twisted,
Thus the elasticity is equally perfect in this leaden wire, up to
the point yet mentioned, as it could be in any case ; since in no
instance can the oscillations continue long, on account of the
resistance of the air. And, moreover, it would be found in a
lead wire, as in any other, that the forces with which the cross-
bar or index, when twisted through different angles, tends to
return to its first position, are accurately proportional to the
angles through which it has been moved.

62. But if we twist the wire four times instead of two, it
will not unwind itself completely ; for when the index has come
to a state of rest, it will be found not to have returned to its first
position, but to be short of that position by nearly two revolu-
tions. Thus, then, the particles of the lead could be displaced
to such an extent, as to allow a wire of this length and thickness
to be twisted twice round, without the occurrence of any such
change as should prevent their return to their original places.
But the additional displacement, requisite to give the wire four
turns, is more than its particles can bear ; and they remain, there-
fore, permanently displaced, the wire having taken what is techni-
cally termed a s¢f. Examined in this manner, there are probably
very few bodies which will not manifest elasticity. Thus a thin
cylinder of pipe-clay (which is generally considered as destitute
of elasticity as almost any substance can be) shows the existence
of an elasticity ag perfect as can be found in the best tempered
steel.. It is in the limis of this elasticity that the chief diffevence
lies; for a steel wire similarly circumstanced might be twisted



BALANCE OF TORSION. 51

& great many times, before its particles receive such a sef as to
prevent it from completely untwisting again.

63. From the facility with which threads or wires may thus
be twisted by slight forces, and the regularity of the proportion
between the amount of force and the degree of
torsion in each case, the change in the place of an
index suspended by such a wire has been employed
to measure degrees of force too minute to be esti-
mated in ordinary ways; and particularly forces
of attraction,—such as that of all bodies amongst
each other (as in Cavendish’s experiment, § 100), or
the peculiar attractions produced by electric or mag-'

netic influences. The instrument constructed for
# this purpose is termed the torsion lalancs ; in its
simplest form it consists merely of a stand having a
_| clip at its top, for tightly holding the wire, and a
> circle below, divided like a dial-plate, for marking

Fie. 7. the oscillations of the needle or index suspended by
Torsion Balance. the wire. It is found advantageous, however, to
enclose the whole in a glass cylinder, that the oscillations may
not be influenced by currents of air, or other such disturbing
causes,

64, 1t is remarkable that, even when the relative positions
of the particles have been so much altered as to take a perma-
nent set, the elasticity of the whole mass remains exactly the
same as before. Thus, when a wire has been permanently
lengthened by a great strain, it shows itself to be as perfectly
elastic as before, by recovering from the effects of smaller degrees
of extension. Suppose, for instance, that a wire of 3 feet in
length, stretched tightly between two pins, requires a weight of
11b. to be suspended from the middle of its length, to draw it a
quarter of an inch out of the straight line ; and that, when this
weight is removed, it returns completely to its former state and
Position ;—its elasticity is, therefore, so far, perfect. But let us
further suppose, that a weight of 20 lbs. suspended from the
#ame point, draws it so far out of the straight line as perma-
nently to increase its length a quarter of an inch ; the wire will

x2




52 DUCTILITY OF METALS.

then remain slack when the weight is removed, since it has not
the power of recovering its previous condition. Now, if the wire
be again tightened to the same degree as before, it will be found
that its elasticity remains precisely the same in this new ser or,
position of its particles, as it was previously ; for that, by hang-
ing a weight of 11b. from the middle of its length, it will be
drawn a quarter of an inch out of the straight line, and will
recover its state and position when the weight is removed.
Experiments on the torsion of wires give just the same results.
Thus it was found by Coulomb, that, after he had given a set
to lead wire by twisting it four times round (the limit of its
elasticity being twice, § 62), the wire was as elasticin its new con-
dition as before ; requiring the same force to give it a further
twist, and recovering itself as completely when that force was
withdrawn.

65. Ductility. Now the making of a wire from a bar of
metal, or, as it is termed, the drawing of wire, is nothing else
than giving a new set to the particles composing the bar ; that
is, they are thrown into new positions in regard to each other,
but have the same relation towards the particles which now
surround them, as they had for those in the neighbourhood of
which they previously were. Different metals possess the
property of submitting to this new arrangement without giving
way—which is termed ductility—in different degrees. Gold is
the most ductile, next silver and platinum, and then iron, cop-
per, zinc, tin, and lead. Some remarkable instances have already
been given (§ 52) of the extreme fineness of the metallic threads
which human art can produce ; and it is unnecessary, therefore,
now to do more than refer to them. This change of form pro-
duces a very curious and uncxpected result. Although the
particles of the wire are really less close together after the opera-
tion of drawing than they were before, yet they hold together
more firmly ; so that the fenacity of the wire, or its power of
sustaining a powerful strain without breaking, is greater. The
increase in the distance of the particles from each other resulting
from cxtension, is shown by the increased bulk of the wire, which
is of course accompanied by dirminished density ; and it is very
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remarkable that in this condition it should have more tenacity than
before. The cohesion of lead may thus be ¢ripled in drawing ;
and that of iron is increased in a degree so remarkable, as to
make thin iron wire the most tenacious of all materials,—that is,
the one which requires the greatest strain to tear it asunder,
when its size is taken into account. Thus, a bar 1 inch square of
the best cast iron, may be extended by a weight of 9 tons per
square inch ; a bar of the same size, of the best wrought iron,
will sustain a weight of 30 tons; a bundle of wires 1-10th of an
inch in diameter, of such a size as to have the same quantity of
material (which, as the wires do not lie in perfectly close contact,
must be more than an inch square) will sustain a weight of from
36 to43 tons ; and if the wire be drawn more finely, 80 as to have
a diameter of only 1-20th or 1-30th of an inch, a bundle contain-
ing the same quantity of material will sustain a weight of from
60 to 90 tons. For the sake of comparison it may be mentioned
that a mass of hemp fibres glued together will sustain a weight
of 41 tons per square inch ; whilst copper wire will not sustain
more than 271 tons, silver wire only 17 tons, gold wire only 14
tons, and lead wire only 1-;.; tons per square inch.

66. Hence cablesmade of fine iron wire twisted together will
sustain a far greater weight than chains having the same weight ;
and they are now coming extensively into use. Many of the
suspension-bridges on the Continent are constructed with wire
ropes, and there is one at Fribourg, which is 700 feet between
the points of support, being 100 feet wider than the Menai
Bridge. The diminished weight of iron wire which is required
to support an equal strain with the more massive chains, is,
however, attended with certain disadvantages, so far as the con-
struction of bridges is concerned. For in consequence of their
lightness, wire bridges are much more liable to be thrown into
vibration by winds, the passing of vehicles, and other causes;
and there is no doubt that the continuance of such vibrations has
a tendency to diminish the tenacity of the iron (§ 22). Itis
probably from this circumstance that the bridge at Fribourg is
becoming unsafe. Wire ropes are now much employed in this
country in mines and coai-pits; and there is one of 6} mile
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in length, in continual operation on the London and Black wall
Railway, the trains on which are drawn by means of a stationary
engine. It is found, however, that after they have been in use
for some time, they are liable to break, without the employment
of any extra force, although' not perceptibly worn; and this
change is probably due to the same cause as that which acts
upon solid bars of iron,

67. There is a limit, however, to the tenacity of particles
that have undergone a displacement ; not merely because a cer-
tain force completely overcomes it, but because a far less force
will produce such a permanent change in the internal structure
of the material, that it is thenceforwards greatly weakened.
Thus if a cannon be fired witht a charge of powder, producing a
strain above that which the elastic force of certain parts of its
material can bear, a permanent alteration of its internal structure
will take place, so that a second discharge will burst it. Yet
the first force may have been not much more than a quarter of
that which would have been necessary to burst the cannon at
once. It has been stated that a cannon of large dimensions, so
overstrained by an excessive charge, may be broken in pieces by
a single blow from a sledge-hammer. On the same principle, 2
wire may be broken by frequently bending it backwards and for-
wards, At each bending there is a change in the place of certain
of the particles, which separate from each other; and this sepa-
ration is made to extend gradually across the wire, by repeatedly
bending it.

68. Malleability.—1It is not alome by the extension of the
material, as in wire-drawing, that the new sez may be given to
its particles, without any diminution of their elasticity or tena-
city ; for the same result may be produced by force applied in
other ways. Thus, masses of metal may be pressed out between
powerful rollers into bars, rods, or plates; or they may be
extended into thin leaves by means of the hammer ; or they may
be made to assume, by the same means, that great variety of
forms on which their utility to man so much depends. The
property of receiving a new set by the blow of a hammer, or by
impact, as it is properly termed, is called malleabiliy. As there



MALLEABILITY. 55

is a great difference in the ductility of different metals, o also
there is in their malleability. In general, the most ductile metals
are also the most malleable ; but there is a remarkable exception
in the case of platinum and iron. Platinam and iron are more
ductils than copper, zinc, tin, and lead ; but copper and tin are
more malleable than platinum ; and even lead and zinc are more
malleable than iron,—that is, they can be extended into thinner
leaves, without breaking. There are certain metals which are
only malleable in particular states; thus common zinc (which is
somewhat impure) is brittle at low temperatures, but acquires a
considerable degree of malleability at a heat a little above that.
of boiling water, and in this condition it is rolled into sheets,,
which are much used for various purposes ; yet if heated to 400°,_
it becomes so brittle that it may be reduced to powder in a.
mortar. In general, the malleability of metals is increased by
heat ; and this is most the case with iron and platinum, which .
are highly malleable at a white heat, but are very little so ..
when cold.

69. The capability of receiving impressions from blows, which .
the malleable metals possess, is continually made use of in various.
processes of the arts and manufacturss, besides those which have
been already alluded to. Thus, the stamping of coins, and the. .
embossing of figures on surfaces of various kinds, are accomplished:
in this mode. The impression is made by means of a die, in
which it is sunk ; just as the raised impression which the wax is
to present is sunk in the seal. The die, which is made of the
hardest steel, is forced down upon the blank coin by means of a
powerful screw; and the metal of the coin, being comparatively
soft, is driven with great force into the cavities of the die, takes
there a set, and retains the impression. Very similar to this, is
the process by which thin plates of metal are made to take the .
projecting figures with which plated goods are ornamented.
The die, in which is cut a hollow corresponding to the figure, is
laid under the plate; and a heavy weight, with a piece of lead
at the bottom of it, is allowed to drop repeatedly upon the plate ;
the force which it acquires in falling, drives the soft substance of_-
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the lead, and with it the thin plate of metal, into the cavities of
the die ; so that, after repeated blows, the surfaces are brought
into complete contact with each other, and a perfect impression
is produced.

70. The mode in which these dies are themselves produced
i3 only a variation of the same process. Numerous copies of the
same dic are required ; since, in order to coin with sufficient
rapidity, several presses are at work ; and moreover the dies are
continually breaking or cracking, and need to be replaced by
others. The artist, who originally makes the figure which the
coin is to bear, does not sink it, but carves the surface of a
piece of soft steel into a projecting impression, exactly like that
which is to be made on the surface of the coin. This steel block
is then hardened (§ 73) ; and it is forced by a powerful press
against another piece of steel which has been made as soft
as possible ; in this manner a sunk impression is made on the
latter, exactly corresponding to the projection which was borne
by the block. The same impression may be made, without
injuring the first block, on a considerable number of pieces of
soft steel ; and when these are hardened, they become so many
dies, from which coins may be struck. A very similar process
is employed in repeating a small engraving over a large extent
of surface ; which it is often very advantageous to do in calico-
printing, and also in producing highly-finished borders. The
pattern is engraved on a piece of soft steel, which is then
hardened ; and a roller of soft steel is then passed along this
Yiardened plate, under an extremely heavy pressure. This pres-
sure causes the comparatively soft metal of the roller to be
‘pressed into all the lines of the engraving; so that a perfect
impression in religf (or projecting from the surface), is thus
obtained from it. As in the case of dies, many such duplicates
may thus be obtained from the first plate; and every one of
them may be made to produce a considerable surface of en-
graving. For the steel roller being hardened, and being made to
pass over another plate of soft steel, the latter is indented with
all the lincs and markings which the roller had received from the
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first plate ; and as the roller may be made to turn not only once,
but any number of times, the impression may be repeated over
as large a surface as may be desired.

71. The facility with which impressions are thus communi-
cated to metals greatly depends upon their being softened as
much as possible, by the process which is termed annealing.
This consists in heating the substance to a high temperature,
and then allowing it to cool very gradually. On the other hand,
if the substance, when so heated, be cooled rapidly, as by
plunging it into cold water, it is rendered extremely hard, but
at the same time very brittle. The difference is well seen in
glass. When a glass vessel is first blown, it cools rapidly and
irregularly ; and the varying hardness of its different parts gives
to it such a degree of brittleness, that the slightest shock, or a
small change of temperature, would break it. In order to prevent
this, it is placed in a long furnace, of which the heat is very
greatat one end, whilst it gradually diminishes towards the other.
Through this furnace it is slowly drawn, the time which it
remains there being usually from two to four days; and it is
thus cooled so gradually and equably, that its particles can take
the most uniform position with regard to each other, so as to be
affected alike by any shock or change of temperature. An
unannealed glass flask may be made strong enough to resist the
blow of a pistol-bullet dropped into it ; yet the fall of a small
angular substance that can give it the slightest scratch, will
make it burst into minute fragments; and this may not occur
until some minutes after the scratch.

72. The same kind of effect is shown by the pieces of glass
which are known under the mame of Prince Rupert’s drops;
these are made by dropping melted glass into water, which of
course cools them suddenly; and they have a long oval form,
tapering to a point at one end. The large part or body is so
hard that it will bear a smart stroke ; but if a small portion be
broken off from the small end or tail, the whole immediately
flies into minute particles with a loud snap. The exact expla-
nation of this curious circumstance is not yet known; but it
appears due to the following cause. 'When the melted drop falls
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into water, the outeide is, of course, hardened first, and the
inside is covled more slowly. The outside, being first cooled,
contracts upon the interior (§ 9), and thus binds its particles
together in a condition umnatural to them. On the other hand,
the particles of the interior, being more slowly cooled, retaim
their elasticity, and are prepared to set themselves free, when
anything impairs the firmness of the coating in which they are
bound together. Many of these drops burst in the water, in the
act of cooling ; the elastic force of the interior being sufficient to
overcome the compression of the exterior. But in those which
do not, a very slight disturbance of the outside coat, especially
at the tail-end, is enough to give the superiority to the interior,
£0 as to occasion the sudden separation of its particles. It would
seem as if the suddenness of this disturbance were an essential
condition of its effect; for the tail may be slowly ground away
on a wheel, without the breaking of the drop. By careful
annealing, a very high degree of elasticity may be given to glass;
and it has lately been introduced as the material of the balance-
springs of chrenometers, for which it seems to have some advan-
tages above steel.

73. The effects of change of temperature, in varymg the
degree of hardness and elasticity, are most important in regard
to steel ; since to this influence we owe the power of applying
steel to so great a variety of useful purposes. The greatest
hardness is given to steel, by heating it to a white heat, and
then suddenly cooling it, by plunging it into mercury. Although
water is commonly employed for this purpose, the harduess
which the steel receives from being plunged into it is not so
great as it derives from being immersed in mercury ; probably
because, owing to the less power which water possesses of con-
dueting heat, the cooling of the steel is less rapid in it. In its
state of greatest hardness, steel is scarcely fit for any purpose in
the arts and manufactures’; since it is so brittle that its points
or edges are broken by a very slight resistance. But by heating
it to a lower temperature, and then gradually cooling it, this
extreme hardness may be reduced, and a greater amount of
elasticity substituted for it. Thus, if it were heated to a red
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heat, and allowed to cool very gradually, it would be rendercd
soft again. If heated to a less degree, and cooled gradually, it
would retain more of its hardness, and would be less elastic;
and various degrees of these properties may be communicated to
it at will, by varying the degree of heat to which it is raised,
after having been completely hardened at first.

74. This process is termed letting down or tempering ; and the
workman is guided in the effects he wishes to produce, by
the changes of colour which the surface of the steel exhibits
(if first brightened) at different temperatures. The first tint
which it shows, when gradually heated, is a light straw colour ;
this deepens as the heat increases, and presents a shade of red ;
the red increases, so that the colour first becomes orange, and then
a reddish purple—a blue tint making its appearance ; the blue
increases with the heat, and the colour changes first into a violet
blue, next to a bright blue, then into a full blue, and lastly into
a deep blme verging on black, after which the mext change is
into the glow of red heat. These colours guide the workman as
to the point at which he shall stop for the purpose he designs.
Thus tlie hardest steel is used for little else than the making of
dies for coining ; and, as already explained, these are hardencd
after the impression is made in them. The steel of the hardest
files is but slightly let down. The first shade of yellow indicates
that the second heating has been carried sufficiently far for lan-
cets, and other small surgeons’ instruments, in which the keenest
possible edge is required ; the straw-colour is the guide to the
tempering of razors and penknives; the first red tint for scissors,
shears, and chisels, in which greater temacity is required ; the
violet for table-knives, in which a certain amount of elasticity is
more desirable than the hardness which would give a very fine
but brittle edge ; the full blue for watch-springs and small fine
saws; and the deeper blue for large saws and coach-springs.
‘When heated beyond this point, steel is scarcely harder than iron,
and it loses its elasticity ; this is well known to every one who
has heated a piece of watch-spring, or the point of a penknife, in
a lamp or candle. In many manufactories of steel instruments,
the temper is given by immersing the articles in a bath of mer-
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cury or oil, the heat of which is regulated by a thermometer.
As it is known what degree of heat corresponds with each tint
on the surface of steel, the operation can be performed with more
certainty and convenience in this way, than by heating each
article separately over a charcoal fire, as was formerly done ; for
the workman has only to heat the bath and its contents up to
the required point, and allow it to cool gradually ; by which any
number of articles, that are to receive the same temper, are
equably heated and gradually cooled.

75. Most other metals are acted on by heat and cold in
somewhat the same manner, though in a less degree. Copper,
however, forms a remarkable exception ; for its properties are
just the reverse of those of steel and glass. When it is cooled
slowly, it becomes hard and brittle ; but when cooled rapidly,
soft and malleable. This curious property is possessed in a yet
more remarkable degree by an alloy, composed of 4 parts of
copper and 1 of tin, which has been long used by the Chinese
(under the name of tam-tam) in the construction of gongs and
other musical instruments. The mode of rendering it malleable
has been known in Europe of late years only.

76. Strength of Materials.—Closely connected with these
subjects are the inquiries into the strength of the different
materials used for constructing buildings, ships, machines, &c.,
which are of such great practical importance. Many details in
regard to them, however, would be out of place in a work of
this description ; but the general principles, which should be the
guides in the selection and arrangement of materials, may be
advantageously explained.

77. We have already considered the property of cohesion, as
it acts in producing fenacity, or resistance to an eztending force ;
but we must now advert to the power which different bodies
possess, in various degrees, of resisting a compressing or crushing
force. This does not at all correspond with the amount of
tenacity ; for in metals the degree of resistance to a compressing
force is much greater than the tenacity ; whilst in wood it is
much less. A cube of that kind of cast-iron which is known as
gun-metal, a quarter of an inch each way, requires a weight of
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10 tons to crush it, from which it may be calculated that, as
each side of the cube is 1-16th of a square inch, the compressing
force required to crush a cube of an inch every way must be 160
tons. No other material, on which experiments have been made,
exhibits a power of resistance equal to this. The ordinary
kinds of iron, however, have a much less resisting power; but
still it is many times greater than the tenacity. Thus, the same
cast-iron, of which a bar an inch square will resist an extending
force of from 6 to 8 tons, will resist a compressing force of from
37 to 48 tons. The power of resistance varies much, however,
in proportion to the length of the portion experimented on. The
cube is the form which best resists crushing in every direc-
tion ; but if a square pillar be compressed in the same manner,
by a force applied to its ends, it yields to a much inferior crushing
force. Thus, whilst a cube of cast-iron 1-4th of an inch every
way, will sustain a force of 72 tons per square inch, a pillar an
inch high, and 1-4th of an inch square (such as would be made
by piling four of the cubes together), will only resist 45 tons per
square inch. In all cases where a certain height is passed, the
rupture takes place by the sliding of one part upon another, and
not by the breaking up of the whole mass, which occurs when it
is completely crushed. In stone, the power of resisting pres-
sure is greater than its tenacity or power of resisting extension ;
Aberdeen granite is the strongest yet experimented on, as it
bears 5 tons per square inch (or about 1-8th of the pressure
which good cast-iron will sustain), whilst compact limestone
bears 4 tons, Portland stone only 14 ton, and brick from 1§ to §
of a ton. But wood offers a far less resistance to a crushing
force acting in the direction of its fibre or grain, than it does to
an extending force. Experiments on this subject are somewhat
uncertain ; but it seems to be the result of those which have been
made, that a bar of oak an inch square, which will bear an
extension of 5 tons (nearly that of ordinary cast-iron), will not
bear a compression of 1.7 ton; and that elm and deal, which
will bear an extending force of 6 tons, will not bear a compress-
ing force of more than from 4 to % of a ton. These results
vary, however, according to the length of the piece to which
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the pressure is applied; as the parts of a piece of wood have
even more tendency to separate by sliding over each other, than
have those of a piece of iron.

78. Henee we see that, for resisting eztension, wood would be
much preferable to iron, provided it were equally durable, on
account of the far inferior weight of a beam required to possess
a certain tenacity.. Thus, deal has only 1-15th the weight of
cast-iron, though it has considerably more than half the tenacity,
and 16 bars of it would weigh only the same as one bar of
wrought-iron, although they would have together more than
the tenacity of three. Now it is evident that a structure may be
composed of parts which are in themselves of great strength ;
and yet it may be so heavy, that it may not be able to bear its
own weight. Several iron roofs have fallen in from this cause ;
accidents of this kind, at the Brunswick Theatre and the Conser-
vatory at Brighton, attracted much attention at the time of their
occurrence, It would be impossible to construct such roofs and
bridges of iron, as have been built of timber; since the down-
ward pressure of the fabric goes on increasing in greater propor-
tion than its power of resistance, when it passes a certain size ;
so that no additional strength given to its parts can make up for
this. The danger of decay in timber is of course a great
obstacle to its employment in bridge-building ; but if it should
prove that this is prevented by the Kyanizing* process now
employed, wood will probably come into more general use for
this purpose. It has been much employed in America, where
timber is plentiful and cheap; and also in Germany. The
longest bridge of one arch in the world is probably that over
the river Schuylkill at Philadelphia, the span of which is 340
feet. There are other timber bridges in the United States, of
250, 200, and 194 feet ; and some fine bridges of similar dimen-
sions have been recently constructed in Germany. The longest
bridge of one arch ever built was probably that constructed in
1778, over the river Limmat, near the Abbey of Wettengen ; it
was above 390 feet in span. This wonderful bridge was destroyed

* This process, so named after its inventor, consists in steeping the wood for
some time in a solation of corrosive sublimate.
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in the campaign of 1799. The widest arch that has yet been
constructed of iron is the ome at Bishop’s Wearmouth, near
Sumderland, the span of which is 250 feet; the span of the
centre arch of Southwark bridge is 240 feet. These very
nearly approach the limit at which iron can be advamtageously
applied.

79. In the actual practice of construction, it is not at all safe
to caleulate upon the amount of pressure or strain which certain
materials have been found by experiment to be capable of sus-
taining ; and this for several reasons. It has been already stated
that a strain of a less violent kind than that which is necessary
to produce rupture by extension, will often make such a change
in the internal arrangement of the particles, as very greatly to

“weaken the resistance of the body ; and the same is true of com-
pressing force. Thus one half the pressure which will crush
stone renders it liable to chip, so that a slight blow will break
it ; and.the tendency of overloaded stone to yield increases with:
time. It is not considered safe, therefore, to load stone with
more than 1-6th of the pressure that crushes it. Moreover,
allowance must always be made for the probability that, from
some accidental cause, some one part will be- weaker than the
rest; and if this give way, the whole structure may be destroyed.
Again, the structure may be liable to an occasional or accidental
increase of pressure, which, if it were already loaded too nearly
to its limit, would produce its downfall; and allowance must
therefore be made for this: as also for the probability that some
slight giving way, or settlement, of the parts that have to sustain
the greatest pressure (as the walls or foundations in the case of
a roof, or the abutments of a bridge), may diminish the stability
of the whole. For the same reasons, fire-arms of any description
should always be proved, before they are taken into use, by
being subjected to a much greater force than that which they are
intended to sustain in being discharged.

80. The strength of a fabric-depends, however, not only upon
its materials, but upon the mode in which they are arranged ; as
may be easily shown. Let us suppose a beam of wood, resting
on a solid base at each end, to have a weight placed in its middle,
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sufficiently great to bend it dewnwards. Now it is obvious that,
in thus bending, the upper side must be compressed, whilst the
lower side is extended; and it is further obvious that there must
be a portion of the thickness of the beam which is neither com-.
pressed nor extended,—all delow it being extended, and all adove
it being compressed. The part of the beam where it is neither
extended nor compressed, is termed its neutral line; and this
will obviously afford no resistance to its bend, so that it might:
be removed without weakening the beam.  On the other hand,
the amount to which each portion above or below the neutral line
is compressed or extended by a certain bend of the beam, is greater
in proportion to its distance from it; hence the most distant por-.
tions, or those forming the upper and lower edges of the beam,
exert the greatest resistance.

81, This principle is illustrated by the well-known fact, that
an ordinary plank of timber will bear a much greater weight,
when placed with its edge beneath it, than when the weight
bears on its broad side. Hence the joists on which the floor of
a house rests, and which have to sustain its downward pressure,
are set with their edges upwards. Suppose a joist to be 10
inches broad and 2 inches thick ;——then if the weight rest on its
broad side, it would support just the same pressure that would
be sustained by 5 separate bars, each 2 inches square. Supposing
the neutral line to run through the middle of its thickness (which
it does very nearly), then the parts where the greatest resistance
is required are nowhere more than 1 inch from that line. But-
when placed so that the weight shall bear upon one of its edges, .
the joist will sustain a much greater pressure than that which-
would be borne by 5 separate joists of 2 inches square ; for sup-.
posing 5 such bars to be laid one upon the other, and firmly
fastened together, so as to represent one beam ;—then the middle
one of the five would have just the same strength that it would
possess if separate from the rest, since its surfaces would be each.
at the distance of an inch from the neutral line of the whole
mass; whilst the bars next above and below would have one of
their surfaces at the distance of 1 inch, but the other at 3 inches
from this neutral line; and the bars forming the upper and lower.
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odges of this compound beam would have their two surfaces at
3 and 5 inches distance from it ;—hence the resistance to strain
or pressure, which the middle bar would exercise, being the same
as if it were alone, each of the bars next above and below it
would exercise about twice the resistance, and each of those
forming the edges of the beam about four times the resistance ;
so that the whole beam would bear a pressure equal to that which
about (4 +4+2+2 +1) 13 separate bars would sustain.

82. We see, further, that as the power of resistance is greater
in proportion to the distance of each part from the centre or
neutral line of the beam, the beam will be strongest when the
greatest part of its material is disposed at the greatest distance
from that line. Thus let the central bar, in the compound beam
just referred to, be removed, the loss will only be that of the
support given by a single bar; but let the same amount of
material be employed in increasing the thickness of the edges,
it will then have more than four times the effect ; and thus the
more we withdraw from the centre and add to the edges, the
stronger will the beam become, provided that the parts of it are
still sufficiently connected together.

83. In this and other similar cases, the beam is adapted to
sustain a pressure in two directions only ; but it is easily seen
that it is the same principle, which gives the great advantage in
strength to 4ollow cylinders (such as those which form the stems
of grasses, or the bones of most animals,) over solid cylinders
containing the same quantity of matter. For the central axis
of such a cylinder will be nearly its neutral line; so that, in
whatever direction force be applied, it will meet with an equal
resistance ; and this resistance is greater, the further removed the
resisting points are from the centre. By the cylindrical form of
such stems, their parts are all firmly bound together, so that no
one can yield without the rest being also affected ; and thus they
have all the advantage that results from the distance of their
walls from the centre, without any of the weakening that would
be perceptible in a beam, of which the upper and lower parts
should be separated by a considerable space, in consequence of the
presaure on the upper part causing it to yield without affecting

v
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the lower. Supposing that the wall of the hollow cylinder wore
made thicker on one side than on the other ;—the resisting power
would be greatest in the direction of this increase; and it will
be more increased by making this addition on the outside than
in the interior. This is exactly the principle which is followed
in the construction of bones: where the strain is likely to be
equal in all directions, they are uniformly thick all round the
central hollow ; and their diameter is such as to give a strength
equal to about three times that, which the same material would
possess if disposed in a solid cylinder: but we frequently find a
ridge running along the bone in one direction, which serves for
the attachment of muscles, and also gives
the bone increased power of resistance in
the direction of the strain which these mus-
cles will exert upon it. Of such a bone,
the accompanying figure represents a cross -
section ; and its power of resisting a force
applied above or below is greater than its
power of resisting a force applied sideways,
in proportion as the distance a b exceeds the
distance b¢. But had this ridge occupied part of the hollow
interior of the bone, it would have been comparatively useless. °
84. From what has been said of the relative actions of the
upper and lower portions of a wooden beam, on which a weight
is placed, in resisting pressure and extension respectively, it
follows that, if we cut the beam half through from above down-
wards. with a thin saw which shall not remove any of its mate-
rial, we do not diminish its power of resistance in that direction;
for the action of this part of the beam, being that of resisting
compression, may be performed as well if it were composed of
several pieces lying close together, as if the resistance were made
by one continuous piece. The contrary is, of course, the case in
regard to a similar cut made on the under side; for the whole
efficacy of that part of the beam, which entirely consists of its
tenacity, is thus destroyed. It has been found by experiment,
that a beam may be cut from its upper side to about 5-8ths of
its depth, without its strength being impaired ; this depth, there-

Fie. 8.
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fore, may be regarded as the exact position of the neutral portion
of the beam ; all above it being compressed, and all below it
extended, by pressure on its upper surface. It has also been
found that, if the saw-cut be filled up with harder wood, which
resists compression better than that which it replaces, the strength
of the beam is increased rather than diminished.

85. The arrangement of a certain quantity of material in such
amode as to give the greatest strength, is a problem of even
more importance in the construction of iron beams than in regard
to those of timber; for we cammot, in the latter, conveniently
take away material from one part, and add it in another where
it may be more efficacious ; and as the increase in weight pro-
duced by what may be comparatively superfluous is small, it is
not worth while to remove it. In the casting of iron beams,
the form is entirely at the pleasure of the maker; and thus,
according to the kind and direction of the strain which the beamn
is to receive, he may, by the knowledge of the comparative
powers of tenacity and of resistance to compression which his
material possesses, adapt the form of his beam so as to give the
greatest strength with the least material ; and thus there is not
only a saving of material, but of weight, which is a matter of
equal importance. This has been lately proved by the experi-
ments of Mr. Hodgkinson of Manchester, the results of which
are of great importance. The :
neutral line is not, in an ordinary
iron beam, as it is in a wooden,

a little below the middle ; for, as

the metals resist compression

much better than _exteusion, a ‘

much smaller quantity of material J

will be required above the neutrai [ 1

line than below it. IIence the

most advantageous form of beam

is one which, when cut across, shows this figure. 1t may be

described as consisting below of a flat portion, or flanch, from

which rises an upright rib ; and at the top of this there is a flanch

much smaller than the first. An iron beam thus shaped wll
r2

Fia. 9
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have several advantages over onme shaped like an ordinary
timber joist. ‘

86. In the first place, the greatest part of its material is
disposed at a distance from the neutral point; and therefore it
will afford & much greater resistance than if it were nearer the
centre, as it would be if the flanches were smaller and the rib
thicker. But if these flanches were equal, we should not have
a beam of the greatest strength which the material can produce;
for such a beam would break, by the extension of its lower side,
under a far less degree of pressure than would be required to
break it by compression of the upper. It is obvious, therefore,
that a large part of the upper flanch might be removed without
the least injury to the strength of the beam ; and if the same
amount be added to the lower flanch, its resistance will be greatly
increased. The strongest form is obtained when the arrange-
ment is such, that at the instant the beam is about to break by
extension on one side, it is about to break by compression on the
other. So long as this is no¢ the case, the strongest form is not
attained ; since, on the side which is least disposed to break,
there is superfluous material, which may be advantageously
transferred to the other. It appears from Mr. Hodgkinson’s
experiments, that a beam of cast iron, shaped as in the figure,—
in which the section of the upper flanch (or surface of compres-
sion) is to the section of the lower flanch (or surface of exten-
sion) as 1 to 6,—has nearly twice the strength of a beam
containing the same amount of material, but having two flanches
of equal size.—But as a beam of unitorm size in every part will
bear a much greater weight near its extremities, than when
the load is placed near its middle, if we have to dispose a given
quantity of material in such a manner as to bear an equal strain
on every part, we should make the central part of the beam the
strongest; and this may be best accomplished by giving to each
flanch the form reprosented in fig. 10, so that its breadth in

Fia, 10,
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every part is exactly proportional to the pressure which it
there has to resist.

87. The most remarkable application of the tenacity of iron
which has yet been made, is presented by the Britannia Bridge,
constructed for the purpose of carrying a railway over the
Menai Strait. It was requisite, for the sake of leaving the
navigation free, that the roadway should not be supported upon
arches; and a suspension-bridge of the requisite length could
scarcely have been made strong enough for the secure passage
of a railway-train. The sagacity of Mr. Stephenson led him teo
devise a fubular bridge, composed of plates of rolled iron securely
rivetted together; and this has been found to rest upon its
bearings with perfect security, undergoing scarcely any appre-
ciable flexure, even when loaded with a heavy train. The bridge
is altogether 1492 feet long; but it is divided into four parts,
of the lengths of 274, 472, 472, 274 feet respectively. Each
division of the
bridge is formed
by two tubes, one
for the “up” and
the other for the
“down” trains.

The plates which

form the bottom of

each tube are about

half an inch in

thickness ; those of

the top and sides are from half an inch to three quarters;
and after being rivetted together, they are connected by small
iron ribs, firmly attached to them. The top, however, is
further strengthened by a second layer of plates, 21 inches
below the first; and the space between them is divided by
vertical partitions into eight flues, each of them 20 inches
broad. Each of the longer tubes contains about 1800 tons
weight of iron; and these enormous masses were raised, by
means of an hydraulic press, to a level of 100 feet above high-
water mark.



CHAPTER 1II.
ATTRACTION OF GRAVITATION.

88. 'WE have hitherto spoken only of the at{raction which
exista at very minute distances among the particles of matter,
causing those of the same mass to cohere, and caunsing those of
different substances to adhere. We have now to consider the
attraction which exists among the masses themselves, and which
gives rise to a force that is constantly and universally operating
throughout nature. We are best acquainted with this force as
it acts on the surface of the earth, causing all bodies which are
not supported to fall to the ground ; and also causing them to
exert that downward pressure, when they are not in motion,
which we term their weiyht. But it is the very same force,
acting on a scale which becomes sublime from its stupendous
greatness, which keeps the moon from leaving its regular course
round the earth, which causes the earth to maintain its regular
distance from the sun whilst moving onwards through space,
and which acts in like manner, not only upon all the other
planets and their satellites belonging to the solar system, but
upon those bodies placed at an almost infinite distance from this
globe of ours, which we commonly term the fixed stars.

89. The concise statement of the mode in which this attrac-
tion acts, constitutes what is known as the law of gravitation ;
and this is expressed in the following terms. Al masses of
maiter altract ons another, with forces directly proportional to the
quantity of matter contained in eack, and inversely proportional
to the squares of their distances from each other. This rule is
very easily comprehended and remembered, when it has been
once sufficiently explained ; and a few illustrations of it will be
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given for that purpose. We will suppose that there were two
masses of matter, A and B, of equal bulk, and placed at any
distance from each other; and that these masses were not in-
fluenced by any other force than that of their mutual attraction.
This, then, would draw them towards each other ; and as the
two bodies are equal in size, they will produce equal effects upon
each other, so that they will move towards each other with equal
quickness, until they meet in a point midway between their
original situations. But supposing their bulks to be unequal, as
if A were 3 and B 2, then the attraction which A has for B will
be expressed by the number 3, whilst that of B for A will be
only 2; and this unequal attraction will show itself in the
respective distances which each will travel towards the point of
meeting ; for B will be drawn by A’s force through a distance of
3, whilst A will be moved by B’s force only 2. Or if A were
100 and B only 1, then the attraction of A for B would be a
hundred times that of B for A ; and B would move towards
A a hundred feet, yards, or miles, whilst A only moved one
towards B. The first part of the law of gravitation,—that the
attraction acts with a force directly proportional to the quantity
of matter contained in the bodies, is not, therefore, by any means
difficult of comprehension ; nor is the second part more so.

90. 1f two masses of matter be very near each other, their
mutual attraction is much stronger than if they were at a
distance ; and it diminishes in a certain proportion as the
distance increases. This diminution follows a regular law,—
being exactly proportionate to the square of the distance. Thus,
supposing A and B are at the distance of 1 foot, and we repre-
sent their mutual attraction by the number 1, the attraction
between A and B, when removed to a distance of 2 feet, will be
only 1-4th of the previous amount ; for, since 4 is the square of 2,
the distance having been doubled, the attraction is diminished
in the proportion of 4 to 1. Or, supposing them to be separated
to 10 times their original distance, the force of attraction would
be diminished to 1-100th. The term * inverse proportion™ is
a simple method of expressing, that one quantity increases as
another diminishes, or diminishes as another increases. And
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thus it may be said, that the force of attraction diminishes as the
square of the distance increases; which is only a less concise
mode of expressing the general fact set forth in the second
part of the law of gravitation, just stated.

91. A little consideration will make it evident why not only
the attraction of gravitation, but likewise all other influences—
such as light, sound, electricity, 8c.—emanating in like manner
from a centre, should diminish in their intensity in proportion
as the squares of the distances increase. Suppose a candle to be
in the place A, and to send its light through a square hole, BPOo
at the distance A B from the candle: then that light will cover the

space CF L« upon a paper held at the distance of A C, or
twice A B ; and will spread itself over D G K & at the distance of
A D or three times A B; and over E H Ir at the distance A E
or four times A B. Now it is evident that the space CF L »
is four times BP O »; that D G K is nine times the same
amount ; and that E H I » is sixteen times. Thus the distances
being as 1,2,3,4, the spaces covered by the same amount of light
issuing from A, are, at these distances respectively, 1, 4, 9, 16,—
the squares of the preceding nmumbers. But it is evident that
if the amount of light which passes through the opening 1 at
the distance 1, be spread over the surface 4 at the distance 2, it
will be only one-fourth as strong or intense ; when spread over
the surface 9 at the distance 3, it can only be one-ninth as
intense ; and when spread over the surface 16 at the distance 4,
it will be only one-sixteenth as intense. Therefore, the light
diminishes in intensity as the squares of the distances increase :
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and it is easy to see, that the same explanation will apply to the
attraction of gravitation, or to any other influence emanating
like it from a particular centre.

92. We are most familiar with this force in its action between
the earth and bodies upon or near its surface. The bulk of the
earth is so great, in respect to that of any mass of matter which
comes within its immediate influence, that, although they really
have a mutual attraction for each other, the effect of the earth’s
attraction in producing the motion of the body towards it, is
alone visible to us (§. 238). It will be shown, however, that the
earth itself is influenced by the sun, very much in the same
manner that any small body on the earth’s surface is influenced
by it ;—that is, if left completely to itself, it would fall towards ~
the sun, whilst the movement of the sun towards it would be
extremely trifling, so much greater is his bulk than that of the
earth. In all instances of attraction exercised between spherical
bodies, that attraction operates to draw their centres together ;
and thus, the earth being a sphere (or nearly so) the small
bodies on its surface are attracted towards its centre. Let us
suppose that the centre of the earth were hollow,—then a body
placed exactly in the central point would remain there without
support : it would, in fact, have no eweight or downward pres-
sure ; for it would be equally attracted on all sides by the hollow
sphere around it, and would remain in the same point so long as
it might be allowed to do so. But if drawn out of its position,
it would immediately tend to return towards it, and would thus
exercise pressure, or have a degree of weight; since, when
removed from the centre, the attraction of the different parts of
the hollow sphere around it would no longer be equal, and it
would be drawn towards the direction in which it is acted upon
by the greatest mass,

93. All bodies which fall towards the surface of the earth,
move (if influenced by the force of gravitation alone) in lines
which would meet in its centre ; and therefore two bodies, let fall
at a short distance from each other, do not really descend in
parallel lines, as they appear to do.  This will be made evident
in the accompanying diagram. Let A B C be a part of the earth’s
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circumference, and a and 4 be the points from which the bodies
commence their descent ; then, by the attraction of these towards
the centre O they will fall
. a /5 in the lines @ A and 3 B,
which are not parallel,
but, if prolonged, would
meet in the centre ; and a
body let fall at the dis-
tance of a quarter of the
earth’s circumference, as
from ¢, will fall in the line
¢ C, which is precisely at
right angles toa A. But
the smaller the space A B
Tron 2. in proportion to the dis-
tance of the point O, the
more nearly parallel will be the lines ¢ A and 4 B; and, in
fact, the spaces between bodies on which we can make such
observations are so small in proportion to the distance of the
earth’s centre, that we may, for all practical purposes, speak of
the earth’s attraction as exercised in parallel lines over bodies
upon or near its surface. (§. 168.)

94. It is by the equal attraction of the earth for all the
particles of a liquid, and the parallel direction of the lines of
this attraction, that the surfaces of small collections of liquid are
always level ; but when the surface of the liquid is sufficiently
large, we see by its curvature that the attraction is not exercised
in lines exactly parallel. Thus, in Fig. 13, let A d represent a
straight or level surface of liquid; it is obvious that the attrac-
tion of the earth for different parts of it would not be the same ;
since at A it is exercised at the distance O A ; whilst at d it
operates through the much greater distance O d.  As the attrac-
tion for the different parts of the liquid, therefore, is unequal,
and as the particles of the liquid are free to move upon each
other, they cannot retain their perfect level, but will change
their position until all of them are at an equal distance from the
earth’s centre, so that the earth’s attraction for all of them will
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be equal. 'When this is the case, the curve of the liguid will
follow that of its surface A D ; and this we know, in fact, to be
the nature of the surface of any large collection of water—
such as a lake—still more evidently that of the sea ; although
in a small surface, such as that of a vesesel of water, or a pond,
the curvature is too small to be seen. Itis on account of this
curvature, that the masts of vessels which are approaching the
shore are first seen, and their hulls last ; and that the hulls first
disappear as the vessel is receding, the masts being seen for
some time afterwards. The curvature of the earth’s surface
must be allowed for in cutting a canal; for if the bottom of the
canal were cut to an exact level, the water would be deep in one
part and shallow at the other, owing to the curvature of its
surface. In order that the water may be of the same depth
everywhere, it is necessary that the bottom of the canal have the
same curvature ; and for this, it is necessary to depart from the
dead level about eight inches for every mile.

95. It has been already stated, that the attraction of gravi-
tation diminishes as the square of the distance increases; and
consequently the downward pressure of a body — that is, its
weight—would be less if it were removed to a height above the
earth’s surface, sufficient to make the difference perceptible.
This can scarcely be proved by ascent in a balloon, or up a
mountain, as a height of 3 or 4 miles is not sufficient ; but it is
clearly shown to be the case, by experiments made on different
parts of the earth’s surface, whose distance from the centre varies
considerably. The earth is not perfectly spherical in form, but
i8 flattened at the poles, like an orange ; and the distance of its
surface from the centre is only 3950 miles at the poles, whilst it
is 3963 at the equator. This difference of 13 miles is quite
sufficient to produce a marked effect upon the attraction of bodies
towards the earth. It has been found by accurate experiments,
that the motion of a pendulum, which is entirely dependent on
the force of gravity, is much slower over the equator, where the
attraction is less, than it is in temperate regions, or near the
poles, where the attraction is greater, in consequence of the shorter
distance from the centre. And from experiments of this kind it
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may be calculated that af the poles, a body which would be drawn
downwards (or towards the earth’s centre) at the equator, with a
force of 590 1bs., will be drawn down with a force of 591 Ibs.
96. It is obvious that, if we balance a body in a pair cf
scales, with weights equivalent to 590 lbs., the scales will remain
balanced in whatever part of the earth’s surface we try the expe-
riment; because the variation in the earth’s attraction, and in the
downward pressure it produces, would be the same for that which
each scale contains. But if the experiment could be tried with
a spring-dial weighing machine, we should find that the same
-weight, which would cause the hand to point to 590 lbs. at the
equator, would cause it to point to 591 lbs. at the poles; since
the downward pressure of the body is increased without any
change being made in the resisting power of the spring. The
same fact may be illustrated in another way. Let us conceive
a weight E suspended at the equator by a string, which should
C  pass over a pulley A, and be con-
ducted over the other pulleys,
—~ such as B, C, along the earth’s
' surface, till the other end hang
down at the pole, where a weight
P is suspended by it. Now if the
weights E and P were such as
wonld balance each other when
\E o0 Dplaced in an ordinary pair of

scales, they will not pull equally

upon the string under these cir-

Fro. 13. cumstances ; for the weight E will

be more powerfully drawn by the earth’s attraction at the poles,

than the weight E will be at the equator; and. in fact, a mass

of 590 cubic inches at P will balance a mass of 591 cubic inches

at E. The difference is greatly increased by the action of cen-
trifugal force, as will be explained hereafter (§. 220).

97. The law of attraction might seem to be contradicted "
by the fact, that there are bodies which have a tendency
to rise from the surface of the earth instead of descending
towards it ; thus we see the smoke, on a fine calm day, gently
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ascending to a considerable distance from the earth’s surface;
and a balloon rises with force enough to carry up two or three
human bodies of full weight. This, however, does not prove
that the earth has no attraction for these bodies, but merely that
it has more attraction for another body, the atmosphere. The
pressure or weight of the atmosphere over any part of the earth
is continually varying, being sometimes 15 lbs. on every square
inch, and sometimes only 14 lbs. ; this variation produces the
different heights of the barometer, on which we rely as indica-
tions of the weather. Now when the weight of the atmosphere
is great, which it is in fair weather, its lower part is more pressed
together, and thus becomes denser ; and in this state it is attracted
by the earth with greater force than smoke is, so that the latter
rises through it, for precigely the same reason that a cork will
rise from the bottom of a vessel of water to its surface. But
when the density of the atmosphere is less, which it usually is in
rainy weather, the smoke is as heavy as the air, and thus has no
tendency to rise through it. A balloon when filled with hydro-
gen gas, or even with heated air, weighs far less (that is, presses
far less towards the earth) than the same bulk of cold air; and
thus it will not only rise through it, but will even carry up any
heavy bodies which do not make the whole weight equal to that
of the same bulk of air. Its ascent is limited, however, by the
gradual decrease in the weight of the air, arising from its
diminished density ; for any measure of air on the top of a
mountain, weighs much less than the same bulk of air at a level
surface ; as the latter, being more closely pressed together, contains
a much greater number of particles. The balloon will rise, there-
fore, until the weight of the same bulk of air is so much diminished,
as to be no greater than its own ; and it will then rise no more,
the attraction of the earth for the balloon, and for the mass of
air which must be displaced for the balloon to rise, being equal.

98. Hence we see that there are no bodies which can be
properly regarded as having no tendency to approach the earth ;
all the instances in which bodies are disposed to rise from its
surface, being due to the inferior attraction which the earth has for
them, when compared with that which it has for the same bulk of
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the fluid through which they rise. Thus a balloon filled with hy.
drogen gas rises through the atmosphere ; but a balloon filled with
common air would rise through heavier gases ; these gases would
rise through water ; a vessel filled with water would rise through
strong sulphuric acid (oil of vitriol) ; and a vessel filled with this
would rise through mercury, which is the heaviest fluid we know,
It will be shown hereafter (§. 253) that the different rates at
which different bodies fall to the ground, are due to the resistance
of the air against their surfaces ; and that, if the air be removed,
heavy and light bodies (as they are commonly termed) will fall
in the same time.

99. The powerful attraction which the earth, in consequence
of its vast bulk, has for all bodies upon its surface, prevents us
from perceiving, under ordinary circumstances at least, the
attraction which they have for each other ; and yet this exists ina
degree exactly proportionate to their respective bulks. If two balls
of lead were placed at a little distance on a smooth surface, they
would have exactly the same tendency to move towards each other,
as if they were not attracted by the earth ; but this tendency is
prevented by the friction which would be produced if they were
to begin to roll, and which their mutual attraction is not suffi-
cient to overcome. Or if they were suspended by strings from
the ceiling of a room, they could not approach each other without
moving out of the line in which the earth’s attraction causes them
to hang; and this attraction their mutual attraction is not
powerful enough to overcome. But when two bodies are floating
on a liquid, there is no obstacle but the resistance of the liquid to
prevent their mutual attraction from bringing them together ;
and accordingly we see two floating bodics attracted into contact
with each other, when they have been brought sufficiently near
for their mutual attraction to overcome that resistance. It has
been determined by accurate observation, that a plumb-line sus-
pended in the neighbourhood of a lofty mountain, does not hang
in a direction quite perpendicular, but is drawn a little to one
side by the attraction of the mountain. But as the greatest
mountain upon the earth’s surface is little more than the sizty-
millionth part of its bulk, its attraction for the lead ball must
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evidently be very trifling, compared with that which the earth
has for the same solid; and consequently the deviation of the
plummet will be very small

100. The attraction of solid bodies for each other may be
shown, however, by balancing a small mass in such a manner
that it may be moved by the slightest influence ; and then bring-
ing another mass into its neighbourhood. Thus, if we suspend
two equal balls of lead from the opposite extremitics of a
slender bar of wood, and suspend this at its centre by a very
fine wire, the only force required to move the balls will
be that which suffices to produce a slight twisting of the
wire that suspends the rod (§. 63). Now if a large mass of lead
be brought into the neighbourhood of each ball, (the rod having
been previously hanging at rest,) its attraction will cause the
rod to turn round, until the small balls have come into the same
line with the large masses. If the masses be now moved a little
further, the balls will follow them ; twisting the wire, from which
the rod is suspended, still more. Now, as the force which is
required to produce any amount of alteration in the position of
the rod can be ascertained in another way, the actual amount of
the attraction which the masses exercise over the balls may be
determined ; and this may be compared with the attractive
influence which the earth has over them. From the knowledge of
these facts, the quantity of matter in the earth may be compared
with that in the masses of lead ; for the weight of the earth is
just as much greater than that of the masses of lead, as the force
with which it attracts the balls exceeds that with which the
‘masses attract them,—proper allowance being made for their
difference in distance. When the actual weight of the earth is
known, we may estimate its density as compared with water;
since we may easily calculate the weight of a globe of water of
equal size. And from the weight and density of the earth, that
of other planets and of the sun may be ascertained.

101. This experiment is known as that of Cavendish, by
whom it was first devised. In order to perform it accurately,
very great care is nccessary to prevent various sources of error.
Thus, the rod and balls must be inclosed in a case, so contrived
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as to prevent their motions from being affected by currents oi
air; and the whole apparatus must be inclosed in a room which
has a nniform temperature, and in which there are no other
openings than those absolutely necessary for making the obser-
vations. The necessity for these precautions is evident from the
fact mentioned by Mr. Baily (under whose direction the experi-
ment has lately been repeated), that the slightest change of
temperature on one side of the case in which the rod and balls
were suspended, would produce an immediate effect upon them.
The average result of 2004 experiments lately made, is that the
weight of the earth is about 5% times as great as that of a globe
of water of the same bulk*. Thus, we may regard the appa-
ratus of Cavendish as a scale in which the earth, sun, moon, and
planets have been weighed.

* Philosophical Mngazine, August 1842.




CHAPTER 1V,

CENTRE OF GRAVITY.—STABILITY OF SOLID MASSES.

102. It has been shown that, by the attraction of the earth
for bodies near its surface, all their particles are drawn down-
wards, in lines which, at short distances from each other, may
be regarded as having exactly the same direction. We have
also seen that, in liquids, this attraction is exerted over the
different particles separately ; so that they arrange themselves
in conformity with it. But in solid bodies, the particles are so
coherent, that the combined attraction of the earth for them all
is diffused over the whole mass. Now it is very dcesirable that
we should be able, in some easy and simple manner, to discover
the whole effect of this force ;—or, which is the same thing, to
find out whether any single force, acting from any one part of
the body, would produce the same result. It is in this manner
only that we can determine (except by a very tedious process)
a great variety of questions, in which the influence of gravity,
or the eartl’s attraction, upon bodies of various forins and sizes
is concerned. That such a method may be followed, will be
evident from a few simple considerations; by which also we
shall be led to the mode of arriving at it,

103. Let us first consider the attraction of the earth for a

body, whose particles are

A c B . .

: 7 - arranged in a simple regu-

a : { lar line, A C B. The
- © ®  eartl’s attraction for all
Fie, 14.

those particles separately

wiil draw them downwards in the directions A a, B4, Ce,

and in other lines between these and parallel to them. If we
G



82 CENTRE OF GRAVITY.

conceive the particles to be divided into two equal parts at the
point C, then it is obvious that the earth’s attraction for those
on the side A C will be equal to its attraction for those on the
side B C; and that thus the whole line will remain at rest, if it
is suspended at the point C; like the beam of a balance in whose
scales there are equal weights. It is also evident that we may
represent the whole of the forces acting on A B, by a single
force acting directly downwards from C,—that is, in the line
C c. But if the line be supported at any other point, it will not
remain at rest ; because the weight of its two sides will then be
unequal. Next, let us consider the case of a solid body of regular
form, such as the parallelo-
A E B gram A B C D, whose
downward pressure is ex-
erted in the directions A C,
EF, and B D; this body
we can readily divide into
two equal halves by the line
E F. The weights, or downward pressures on each side of this
line, will then be equal; so that, if we support the body by a
prop placed under the point F, or hang it from the point E, it
will have no tendency to change its position;
whilst, if it be supported on either side of E F,
the weights of the two divisions must be unequal,
and the body will sink, therefore, on the heavier
sidle. We learn from this, that the force which
represents the combined attraction of the earth for
all the particles of the body, acts in the line E F. o
104. But we wish to ascertain the exact point
in that line, round which the weight of all sides
of the body is balanced. Let the position of the
body be changed, so that its downward pressure
comes to be in the direction of the lines A B, G H,
and C D; then, in the same manner, we see
that it will remain at rest if supported in the * =& *®
line G H, and in no other; so that the point O, Fro. 16.
Which i8 common to both the lines E F and G H, is one

« ¥ D
Fie, 15,

A G c
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round which the weights are balanced, whether the body is
supported in the direction E F or G H. It would not be diffi-
cult to show, that in whatever other direction such a body is
<upported, the direction of its pressure will always be in a line
passing through O, in consequence of the division of its weight
into two equal parts acting on each side of O ; and thus the point
O is one round which' the weight of all sides of the body is
equally distributed ; so that, if this point be supported, the body
will remain at rest.

105. The case appears different in regard to a body of irre-
gular form, such as that represented in Fig. 17; but it is in
reality precisely the same.

Let A B, be a solid 4
body placed within the
influence of the earth’s
attraction, which will be
exercised upon its par-
ticles in the downward
direction. It is easy to
understand that, in spite
of its irregularity of form,
we might divide it, by a
line C D, into two parts
whose weights should be
equal ; so that if a prop Fie. 17.
were placed under D, or
the body were suspended at C, the two parts, C A and CF,
would balance each other, and the body would remain at rest in
its present position. This will only be the case, however, when
the body is g0 placed that CD is perpendicular; so that the
pressure of the body at C or D may be directly downwar.ls.
For supposing the body to be so placed that D C were somewhat
inclined, and D E were the perpendicular drawn upwards from
the point of support ; then D C, being out of the perpendicular,
would no longer represent the combined action of the weights
on each side of it ; and, as D E does not equally divide the body,
it would sink on the heavier side E B, But we may find many
a2
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other lines, on each side of which the weights are equal,—for
instance, F G ; and when the hody is so supported that F G is
perpendicular, it will remain at rest, as in the former case.
Hence the point H, where C D and F G cross each other, is
that round which the weights of the several particles, composing
the two sides of the body in each case, are equally balanced ; and
it can be shown that, in any other position of the body, the line
which divides it into two portions of equal weight will pass
through the same point H. Hence the weight of the body is
equally distributed in all directions about this point; so that,
if it be supported, the whole body will remain at rest in any
position in which it may be. This point is called the centre
of gravity.

106. It will be evident, from what has been stated, that the
centre of gravity of any body may be found by a very simple
process. For if we suspend the body freely by any point, it will
take such a position that its centre of gravity will be somewhere
in a line- drawn perpendicularly downwards from that point ;
since into that line the centre of gravity has just the same ten-
dency to come, as a weight at the end of a line has to cause that
line to hang perpendicularly. The simplest mode of finding the
place of such a line, is to let drop a plumb-line from the point
from which the body is suspended ; and to mark the direction of
the line upon the surface of the body. If the body be suspended
from another point, and the same thing be again done, the second
line will be found to cross the first ; and the point of intersection
is the centre of gravity.

107. 1Inall our reasoning respecting the attraction of the
earth for bodies of any form whatever, we may regard it whole
influence as being exercised towards this point of the body.—its
centre of gravity ; and it is obvious that the tendency of this
point will always be, to assume the lowest position that the
mode in which the body is supported will admit of. Thus, if the
body A B (Fig. 17) be suspended from C, the centre of gravity
II will hang immediately below it; since in any other position
it must be higher, If the body be supported upon a prop placed
beneath D, and the centre of gravity be in the perpendicular
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D C, the body will be at rest ; because its weight, concentrated
in the point H, presses directly downwards upon the point of
support. But suppose the body to be a little thrown to one
side, so that the centre of gravity is moved out of the point H
into the position I ; then, since its pressure will still be exertced
directly downwards, or in the line I K, the body cannot remain
in such a position, since there is no support beneath K ; and it
will move round, until the centre of gravity hangs in the per-
pendicular line beloww D. Where the point of support is very
suall, there will be considerable difficulty in placing the body so
as to remain at rest upon it; since the slightest change of the
centre of gravity from that position in which it is directly above
the point of support, will cause it to upset. Thus we may
endeavour for a long time to cause a pencil to stand upright upon
its point, without being able to succeed ; because the slightest
shake or breath of air will disturb it, even if for a moment we
should have succeeded in poising it. A taller and heavier body,
such as a walking-stick, is more easily poised ; since its centre
of gravity will not be so easily disturbed by slight causes. It is
much easier to keep such a body poised upon the hand, than to ba-
lance it upon a fixed point ; because, if we see it inclining towards
one side or the other, by slightly moving the point of support in
the same direction, we again bring it under the centre of gravity.
108. When the point of support is extended into a surface or
base, the body is mere
stable ; because the cen- ,
tre of gravity must be A ;B
made to move through RN
a much larger space, to b
cause the perpendicular
let fall from it (which,
expressing the direction
of the earth’s attraction
tor the whole body, is
called the line of direc-
tion) to fall beyond the ° Fio. 18,
point of support. Thus the solid A BCD (Tig.18) stands
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securely upon the base C D, because it must be moved into the
position a 6¢ D, before the centre of gravity E is thrown into
such a position e, that its perpendicular ¢f falls beyond the
point D, so as to give it a tendency to upset ; any less degree of
disturbance, that does not move the centre of gravity so far
as ¢, will not upset the body ; sinoe it will tend to return to its
original position, so long as the line of direction falls anywhere
upon CD. If the body were so inclined that the perpendicular
from e were to fall exactly upon the corner D on which it would
then be resting, it might remain poised there, but would be
upset to one side or the other, by the slightest touch. It is a
general rule, then, that so long as the line of direction (or
perpendicular let fall from the centre of gravity) falls within the
base or surface of support, so long will the body stand at rest,
because the centre of gravity will be supported ; but that, if
the line of direction fall without the base, the body must fall,
because its centre of gravity
is not supported. Thus, let
ABCD (Fig. 19) be a building
which has very much sunk in
at one side, and let E be its
centre of gravity ; the building
will yet stand, because the line
of direction falls within the
base. But suppose that an
addition were made to the top
of such a building, so as to
: carry it up to F G ; it would
D then necessarily fall, since by
Fre. 12 the change in the place of the
centre of gravity from E to ¢, the line of direction is now made
to fall outside the base.

109. It is obvious that the broader the base in proportion to
the height, the more steadiness will the body have ; since the
further must its centre of gravity be moved by any disturbing
force, for the line of direction to be carried beyond it. Thus, a
‘thick book will stand more firmly than a thin one; and any
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book will be overturned with much less difficulty when standing
on either of its edges, than wher lying on its side. A body
may be high and yet it may be very steady, on account of the
lowness of its centre of gravity resulting from its form ; thus
the centre of gravity of a pyramid, twice as high as it is broad
at the base, will be at only one-fourth of its whole height
from the ground ; for the part below this line contains as much
matter as the lofty portion above; and it will therefore be as
steady as a cube having the same base, and only half the height
of the pyramxd

110. It is not necessary that the body shonld rest on the
whole surface of its base; thus a table standing upon four legs is
Jjust as steady as if it stood upon a basement covering the whole
space’ between the legs, because its centre of gravity must, in
either case, move through the same space before, the table can
be upset. The difference in the degree of resistance afforded by
bases of different forms to forces tending to displace the body, is
well illustrated by the various degrees of steadiness with which
we stand erect, in different positions of the feet. The base on
which we may really be considered as resting, is included by
lines joining the points of the toes and the backs of the heels;
since, as in the case of the table, the line of direction must fall
beyond that space, before an upset can occur. If a man stand
with one foot exactly in front of the other, so that the toes and
heels of both shall be in the same straight line, he will have a
long base, but a very narrow one ; so that, although he might
not be easily pushed forwards or backwards, he would be very
readily overset by a force acting on one side. On the other
hand, if he were to stand with his heels touching one another,
and the toes of each foot directed outwards,—so that the two feet
should again be in the same line, but this line run from side to
side instead of forwards and backwards,—the base would be
wide, but would be so shert from back to front, that the body
would be very casily upset by a push either in front or behind.
If a person stand upright against a wall, touching it with his
heels, and then turn his toes out until the whole line of each
foot is against the wall, he will not be able to remain upright ;
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for if the back be not allowed to project Lehind the base, the
front of the body will project in front of it, 8o as to throw the
centre of gravity so far forwards, that the line of direction
will fall in front of the feet ; hence, unless one foot is planted
a little forwards, or the toes be turmed towards the front, the
body must fall. The position of the feet in which the bLody
will most firmly resist forces coming in any direction, is that in
which they are planted at about a foot distant from one another,
with the toes pointed slightly outwards; but if it be desired to
resist a force acting from the front, one of the feet should be
advanced before the other, so as to extend the base in that direc-
tion ; whilst if the force comes from the side, the feet may be
more widely separated, so as to increase the breadth of the base.
It is from the habit of walking oun the decks of ships whilst these
are continually rolling from side to side, that sailors acquire their
peculiar gait ; for they are well aware by experience, that the
wider the space between their feet, the greater resistance they
- will be enabled to make to the force, by which they would
otherwise be upset to one side.

111. Many familiar illustrations might be given of the fact,
that the steadiness of different bodies having the same base
depends upon the height of their centre of gravity. Thus, on a
lighway, level in the middle, but sloping towards the sides, let
there be a coach on the level, and a waggon on each slope at the
side, one loaded with hay and the other with stones; their centres
of gravitya. a. @, and
lines of direction ab,
ab, ab, will be as
shown in the figures.
It is obvious that the
hay-wargon must
upset, because the
line of direction falls
without the base;
the coach is very
secure, hecanse the line of direction falls in the very middle of
its base ; and the stone-cart, though the centre of pressure is low
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down, is not very secure, because the line of direction fails very
near the outside of the base. For the same reason that the hay-
cart here represented must upset, a stage-coach without inside
passengers, but heavily loaded with passengers and luggage on the
roof, is very insecure ; because its centre of gravity is high, so that
the line of direction is thrown beyond the base with a less incli-
nation of the road; and it will be rendered much more secure
by causing some of the outside passengers to take the inside
places, which will lower the centre of gravity considerably.

112.  The attitudes of men and animals are the result of the
instinctive efforts, which cause them so to alter the position of
different parts of their bodies, as to bring the centre of gravity
immediately above the point of support. These efforts result
involuntarily from the feeling of loss of balance and of tendency
to fall, which affects us disagreeably whenever the position of
the body has been so changed as to render it insecure. Thus a
porter bearing a heavy load on his back so inclines himself
forward, as to bring the common centre of gravity of his body
and load within the space bounded by his feet. If he stood
upright, even though the weight of his load were small in pro-
portion to that of his body, the line of direction must come to
the ground behind his heels, and he must fall backwards. On
the other hand, a woman carrying a heavy basket in front,
by a strap passing over her shoulders, throws the upper part of
her person back, in order to prevent the centre of gravity from
being brought so far forwards, that the line of direction shall fall
in front of the toes. In stooping to place a weight upon the
ground or to lift it up, we necessarily throw forwards the head
and shoulders ; but to compensate this, the rest of the body is
bent backwards beyond the line of the heels; and the greater
the weight in the hands, the more curved will the body be. But
as in stooping, even with this compensation, the centre of gravity
is mecessarily brought much forwards, the body is more easily
overthrown than it is in the upright position; and a person
standing with his back to a wall, will be unable to pick up a
piece of money placed between his feet, and will infallibly fall
forwards if he attempt to do so.
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113. For thesame reason, persons with a great accumulation
of fat in the front of their bodies, walk with the spine erect, and
the shoulders even thrown backwards, that the centre of gravity
may be kept above the middle of the base. A man carrying a
bucket of water in one hand, inclines his head and shoulders to
the other side; and may even derive still further assistance in
maintaining his balance, by throwing out the other arm side-
ways to its full extent. But if he carry an equally heavy bucket
in each hand, the position of the centre of gravity is not changed
towards one side or the other, and he stands firmly when quite
upright. Or when a load is carried on the head, the centre of
pressure being still in the middle line of the body, there is no
tendency to bend it over towards either side. When a person
stands upon one foot, his base is 8o small that he is easily pushed
down ; and he finds it difficult to keep the different parts of his
body so completely at rest, as to maintain his balance for any length
of time. If he find himself falling towards one side, he stretches
out his hand or his leg towards the other in such a manner, as to
bring the centre of gravity again over the base, and thus to
restore his balance. A rope-dancer is supported upon a much
narrower base, and has consequently much more difficulty in
keeping the body balanced ; but he is provided with a long pole
loaded with lead at each end, and this he moves to either side,
according as he finds that he has a tendency to fall towards the
other. It will be easily understood, when the principle of the
lever is comprohended, that the weights at the end of the pole
will act much more readily and advantageously in restoring the
balance, than if they were attached to the sides of the body, or
were simply carried in the hands.

114. The fact that a body stands more firmly, the wider its
points of support lic apart from one another, enables us to under-
stand the advantage which is often gained by arranging the same
materials in a hollow rather than in a solid structure. Thus, let
us suppose a tablo to be resting upon a square column placed
beneath its centre ; if this column be not enlarged at the base,
the table will be very easily upset ; but if it were separated into
forr vieces which should spread out at the bottom, whilst they
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still meet at the top, the table would be rendered secure in pro-
portion to the distance of its feet from each other. It is just on
this principle that a lofty
column may be made to
stand much more securely,
by arranging the materials
for its pedestal in a large
hollow base, rather than in
a solid one of much smaller
dimensions ; as is well ex-
emplified in the accom-
panying figure of Lord
Nelson’s monument on the
Denes at Yarmouth.

115. It is not always
that the centre of gravity
of a body is in some part of
its substance. Thus, in a
ring, the centre of gravity i
is the centre of the circle,
and not in any part of the
ring itself ; but this point
has the characteristic property of the centre of gravity,—the
tendency to settle itself at the lowest possible point. For from
whatever point we hang the ring, its centre will always be in
the perpendicular line from that point; and we can only poise
the ring upon a support when its centre is perpendicularly above
the point of support. If we could imagine the central point to
be connected with the different parts of the ring, by threads so
fine, that their weight need not be taken into account, the ring
would be balanced in any position upon a point supporting the
central knot in which the threads meet. .

116. A body which remains in a state of rest, in consequence
of its centre of gravity being supported, is said to be in equi-
tibrium—a term derived from the Latin, and denoting equality of
weight ; because in that position, the weight or pressure which
tends to upset it, is balanced by that which causes it to maintain

Fie. 21.
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its place. But its equilibrium may be such that it is easily
disturbed,—a greater or less amount of force so changing the
place of its centre of gravity, that the line of direction shall fall
without the base, so that it must turn over. This equilibrium is
said to be unstable. On the other hand, a body may be so placed
that it may be disturbed by a very small amount of force; and
yet it shall always have a tendency to recover its state of equi-
librium, because its centre of gravity, when the disturbing
cause is withdrawn, constantly has a tendency to return to the
same situation. Its equilibrium is then said to be stable. Now
the conditions of the two are very easily understood. A body is
in stable equilibrium when its centre of gravity is in such a posi-
tion, that it cannot be made lower by auy change in the place of
the body; and consequently it will always tend to return to its
original place, when it has been disturbed in such a manner as to
raise the centre of gravity. But a body is in unstable equilibrium,
when its position may be changed, though with some difficulty,
into another in which its centre of gravity is lower. Thus, a
book placed upright on either of its edges, is in unstable equi-
librium ; because we caun push it over upon its side, thus causing
it to take a position in which its centre of gravity shall be much
nearer the surface which supports it; and when in this last
position, its equilibrium is stable, because there is no other in
which its centre of gravity can be still further lowered.

117. A globe, whose centre of gravity is its centre, can be
made to rest in any position upen a level surface ; because no
change of position can bring the centre of gravity nearer to the
point of support : but it can be displaced by the slightest force,
because, being always in equilibrium, it has no more tendency
toremain in one position than in another. On the other hand, an
egg placed upon either of its ends will not stand ; because the
. centre of gravity is brought much lower by the rolling-over of
the egg until it lies upon some part of its middle, which there-
fore is the position it will seek, and in which alone it will rest.
The equilibrium of a body which may be readily disturbed,—as
that of a sphere, a cylinder, or an egg-shaped body,—without any
more stable position being gained, is said to be neutral. When
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any such body is rolled upon a level surface,. its centre of gravity
moves forwards at a rate exactly the same with that, at which
the point of support is changed ; and the line of direction let fall
perpendicularly from the former always drops upon the latter.
But if the surface be not plane, the body will roll down it;
because the point of support is 7ot below the line of direction ;
and the centre of gravity, not being supported, has a tendency
to descend.

118. If the globe or cylinder, however, be not of the same
kind of substance throughout, but be heavier in one part than in
another, it will not remain at rest in any position, but will always
seeck to take that, in which its centre of gravity—now thrown
out of its former position—may find its lowest point. In this
manner, bodies may be made to seem to run up an inclined plane.
Thus, suppose a solid wheel of wood to have a mass of lead im-
bedded in one part of its edge; that part will tend to take the
lowest place, since the centre of gravity is much nearer to it
than to any other ; and in order that it may do so, the wheel
will even roll up a hill, the centre of gravity being really lowered
whilst the centre of the wheel rises. In the same manner, if
two equal cones be fixed together by their bases, and this double
cone be laid upon two edges inclined towards each other like
those of the letter V, it will have a tendency to run from the
narrow end towards the broad one ; since, in doing so, the centre
of gravity of the double cone, being in the middle of their united
bases, will be lowered by the change of the points of support
from thie large part of the cone towards the small, as it runs from
the part where the edges approach one another to that at which
they are separated. And if these edges be somewhat raised at
the wide end, the cone will still roll towards it, appearing to run
up hill, but really descending.

119. It is often necessary to ascertain the position of the
common centre of gravity of two or more bodies connected
together ; and this is not difficult, when we know the centres of
gravity of the several bodies themselves. For let A and B be
two globes connected by arod (which we shall suppose, for the
sake of simplifying the explanation) to have no weight in itself:
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the centres of these globes are their centres of gravity ; and, as we
may regard all their weight as acting from those points, the same
reasoning, which enabled us to understand that the forces acting
upon the different parts of any one body may balance each other
round a certain point, leads to the belief that a point may exist
in which we may regard the actions of A and B as jointly and
equally exercised. This point is evidently somewhere in the line
A B, which joins their centres ; and it is easily determined (as
will be shown when the principle of the lever is explained) by
dividing the line A B into two such parts, that the distance of
each body from the point C shall be proportional to the weight
of the other. Thus, suppose A to weigh 6 lbs. and B 1 1b.,
then A’s distance from
C must be to B's dis-
tance as 1 to 6 ; for the
weight 6 at the dis-
tance 1 will bave an
action equal to that of
the weight 1 at the dis-
tance 6. Hence, as the
weights A and B bear
directly downwards,and
as they balance one
another at C, it is evi-
dent that a support
placed at C will sustain
them both at rest, and will be pressed upon with the weight of
both combined. It would be in this manner that we should
ascertain the centre of gravity of a compound body, such as that
of a man with aloaded basket on his back, when that of each of
the parts,—the body and the basket,—is known ; for the com-
mon centre will be in a line joining the two single centres, and
will be found by dividing it in the proportion of the two weights,
as in the last instance,

120. Supposing that a third body, D, were connected with
A and B, by a rod proceeding from the point C ; then the com-
mon centre of gravity of all three bodies will be in the line C D,

Fro. 22
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smee the weights of A and B may be regarded as concentrated
at C, and act as if a single body of their total weight were placed
there ; and it will be determined in the same manner as before.
In like manner, if another body F be connected with the system,
by a rod uniting it with the rest at their common ocentre of
gravity, E, the centre of gravity of the four will be in the line
between E and F ; and will be at such a distance from F, that its
weight multiplied by the distance F @, shall be equal to the com-
bined weights of the other bodies acting at the distance G E. In
this manner, any number of bodies may be connected with the
system ; or, in a system already existing, we may ascertain the
common centre of gravity by a similar process. It will be here-
after shown that the moon does not, strictly speaking, move
round the earth ; but that, as the moon attracts the earth whilst
the earth attracts the moon, both of them move round their
common centre of gravily ; and that, in like manner, the sun
and the whole solar system have a common centre of gravity,
round which they all perform certain motions. As the bulk of
the sun so enormously exceeds that of all the planets and their
moons put together, the centre of gravity of the whole system
(even supposing that all the planets were arranged in one direc-
tion,) would be within the mass of the sun ; and as the place of
the planets is constantly varying, this centre is continually shift-
ing its position, so that the sun is drawn a little in one direction
or another, according to the situation of the planets which have
most influence over it. But these changss have all a tendency
to counteract each other ; so that the place of the sun would be
fsand to be the same at any period, as it was when the planets
last had the same position with respect to him and to each other.



CHAPTER V.

STABILITY OF STRUCTURES COMPOSED OF MOYABLE PARTS —
FRAME-WORK.—ARCH.

- 121. 'WE have hitherto considered the stability of bodies of
" determined forms; and have examined the circumstances in
which they will stand or fall. "We have now to inquire into
the conditions that are requisite for the stability of bodies, of
which the form is liable to change; and to examine how those
parts may be best connected togethcr, so as to render them stable.
It is upon such principles only that arches can be securely built ,
or that any kind of framing which is to support a heavy pressure
can be constructed.

122, The two most important classes of bodies of variable
form are :

I. Those which are composed of rods or cords, the parts of
which are connected together at their angles, but movable about
them. Of this kind are all sorts of frame-work; whether sup-
ported on a solid base, like that of a roof; or suspended from fixed
points, as in the case of the suspension-bridge ; or intended to
resist pressure in every dircction, as that of a ship. :

1I. Those which are composed of solid bodies in contact, whose
surfaces are not held together in any other way than by their
mutual pressures, or by imperfect adhesion. Of this kind are
all buildings in which the arch is employed, especially bridges,
domes, &ec.

123. The principle which should govern the construction of
frame-work, in order to insure its stability, is a very simple
one. If we take three strips of wood, and pin them together
at their ends in such a manner as to form a triangle, we shall
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find that the shape of that triangle cannot be altered by pressure
in any direction. But this is not true of any other figure. For
let four rods be pinned together : )
in the same manner, so as to
make a-four-sided or quadrila- 3
teral figure of any shape, the Y l'\‘
form of this figure may be altered \
by pressure in any direction. If 5
the opposite sides were originally \
parallel, they will always remain
50 ; but their inclination to the '\ ‘
other sides may be made to vary ;8 -
in any degree, if the joints are Fia. 23,
movable. Still greater changes may be made in figures having
a larger number of sides. Hence we see that, in the construetion
of framing of all kinds, this simple principle is to be followcd ;—
the parts of the framing are to be so united together, as to form a
series of triangles, so that, as every one of these is immovable,
the whole shall be also. Hence a framing so made will
be able to resist any amount of pressure consistent with the
strength of its materials. A very
~; familiar illustration of this principle
may be seen in the construotion of

b}

____________ | the common gate. If made of

/ """" , upright and horizontal pieces only,
. == it would have been liable to change

B e its form, provided the framing were

at all movable at the points where
the pieces unite; and the addition
of any number of pieces in either of these directions would only
have rendered it stronger by increasing the number of joints. But
a single piece fixed diagonally will prevent any alteration in shape
from taking place,even though the joints are by no means firm; for
this converts the framing, from a set of movable parallelograms,
into a series of triangles, every one of which is immovable. The
shape of the gate cannot be altered without altering the length of
tne diagonal; and this change is prevented by the additional piece.
H

Fie. 24,

/
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124. This principle is very extensively adopted in framing of
all kinds. Thus in frames for wooden houses, such as are now
frequently constructed in this country to be sent out to newly-
settled colonies, or in those of oil-cloth factories (which are
usually constructed on the same plan, as great size is required
for them, without the strength which is necessary in mills),
these diagonal pieces may always be seen, crossing the parallelo-
grams which would be left between the upright and horizontal
timbers. Although such parallel framing rests on a solid and
extensive base, and would be able to resist a vast amount of
pressure acting directly downwards, it would not be able to
stand against a force acting sideways, as that of the wind ; and
however great the mass of timber employed, the building would
have no security against such a change of form as that repre-
sented in Fig. 24, without the employment of diagonal braces.
This principle has only been applied to ship-building, within a
comparatively recent period ; it was introduced by Sir R. Sep-
pings, to whom we owe several other important improvements
in Naval Architecture,

125. Frame-work may be very securely made upon the same
plan, even when the centre of pressure is not directly supported.
Thus, the large frames that form the centering on which stone
arches are to be built, are constructed upon this principle, when
the arch is of great size. Various plans may be employed for
this purpose ; but in all of them the frame-work is so arranged,
as to form a series of triangles. In the accompanying figure is

: represented one
mode of so con
structing thecen-
7 tering of a large
arch, that it shall
" not require any
m T .j| Sl'xpport but t'hat
NI valil-fiziil - givenbythepiers

Fie. 25. on which the arch
is to rest. Up to the time when the arch is completed. its
whele weight rests upon the centering ; and as any alteratinn
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in the form of the latter will displace the stones of which the
arch is to be composed, and as every such displacement wil
greatly weaken the arch, it is of the utmost importance that
the whole should be a perfectly immovable structure, The
same plan of framing is adopted in the construction of wooden
and iron bridges and roofs, The accompanying figure shows
thekind of fram-

ing adopted in a \
timber - bridge -
erected over the ; _/jq ¢ E =
Thames at Wal- ;| =15 [
ton. A much AR \
simplerplan may \
be adopted, how-

2 2 1—.
ever, when the 377> =
main beams of x.% Gt i = : — =
timber aresocon- e i &
nected as to have Fia. 2.

the properties of the arch; for the triangular framing is then
required only to keep these in their proper position. It is on
this plan that the largest timber-bridges have been constructed,
such as that which crosses the Schuylkill, at Philadelphia (§. 78).

VY T S s aas

P 27,

Such an arch may be made so flat as to have no inconvenient
rise in the centre : that of the Schuylkill bridge is only 20 feet
in a length of 340 feet.

126. The same kind of frame-work is employed in small
domes, in which neither masonry nor brick-work is required ;
and as every part is connected not only with those above and
below it, but with those on each side, the pressure is so distri-
buted over the whole, that the top need not Le closed in, but may
be left open for the purpose of affording light (Fig. 28). There is
atendency, however, at the lower part, as in the arch (§. 137), to

o2
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the separation of the points of support ; since the pressure will
cause them to fall asunder, if they are not properly kept together.

(00O 0000
[[0OODCD

Fia. 28,
In order to give security emough, therefore, especially in the
construction of large domes, it is found requisite either greatly to
increase the thickness of the lower portion, or to bind it round
with a strong hoop or chain. The former plan is that which

L

. Po. %9
was employed in the ancient dome of the Pantheon at Rome:
the latter in St. Peter’s at Rome,* and St. Paul's in London.

* Owing to this dome having been too hastily built, various parts of it subsided
in an unequal degree; and the iron bands placed around it were thus broken.
New ones of much larger size have been since placed round the dome; but there
are even now some large cracks in it.
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The construction of the dome of St. Paul's, however, differs from
that of most others : the external dome is of timber, the framing
of which rests upon a conical tower of brick ; and upon the top
of this also, the lantern, with its ball and cross, is supported. It
is between this brick cone and the external dome, that the
visitor ascends to the top; and the framing which is represented
in the preceding figure may be thus seen by any one. There
is an interior dome below the cone, having little connection with
it; but its outward pressure, as well as the weight of the exter-
nal dome, has a tendency to force out the bottom of the brick
cone ; and this is prevented by a strong chain, which encircles it
near its base.

127. When a system of rods or bars, freely jointed together,
is hung from fixed points, it will naturally assume the position in
which its own equilibrium is stable,—that, namely, to which it
will return if disturbed. Thus we see that a chain composed
of a number of short links, or a simple cord, supported at both
ends, hangs in a regular curve, which is termed the catenary
(from the Latin cat¢na, a chain) ; and that, if disturbed, it will
return to this curve again. The mode in which this curve is
occasioned by the downward force acting equally upon the parts
of the chain or cord, can only be shown by a complex mathc-
matical process; and it is sufficient, therefore, here to state, that
the property of the curve is such, that the tension or strain is the:
least at its middle point, and the greatest near the points of
suspension, where it is equal to the whole weight of the cord.
Hence, in order to be of equal strength throughout, the chain or
cord should be made thicker near the points of suspension than
elsewhere,

128. A good illustration of the operation of the catenary
curve, is seen when a ship is at anchor. . The cable or chain which
connects the ship and the anchor takes this curve ; and the force
which acts upon the ship is not only the same, as if the resistance
which the anchor gives were directly applied at the spot from
which the cable issues, but is increased by as much of the weight
of the cable itself as is not sustained by the water. Hence there
is a great advantage in the use of iron chain-cables over hempen
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cords ; for the latter, being nearly of the same weight with the
water, are buoyed up by it, so that their action on the ship is
very small ; and if it be impelled by the wind or waves, it drags
directly upon the anchor. But, from the much greater density of
the iron chain, it is but little supported by the water ; and nearly
its whole weight is exerted in drawing the ship nearer to the
anchor, so that the chain usually hangs in a deep curve. Hence
when the ship is driven by the wind or waves in such a manner
as to put an increased strain upon the cable, the large resistance
produced by the weight of the chain has to be gradually over-
come, before the ship can pull directly at the anchor. The ad-
vantage, therefore, in substituting iron for hempen cables, consists
in this, —that the latter have little tendency to prevent those
sudden jerks, which occur when the ship is brought up by the
tightening of the cable, and which not only strain the ship, but
endanger the firmness of the anchor ; whilst the former gradually
check its motion by their own weight, so that it often ceases
before the chain is tightened so much as to permit such a strain.
Another illustration may be found in the action of a horse in
towing a barge; the cord which connects them is a catenary ;
and the effective force by which the barge is moved forward, is
that which the horse exerts, with the weight of the cord added
to it.

129. The properties of the catenary have acquired much
additional importance of late years, from the general use of that
curve in the construction of suspension-bridges. These consist
of massive chains, raised near each end on firm supports, and
strongly fixed into the ground at their extremities. At equal
distances from each other, along the whole length of these chains,
there are fixed to them vertical rods, to which the roadway is
hung. The weight of the bridge itself is so great in proportion
to that of any load which would be likely to pass over it, that
the curve which depends on the former, will not be altered in
any perceivable degree by the latter ; and thus the structure may,
for all practical purposes, be regarded as perfectly stable (that
i8, up to the limit of the tenacity of its materials), although it is
really capable of being disturbed by a very slight force. There
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is one kind of force, however, which would seriously affect any
suspension-bridge ; this is, the heavy and measured tread of a
large body of men. When it is remembered that their steps are
so many impacts all acting together, and that the impact even of
a light body produces greater disturbance than the simple pres-
sure of a heavy one (§. 206), the danger of serious consequences,
from the passage of a comparatively small number of soldiers
over a suspension-bridge, is easily understood to be much greater
than that which would result from the crowding of the whole
surface of the bridge with persons standing still. But such a
curve may be easily disturbed by a force acting from below, or
on the sides; and in this manner suspension-bridges may be
greatly injured by the wind, if it should be violent, or if it should
blow for some
time in the same
direction.  The
Menai bridge is
sometimes  dis-
turbed by the
wind in such a
manner, that the
road-way is lift-
ed at some part
into an eleva-
tion, which travels like a wave from one end to the other. The
length of this bridge, between the points of suspension, is 560
feet ; and the height of the roadway above the water is 100
feet. The total weight suspended by the chains (including their
own) is about 489 tons. This bridge will be surpassed by th¢
one in progress of erection over the Avon at Clifton. Its length
between the points of suspension will be about 700 feet ; and its
height above the river about 180 feet. The total length of this
bridge, however, will not equal that of the Menai bridge, which
is carried on arches for some distance.

130. The principle of the suspension-bridge has been long
employed in India and in South America. Many remarkable
rope-bridges are described by the celebrated traveller Humboldt,

Fie, 30.
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as establishing communications across the mountam torrents of
the Andes. These are of the simplest possible construction ;
being made of ropes (twisted from the fibres of the Agave Ameri-
cana or American Aloe) stretched across from point to point as
tightly as possible ; and upon these ropes is laid a flooring or
roadway of bamboos. There is some danger incurred in passing
these bridges, in consequence of their tendency to swing to one
side or the other, according as the weight is distributed upon
them ; this may be partly prevented by ropes attached to the
middle of the bridge, and stretching diagonally towards the shore.
It is by means of a bridge of ropes of extraordinary length, which
may be traversed by loaded mules, that the South Americans
have succeeded (within these few years) in establishing a perma-
nent communication between the towns of Quito and Lima ;
after having failed in constructing a stone bridge over a torrent
that descends between them. In India similar bridges have been
lately constructed of canes, which grow to a length of above 200
feet, and serve as admirable ropes ; their durability, however, is
yet to be tested.

131, It has been recently proposed to adapt the principle of
the suspension-bridge to the 70ofing of very large buildings ; and
there is much to be said in favour of the plan.

132. Adrck. The stability of the arch depends upon the
proper arrangement of the pressures on its several parts, so that
they may all resist and counteract each other. The subject is
of so complex a naturc,
however, that a full ac-
count of it would be quite
unsuitable to the present
work ; and all which it
seems desirable to embrace
here, are some of the
general principles which
¢ oo, 81, “ have been obtained by

mathematical investiga-
tion. To understand these, it is necessary to be acquainted with
the parts of which an arch consists. In the accompanying figure,
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A C and B D, are the supports or piers of the arch, which is
said to gpring from A and B; AE and BF are the flanks; and G
the crown. The wedge-shaped stones forming the arch are termed
voussoirs ; the highest of these at G is the key-stone ; the lower
line of the arch is called the intrados, and the upper the extrados.
The line A B is the span of the arch ; and G H is its Aeight.

133. The first question to be considered in the theory of the
arch, is, how it may be so built, that all its parts shall remain in
equilibrium, everf though unconnected by cement, and not held
together by the friction of their surfaces. It is not difficult to
understand the general principle on which this must be done.
Let us first suppose a number of flat stones or of books to be piled
one upon another, and a heavy weight to be pressing vertically
on the highest ; this pile will be perfectly secure, so long as no
force acts upon it in any other direction ; since the weight of its
several parts, and the pressure acting on the highest, unite to
force each of them directly downwards on the cne below,—tha.t
is, in 8 line exactly perpendicular to the surfaces in contact, so
that neither will have any tendency to slide upon that below it.
Baut if the surface of one or more of the stones be inclined, the
perpendicular force, together with the weight of the stones them-
selves, will give this stone a tendency to slide upon the one below
it ; and the pile will thus yield, if the steepness of that surface
be sufficient to cause the pressure to overcome the friction, pro-
duced by the sliding of one upon the other. Or let the pressure
upon the highest stone not be in a direction exactly downwardss
it will then give the stones of the pile a tendency either to slip
or to turn upon one another, according to the direction of the
force ; but this tendency will be partly neutralized by the weight
of the stones themselves, which will tend to keep them in their
places.

134. We have scen that, when the direction of the pressure
produced by the earth’s attraction is such that it falls within the
base or surface on which the body is resting, the body will be
stable ; and the same is true of any other pressure. Thus, if
we lay a box upon the table, and press it with the hand in such
a direction, that the line of pressure still falls within the base
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on which it rests, this new pressure will not tend to upset it,
but will only cause it to slide along the table, if the surfaces are
smooth enough. But if the direction of the force be such that
it does not pass through the base or surface of support, then the
box will have a tendency to turn over, unless kept down by its
own weight. In order to ascertain the combined effect of these
two forces, we have only to find their resultant, according to the
principles to be explained in the next chapter (§. 103); if this
resultant falls within the base or surface of pressure, the box
retains its position ; but if not, it is overturned. It is further
to be remembered that, the nearer the line of pressure falls
towards the centre of the base or surface of pressure, the more
secure will be the body from being upset.

185. The same principles apply to pressure in any direction.
Thus we might place a pile of books, or of flat stones, in a slanting
or even a horizontal position, and retain them theré by pressure
applied against their surfaces; provided this pressure be suf-
ficient to overcome the effect of their weight. The most advan-
tageous direction of such pressure would be that, in which the
resultant of this and of the downward pressure (or weight of the
pile,) should be perpendicular to the surfaces in contact.

136. This principle embodies the whole theory of the simple
arch; and it is only in the application of it to practice that a
difficulty exists. It may be shown that, in an arch shaped like
that in Fig. 32, the line of pressure (which is the resultant of
the different forces acting on the arch) will follow the curve
SRR’'S. Thus at the top, the pressure will be sideways and

partly downwards ; and will

be nearly perpendicular to the

surfaces of the key-stone and

' the voussoirs on each side of
it, so that they have no ten-
dency to become displaced.
The line of pressure then
bends downwards, but still
Fre. 32. falls upon some part of the

surface of each voussoir, until it comes to R, where it touches

L%
»
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the intrados, and falls therefore on the edge of the surface of
support. At this point, then, the voussoirs have no stability,
and may be easily displaced by pressure applied there. From
R, the line again bends outwards towards S; and at S it cuts
the extrados, so as to fall completely without the surface of
pressure. If such an arch were constructed of uncemented
stones, therefore, it would fall by the turning outwards of the
voussoirs at S and 8’ ; the voussoirs between R and S would
continue to rest upon them ;

but those above R and R’

would fall inwards. If this

were prevented by additional

pressure at S and §, there ' 8
would be no tendency to a

falling-in at the crown; since

with whatever force the two = S

parts above R and R’ tend to

fall inwards, the two are balanced against each other. By
increasing the weight of the stones at the lower part of the arch,
and by giving a proper direction to their surfaces, it is possible
80 to construct an arch, that it shall retain its form without
cement between the voussoirs, and without any assistance from
the friction of their surfaces ; but such an arch, though the forces
produced by its own pressure would be in equilibrium, would
not be able to resist a force applied to it in any particular direc-
tion, such as that produced by a load passing over it. The
shifting of the surfaces of the voussoirs would be resisted,
however, by their friction ; and this increases with the load that
is laid upon them. It is further resisted in practice by the
cement interposed between them ; which, if it held them per-
fectly together, would render the whole as one mass.

137. It is obvious that, the flatter the arch; the greater will
be its outward pressure. This may be easily shown by a simple
experiment. Let a thin lath of wood be bent into a curve, and
placed upright like an arch, with its ends kept at a certain
distance from each other by two heavy weights ; it will then be
found that, if the weights do not move, the lath will sustain a
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very heavy pressure on the top of its curve. If the curve be
kigh, the principal part of this pressure goes downwards through
the ends of the lath, to the surface on which they rest ; and the
pressure against the weights is not considerable. ‘But if the
arch be nearly flat, the greater part of the pressure is exerted
againet the weights at the side, which may be moved from their
places by a comparatively small pressure on the crown of the
arch. Hence wo see the necessity of great firmness in the
abutments against which an arch rests at its sides ; and this is the
case whether the arch be of stone, wood, or iron. Where a
bridge is composed of several arches, the outward pressure of each
of the middle arches is counterbalanced by the antagonist pres-
sure of those on either side of it ; so that the pressure upon the
piers on which they rest is downwards enly,—the lateral
pressure or thrust being sustained by the abutments at the
extremities. Hence the piers must be so built as to support a
considerable weight ; and in rivers in which there is a rapid
eurrent, or in which masses of floating ice are liable to be carried
down by the stream, these piers must have great solidity, in
order to maintain the stability of the bridge. In general they
are built with their greatest length in the direction of the stream ;
and with the surfaces facing the current pointed like a wedge, in
order to present as little resistance as possible. Great care should
always be taken in the construction of a bridge or any other arch,
to procure abutments which shall remain perfectly immovable ;
since a very slight yielding on their parts will greatly alter the
form of the arch, and may destroy its stability. In general it is
80 managed, that the abutment shall be part of the solid bank of
the stream ; but it is occasionally necessary to substitute for this,
either in part or entirely, masses of solid masonry.

138. In the building of a bridge, it is requisite to conSIder
not merely the weight of the arch itself, and the load which may
have to pass over it, but also the weight of the materials laid
upon the arch for the purpose of rendering the roadway as little
inclined as possible. To a certain extent, this weight will be
advantageous, in preventing the flanks of the arch from turning
outwards (as in Fig. 33) ; and the greatest thickness is at the
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point where the pressure may be advantageously exerted. But
if the flanks be overloaded, they will be pressed inwards, and
the crown of the arch will be forced up. This occurrence has
more than once taken place. It happened to a bridge formerly
built over the Taff in Glamorganshire, the arch of which was
purposely made high, in order to avoid its destruction by the
masses of timber &c., brought down by the stream when swollen
by floods, which

had caused the

fall of a previ-

ous bridge. The

persevering ar-

chitect  (who

was an ordinary

working mason)

then devised a

most ingenious

bridge, a view

of which is here

given. He made Fio 34

the arch high as before ; but lightened the weight bearing on the
flanks, by leaving large ‘open spaces in the stome-work. The
span of this curious bridge, which notwithstanding its flimsy
appearance, is perfectly secure, is rather more than 140 feet, and
its height is 35 feet.

139. Arches may be constructed with stones of irregular
form, or even with bricks; in these, however, the cement per-
forms an essential part, since there is no provision for stability in
the portions of the arch itself. The more completely the cement
unites the whole into a solid mass, the more firm will be the
structure. Many very large bridges and viaducts of brick have
Leen erected in the several lines of railway recently constructed ;
and in many of these, the passage beneath the arch is not directly
across its length, but is more or less inclined towards it, so as
sometimes to form but a small angle with it. Such are termed
skew arches.



CHAPTER VI

OF INERTIA AS A PROPERTY OF MATTER.—LAWS OF MOTINN,
COMPOSITION AND RESOLUTION OF FORCES, EFFECTS OF
IMPACT.

140, THERE are few errors more common, than that of suppos-
ing that the movement of a body, once set in motion, ceases
because its force is worn out or spent. The state of motion is as
natural to a body as that of rest; and no change can be made in
its state, whether the setting it in motion when at rest, or the
bringing it to rest when in motion, without the application of a
force. This is taught us by common experience. Thus if we
put a carriage into motion by a push behind it, and a person
standing in front checks its movement by pushing in the opposite
direction,—the force the latter will be obliged to exert in order
to check it, will be just the same as that which the former
employed to put it in motion. Or suppose we cause a wheel to
revolve quickly on its axle by the impulse of the hand, and pre-
sently apply the hand to check it, the hand will be struck with
a force equal to that which it applied to the wheel. Or if a
carriage be put in motion by horses, and they be made to stop it
suddenly ; as much exertion is required from them to do this, as
to back it when at rest. A body in motion, then, has no more
power of bringing itself to rest, than a body at rest has of setting
itself in motion.

141. The idea that matter has a greater tendency to the state
of rest than to that of motion, results from the fact, that all the
motions of which we see.the commencement, gradually become
weaker and weaker, and at last cease altogether. Thus, when a
pendulum is set swinging, the space througl- which it moves gra-
dually becomes less and less, and at last it stops, if it be not
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connected with any machinery to give it continual impulses. Or
we set a top spinning ; and this revolves gradually more and
more slowly, and at last ceases. Or we roll a ball over a smooth
road, and this too has but a limited movement. But in all these,
as in other instances of bodies moving on the surface of our earth,
there are causes which are continually acting against the move-
ment, and are therefore constantly diminishing its force. These
causes are friction, and the resistance of the air.

142. By friction is meant the loss of force which is produced
by the rubbing together of two surfaces, of which one is moving
over the other; it is influenced in its amount by the roughness
or smoothness of the surfaces, the pressure that brings them
together, the rapidity of movement, &c. Thus, if two pieces of
rough board be rubbed together, the friction will be considerable,
the projections of one being caught in the hollows of the other ;
on the other hand, if two pieces of ice be rubbed together, the
amount of friction will be comparatively small. Again, if one
of the surfaces of the rough boards were fixed, and the other
were moved over it under a heavy load, the force necessary to
make the one slide over the other would be very much increased.
Or, lastly, if the motion of the two surfaces against each other
be very rapid, the friction is greatly increased in amount ; as is
shown by the quantity of beat which is then produced, which
may be even sufficient to set the wood on fire, The precise laws
regulating the amount of friction, and the influence of different
kindsof surface upon it, will be considered hereafter. (Chap. X11.)
Now, as all bodies upon this globe have a tendency to press
downwards towards its centre, it is evident that none can remain
without a support of some kind ; and that there must be friction
between the bodies and their supports, whenever either are moved
‘without the other. The only case that appears an exception to
this, is the motion of bodies through water; but this, too, is
accompanied with a considerable amount of friction. When a
heavy body is moving through the air, it is continually being
drawn downwards by the earth’s attraction, and cannot, there-
fare, be said to be moving on a support.

143. The resistance of the air is annther canse by which all
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motion on the earth’s surface is retarded. Of this we may easily
become sensible by waving the hand rapidly through the air,
with the palm or back of the hand opposed to the direction in
which we strike ; we then feel the resistance of the air, which is
much diminished when we move the hand edgeways, so that a
much smaller surface is opposed to it. We feel it still more
strongly, when we hold an open umbrella against the wind ; or
when we draw one, with its concave side forwards, through the
calm air of a room. This resistance, being a constantly-acting
force, must continually retard the velocity of any body which
is moving through the air, and must gradually check it. Its
influence is well seen by causing two wheels, of the same dimen-
sions and weight, and supported in the same manner,—but one
having vanes opposed to the direction in which the wheel revolves,
whilst those of the latter are in the same plane with it,—to be
set in action by the same force. The wheel with the vanes
opposed to the air will be soonest brought to a stand by its
resistance ; but if the two be placed in a vessel exhausted of its
air, and be then set in action as before, the times during which
they will continue to revolve will be equal. The greatest amount
of the air’s resistance is exerted, therefore, against bodies with the
largest surface : and it does not operate at all against a perfectly
circular body, such as a top, which is made to revolve upon one
point without moving onwards. The resistance of the air is
peculiarly seen in the slowness it produces in the fall of bodies
which expose to it a large surface in proportion to their weight,
—such as leaves, feathers, shreds of paper, &c. These we are
consequently in the habit of calling gkt bodies ; yet the earth’s
attraction, if it were not resisted by the air, would bring them
down to its surface as fast as the heaviest masses (§. 253).

144. That the motion of a body, when not retarded by these
or any other opposing causes, will continue for an indefinite
period, there is the most satisfactory evidence, derived from
those cases in which they are reduced to their smallest possible
amount. Every reduction in the amount of friction, and of the
air’s resistance, is attended with a proportional increase in the
continuance of the motion. Thus, wlien the body is made to
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bear upon a single hard peint, which has itself but a alow evo-
lution, the friction is greatly diminished ; and if it be quite
circular, and keep spinning like a top upon the same point, the
resistance of the air will not operate against it,— though there will
be a certain degree of frriction between the surface of the body and
the air in contact with it, which would still cause the revolution
to cease sooner in the air than in a vacuum. The heavier the
body thus put in motion, the longer it will continue; since its
force will be in direot proportion to its weight (its velocity
remaining the same), whilst the retarding causes do not increase
in the same proportion. Mr. Roberts of Manchester is said to
have constructed a body, presenting as little resistance as possible
to the air, and truly balanced upon a fine point ; so that, when
it is put in motion upon this point, it will not Xose the force of its
motion, but will continue to spin for 43 minutes. If this were
made to revolve in a vacuum, its revolution would continue for
several hours. A pendulum, suspended in such a manner as to
have as little friction as possible, has been known to continue its
vibrations for more than a day.

145. In order to have absolute proof, however, of the perma-
nence of motion, when there is no retarding force applied to
check it, we must look towards a class of bodies, which are not
influenced in their movements either by friction or the resistance
of air. These we shall find among the heavenly bodies: they
are the planets and their satellites,—~the comets,—and, as there
is now good reason to believe, many of the (so-called) fixed stars.
Their movements have continued for ages, without the slightest
tendency to diminution ;—they commenced, when they were first
impelled by the hand of the Creator, to traverse the paths they
still describe; and these they will continue to traverse, with the
same undiminished force, so long as it shall be His will to per-
mit them. Allforce is but the direct or indirect operation of the
Creator’s power ; and it would be totally wrong to say that Ie
does not continue to exert this, in sustaining the movements of
tue planets, as in providing for the well-being of the living inha-
bitants of their surface. Without His energy nothing could con-
tinue to exist ; for all the properties of matter are the result of

i L3
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Hisordinations, 'When we say, therefore, that it is the property
of any mass of matter to attract amother,—or that it is the
property of matter to continue in the state of rest or motion in
which it may be, so long as no new force acts upon it,—we
mean no more than that the Creator is continually acting in
these methods, which, for wise and good purposes He has pre-
scribed to Himself. As the sacred poet has beautifully sung :—

¢ His piercing eyc at once surveys
Where thousaud suns and systems blaze,
And where the sparrow falls ;
While scraphs tune their harps on high,
His car attends the softest cry,
When human misery calls.”’

146. The Divine energy is exerted as much in sustaining the
commonest movements on the surface of the globe, as it is in
upholding the planets in their majestic orbits ; and when we say
that these continue to revolve with the force impressed upon them
at the creation of the system, nothing else is meant than that
they have received no new impulse, but that their revolutions
have continued in the same perfectly uniform and equable manner,
because they are not affected by any forces, either retarding or
accelerating. Such proof would not be satisfactory, if it could
not be shown (as it will hereafter be, §. 173), that the movements
of the planets are perfectly analogous to the movements of bodies
on the surface of the earth, being produced by the combined
effects of two causes, the tendency to move forwards in a straight
line, and the attraction of the sun; and that we have a right,
therefore, to extend that principle to one class of bodies, which
can only show itself in full action in the other.

First Law of Motion.

147. We are now, therefore, prepared to understand and to
admit the first of the three laws of motion, which was stated by
Newton in the following terms :—* Every body must persevere in
its state of rest, or of uniform motion in a straight line, unless it be
compelled to change that state by forces impressed upon it.” That
bodies have a tendency to remain in a state of rest, unless they
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are acted on by some force external to themselves,*—or, in other
words, that they have not the power of spontaneously putting
themselves in motion,—is a fact with which every one is familiar.
But it has now been shown, that bodies have in themselves no
greater tendency or power to come to a state of rest whilst in
motion, than to put themselves in motion when at rest ; since
that gradual diminution of their movement, which we commonly
witness, is due to the influence of forces external to them.
Hence we are led to understand, that it is one of the fundamental
properties of matter, that it tends always to remain in the sameo
state, whatever that state may be. This property is termed
inertia. The meaning of the term, in the Latin language (from
which it is taken), is strictly ¢nactivity ; and the term was
applied, when it was imagined that the state of rest is that which
is natural to the body, and that the state of motion is forced,—
an idea which was not altogether dropped until Newton proved
its falsity. The English word which most nearly expresses the
meaning that philosophers now attach to the term inertia, is
passiveness; by which we understand the tendency of matter to
continue in its previous state, whatever that may be, and the
power of being influenced by any force brought to bear upon it.
As the term tnertia is in constant use, however, it will be much
hetter to empicy it here ; and it cannot be misunderstood, if due
attention be given to a few examples of its application.

‘148. 'When a railway-train is first put in motion by its loco-
motive engine, its movement is very slow ; its speed is 